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Preface to “Micro/Nano Devices for Chemical 
Analysis” 

Since the concept of micro total analysis systems (µ-TAS) has been advocated, various kinds of 
micro/nano devices have been developed by researchers in many fields, such as in chemistry, chemical 
engineering, mechanical engineering, electric engineering, biology, and medicine, among others. The 
analytical techniques for small sample volumes, using the micro/nano devices, heavily impacted the fields 
of biology, medicine and biotechnology, as well as analytical chemistry. Some applications (DNA 
analysis, point-of-care testing (POCT), etc.) are already commercially available, and various applications 
will soon be put to practical use. In this Special Issue, we focus on chemical and biochemical analyses 
(analytical and sensing techniques) using various types of the micro/nano devices, including 
micro/nanofluidic devices, paper-based devices, digital microfluidics, and biochip (DNA, protein, cell) 
arrays. We are also interested in hyphenated devices with other conventional analytical instruments, and 
pretreatment devices and components (valve, pump, etc.) for analyses/assays. 

The Special Issue of Micromachines entitled “Micro/Nano Devices for Chemical Analysis” presents 
a total of 17 papers, including three unique reviews and two communications. Four papers relate to the 
microfluidic-based sensing techniques; four deal with analysis/assay systems, including a pretreatment 
system; three focus on the components necessary to build an analysis system; two are on fabrication 
techniques for 3D structures and 3D microtissues; two focus on paper-based analytical devices; one paper 
focuses on a hyphenated device for mass spectroscopy; and the last one shows fundamental research for a 
droplet injector that might be used as a small volume sample injector. 

In sensing technology, it is advantageous to consider the use of small sample and reagent volumes 
in micro/nano devices. Sarkar et al. [1] offer an educational review of electrochemical detection in 
micro/nanofluidic devices. They also discuss several alternative strategies aimed at eliminating the 
reference electrode altogether; in particular, two-electrode electrochemical cells, bipolar electrodes, and 
chronopotentiometry. Miyamoto et al. [2] propose a plug-based microfluidic system, based on the 
principle of the light-addressable potentiometric sensor (LAPS). LAPS is a semiconductor-based chemical 
sensor, which has a free addressability of the measurement point on a sensing surface. They demonstrate 
the pH sensing of a 400 nL plug. Liu et al. [3] report on frequency domain quasi-optical terahertz (THz) 
chemical sensing and imaging of liquid samples in microchannels. They demonstrate real-time and label-
free chemical sensing and imaging with a broad band width, high spectral resolution, and high spatial 
resolution. Tao et al. [4] develop a micro-gas detector based on a Fabry-Pérot cavity embedded in a 
microchannel, with a sensitivity of 812.5 nm/refractive index unit (RIU) and a detection limit of 1.2 × 10−6 
RIU. 

There are four papers in this Special Issue describing analysis/assay systems, including a 
pretreatment system. Gupta and Rezai [5] provide a comprehensive review of microfluidic-based C. 
elegans research. This review focuses on the technological aspects of the progress of microfluidic devices 
for C. elegans research. Phurimsak et al. [6] report a magnetic particle plug-based immunoassay in a 
microchannel, and apply it to a streptavidin-biotin binding assay, a sandwich assay of C-reactive protein, 
and a binding assay of progesteronein with a view to achieving competitive ELISA. Navaei et al. [7] study 
an optimal heater design for a miniaturized gas chromatograph column using numerical simulations. The 
optimal design is fabricated and evaluated experimentally, and is confirmed to have a good separation 
performance. Yasui et al. [8] describe 10 µm bead separation in a spiral microchannel using the 
hydrodynamic separation technique. This technique can be applied to autologous serum eye-drops 
preparation. 

Development of indispensable components, such as valves and pumps, is important to realize real 
µ-TAS. Yalikun and Tanaka [9] present a fabrication method for the large-scale integration of all-glass 
valves in a microfluidic device that contains 110 individually controllable diaphragm valve units. 
Morimoto et al. [10] propose a balloon pump with floating valves to control the discharge flow rates of 
sample solutions. They demonstrate several microfluidic operations by the integration of the balloon 
pumps with microfluidic devices. Yalikun et al. [11] report a unique device for three-dimensional micro-



  

viii 

 

rotational flow generation. This device has great potential for fluidic biological applications, such as 
culturing, stimulating, sorting, and manipulating cells. 

Development of new fabrication technologies are always important to the development of this field. 
Naito et al. [12] present a simple three-dimensional fabrication method, based on soft lithography 
techniques and laminated object manufacturing. This method is useful, not only for lab-scale rapid 
prototyping, but also for commercial manufacturing. Che et al. [13] utilize a droplet microfluidic device to 
fabricate three-dimensional micro-sized tissues (extracellular matrix: ECM) with encapsulated cells.             
Such 3D microtissues can be applied to studies of cell–ECM interactions and cell–cell communication. 

Microfluidic paper-based analytical devices (µPADs) are a relatively new topic and receive a great 
deal of attention in this field. Busa et al. [14] provide a review of µPADs with specific applications in food 
and water analysis. µPADs have great potential for practical on-site food and water monitoring. Tenda et 
al. [15] report a wax-printing-based fabrication method of µPADs for sub-microliter sample analysis. They 
demonstrate a colorimetric assay of a model protein of 0.8 µL.  

There are two papers covering different aspects of research related to the Special Issue. Mass 
spectrometry is a powerful tool used to identify unknown compounds within a sample, and is used in a 
wide range of research fields. Yu et al. [16] report a three-dimensional flow focusing-based microfluidic 
ionizing source for mass spectrometry that is fabricated using two-layer soft lithography. Kazoe et al. [17] 
present research on the acceleration of microdroplets (~nL) in the gas phase in a microchannel. While it is 
still fundamental research, this technique may be applied to a small volume sample injector. 

We wish to thank all authors who submitted their diverse and interesting papers to this Special 
Issue. We would also like to acknowledge all the reviewers whose careful and timely reviews ensured the 
quality of this Special Issue. 

Manabu Tokeshi and Kiichi Sato 
Special Issue Editors 
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Abstract: Electrochemistry is ideally suited to serve as a detection mechanism in miniaturized analysis
systems. A significant hurdle can, however, be the implementation of reliable micrometer-scale
reference electrodes. In this tutorial review, we introduce the principal challenges and discuss the
approaches that have been employed to build suitable references. We then discuss several alternative
strategies aimed at eliminating the reference electrode altogether, in particular two-electrode
electrochemical cells, bipolar electrodes and chronopotentiometry.

Keywords: electrochemistry; reference electrode; bipolar electrode; floating electrode; potentiometry

1. Introduction

One of the main challenges in creating micro- and nanodevices for chemical analysis is
downscaling the measurement system that is ultimately used for readout. Several features of
electrochemistry render it a desirable mechanism for transducing chemical information into electrical
signals [1–15]: The fabrication of electrodes suitable for electrochemistry is largely compatible with
the methods employed for creating micro- and nanofluidic channels, it requires minimal additional
(relatively low-cost) equipment, its sensitivity often increases with the downscaling of the electrode
dimensions, it directly yields electrical signals without an intermediary transduction step (e.g., light),
and it operates at relatively low power. Nonetheless, electrochemical methods can prove challenging
to implement in micro- and nanosystems: While the concepts and instrumentation required for such
measurements are well developed on the macroscopic scale, subtle, unobvious adjustments and
compromises are often necessary upon downscaling. This complexity often goes unrecognized in the
design of miniaturized systems, limiting accuracy and performance.

The aim of this review is to introduce the key concepts that influence electrochemical
measurements in micro- and nanoscale measurement systems. Our target audience consists of scientists
and engineers working on miniaturizing electrochemical measurement systems. We assume that the
reader is already familiar with the methods used to fabricate micro-/nanofluidic devices and with
basic electrochemical principles [16,17], and concentrate on elucidating some of the key factors that
influence electrochemical measurements in miniature systems. We pay particular attention to how the
electrostatic potentials of electrodes are established, determined, and controlled - or not, as is often
the case. We first discuss reference electrodes, a key component of most macroscopic electrochemical
measurement systems. This allows introducing the notation used in the reminder of the article as well
as some important concepts that are sometimes misunderstood. We then discuss two classes of systems
in which the conventional electrode biasing scheme is abandoned, namely, electrochemical cells
without a reference electrode and bipolar electrodes. We end with a brief discussion of potentiometric
measurements, in which the potential of an electrode is not controlled but is instead employed for
detection. Unless stated otherwise, we assume that the test solution consists of water containing both

Micromachines 2016, 7, 81 1 www.mdpi.com/journal/micromachines
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redox-active analyte molecules as well as a much higher concentration of inert salt ions, the so-called
supporting electrolyte. This situation is typical for, e.g., biomedical samples. We concentrate on
fluidic devices and exclude individual miniature electrodes used in conjunction with macroscopic
measurement cells, conventional electrodes modified with nanomaterials, and electrochemical scanning
probe techniques, which are reviewed extensively elsewhere [18–21].

2. Anatomy of an Electrode

Before discussing specific electrochemical systems, we introduce a few key concepts that will
recur throughout this review[1]. The interface between a solution (an ionic conductor) and an
electrode (an electronic conductor, typically a metal, but also potentially a semiconductor or a
macromolecule) can be represented by a capacitor C and a (nonlinear) resistor R in a parallel
configuration, as shown in Figure 1. Here, C represents the buildup of charge in the so-called
electrical double layer (EDL) that develops at this interface. The EDL consists of electrons (or holes)
in the electrode and compensating ions in the solution. These lead to an electric field—and thus
an electrostatic potential difference—between the solution and the electrode. The EDL is highly
local, for example, extending only on the order of ~1 nm for water at physiological concentrations.
The resistor R, on the other hand, represents the transfer of electrons between the electrode and the
redox species in solution via electrochemical reactions.

 

Figure 1. Equivalent circuits for (a) a polarizable and (b) a non-polarizable interface.

Electrodes can be qualitatively classified as polarizable or non-polarizable. In the case of a
polarizable electrode, R is very high and it is therefore possible to alter the potential difference across
the interface without injecting significant current into the measurement cell. On the contrary, if R is
very low, changing the potential difference across the capacitor requires the application of very large
currents, as charge is “leaked” through the interface. This short-circuit-like behavior is referred to as a
non-polarizable interface. In practice, no electrode is ever fully polarizable or non-polarizable; whether
an electrode represents a good approximation to either depends on the magnitude of the voltages and
currents that occur in a particular measurement.

3. Reference Electrodes

In macroscopic systems, electrochemical measurements are typically carried out in a
three-electrode configuration [16], as shown schematically in Figure 2a. The working (or indicator)
electrode (WE) is the electrode where the analytical measurement takes place: An electrochemical
reaction occurs if the potential difference between this electrode and the adjacent solution is such
as to favor electron transfer, leading to a current. This electrode is coupled to an electrode of a
known, defined potential, called the reference electrode (RE). The (conceptual) circuit diagram
of this two-electrode system is depicted in Figure 2b. Importantly, potentials applied to the WE
are always with respect to the potential of the RE. Thus, an RE provides a reference point for the
potential (similar to the role of ground in electronic circuits). However, it is important to note that the
actual electrostatic potential difference between the RE and the solution may not be (and, in practice,
rarely is) zero, and one therefore needs to specify the type of RE when stating the voltage of a WE
(e.g., “1 V vs. Ag/AgCl (3 M KCl)” for a silver/silver chloride reference electrode immersed in a
3 M potassium chloride solution). Similarly, an often overlooked nuance is that applying an external
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potential of 0 V with respect to the RE does not insure that no potential difference exists between the
WE and the adjacent solution.

 
Figure 2. (a) Schematic of a conventional electrochemical cell for voltammetric measurement. The cell
consists of three electrodes, termed the working (WE), reference (RE), and counter electrode (CE),
immersed in the electrolyte solution. A potential, E, is applied to the WE with respect to the RE. If the
current through the RE would be high enough to cause a potential shift, a CE is introduced to minimize
the current through the RE. At low currents, it is instead possible to operate with a two-electrode
configuration and eliminate the CE altogether (highlighted in green), simplifying the detection circuitry.
(b) Equivalent circuit diagram of a two-electrode setup. Rs: solution resistance; Rct: charge-transfer
resistance at the WE; C: electrical double layer capacitance at the WE. This circuit treats the RE as
ideally non-polarizable.

Any electrode system can serve as an RE as long as it approaches ideal non-polarizability,
meaning that its interfacial potential remains essentially fixed with the passage of currents [16,22].
The amount of current that can pass depends on the specific RE system and design, but in general
non-polarizability breaks down at “high” currents [22], and the reference potential will vary (for a
commercial, macroscopic RE, this is typically in the order of μA’s). Consequently, the WE potential is
not controlled accurately at high currents, as a (undefined and variable) part of the applied potential
between the WE and RE, E, is dropped at the RE-electrolyte interface. To circumvent this issue, one
can introduce a third electrode, the counter (or auxiliary) electrode (CE). In this three-electrode setup,
the current from the WE is routed through the CE, which acts as the electron source or sink for the
reaction at the WE. The terminal controlling the RE has a high input impedance, rendering the current
drawn through the RE negligible, and the RE interfacial potential thus remains constant. The technical
implementation for potential control and current measurement in a three-electrode setup employs
a potentiostat. Conceptually, this instrument monitors the potential difference between WE and RE,
which is used as a feedback signal to control the current passing through the CE so that the actual
potential difference matches the desired (applied) potential difference. A detailed description of the
workings of a potentiostat can be found in many textbooks on electrochemistry and electrochemical
instrumentation [16,23]. As a final note, it should be borne in mind that a CE (and potentiostat by
extension) is only required if the current in the system is large, and may be bypassed in miniaturized
sensors if currents of the order of a few μA are measured that can be directly passed through a RE
without significantly affecting its potential. In our experience, this condition is easily satisfied in most
micro- and nanoscale systems. This results in compact simplified electronics, shown by the yellow box
in Figure 2a, which essentially consists of a power source and an ammeter connected in series with the
two electrodes.

Solution resistance. While in principle the RE only sets the electrostatic potential near its surface,
the solutions employed in electrochemical measurements are ionic conductors. As a result, the
potential of a solution when no electrical current is flowing through it is uniform throughout its
entire bulk volume and is set by the RE. An important exception occurs at the boundaries of the
liquid, where EDLs can develop as discussed above. This is particularly relevant near the surface of
the WE, where a potential difference is required to drive electrochemical processes. However, if a

3
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net current, I, is flowing through the solution, an electric field can develop according to Ohm’s law
(E = IRs, where Rs is the solution ionic resistance), and part of the applied voltage is dropped in the
solution between the RE and WE. These ohmic voltage drops can be minimalized either by reducing
the current (e.g., by decreasing the analyte concentration or reducing the size of the electrode) or by
minimizing the electrolyte resistance between the RE and WE (e.g., by increasing the conductivity of
the electrolyte solution or placing the RE close to the WE to decrease the length of the resistive path).
In most electroanalytical measurements, the analyte concentration is much lower than the electrolytic
(salt) concentration; therefore, these ohmic voltage drops may reasonably be neglected. However,
if an electrolytic solution of low conductivity (usually due to low ionic strength) is used, IRs may be
significant and needs to be taken into account when considering the WE potential (EWE = E ´ IRs).
This can be particularly significant in fluidic devices where confinement of the liquid easily leads to
higher values of Rs than is typical in macroscopic experiments.

Requirements. At this point, it is worth discussing the technical requirements of a reference
electrode. A RE should have a potential which is stable over time [22] and which is not significantly
altered by small perturbations to the system—in particular, the passage of a small current. Some of the
main considerations while designing a RE are discussed in depth by Shinwari et al. [22]. Commercial
REs typically employ a macroscopic piece of metal (providing an “infinite” reservoir of redox species)
coated with a sparingly soluble metal salt (such that the interfacial concentration is determined by
the solubility product of the salt), immersed in a contained reference solution, and the entire system
is connected to the test solution by a salt bridge (to prevent composition changes of the reference
solution while minimizing the liquid junction potential) [16,24]. While such electrode systems are
straightforward to realize on the macroscale, implementing REs in miniaturized systems requires
careful considerations in the downscaling of all these components [22,25].

Miniaturized REs. Several analogues to conventional REs have been demonstrated using
microfabrication, and several techniques are available for their manufacture such as thin film
deposition [26–30], electroplating [31,32], or screen printing [33,34] of the metal followed by ion
exchange reactions or electrochemical coating. The interface to the test solution and reference
solution chamber is typically implemented using gels or nanoporous membranes/glass. For example,
an Ag/AgCl electrode was replicated by a thin-film deposition of Ag supported over Pt, after which
AgCl was formed by oxidizing it in a solution containing chloride ions [31]. In another example,
miniaturization of the liquid junction Ag/AgCl was demonstrated by covering a deposited thin film of
silver with a layer of polyamide. This layer had a slit at the center where AgCl was grown; the liquid
junction was formed with photo-curable hydrophilic polymer [35].

However, the stability of such miniaturized references electrodes is often limited, and typical
problems include limited lifetimes, poor reproducibility, and drifting electrode potentials [22,36].
A common cause is the rapid consumption of the electrode material due to its small size. In general,
electrode consumption can be divided into an electrochemical (Equation (1)) and a chemical
(Equation (2)) pathway.

AgCl psq ` e´ é Ag psq ` Cl´ paqq pelectrochemicalq (1)

AgCl psq ` nCl´ paqq é AgCl(n+1)
n´ paqq, where 0 ă n ă 3 pchemicalq (2)

In the electrochemical pathway, the passage of a small current through a miniaturized RE can
already be sufficient to induce complete consumption of the electrode material within experimental
time scales. For example, a microscopic Ag/AgCl RE of an area of 100 μm2 (AgCl thickness 100 nm)
exposed to a current of only 10 pA would be completely consumed within approximately one hour.
The chemical pathway relates to the non-zero solubility of the metal salt, where the dissolved and
solid species are only in chemical equilibrium as long as the solution is saturated with the metal salt.
If the RE is exposed to a non-saturated solution, or the solution is continuously replenished (such as in
flow systems), dissolution of the metal salt will occur. This issue is further exacerbated in the case of
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Ag/AgCl electrodes, where there is a non-negligible formation of aqueous AgCl(n+1)
n´ ion complexes

in chloride-containing solutions [37,38]. At physiological electrolyte concentrations, this leads to an
equilibrium concentration of dissolved AgCl in the μM range, sufficient to completely dissolve a
100 μm2 ˆ 100 nm AgCl layer in ~0.1 μL of electrolyte solution.

Another common cause for the limited stability of miniaturized REs is the possible contamination
of the reference solution via non-ideal (“leaky”) bridging membranes. This issue can be alleviated
by eliminating the salt bridge and reference solutions. Such systems are commonly termed quasi- or
pseudo-RE. While the terms are often used interchangeably, there is a subtle but important difference
between the two. A quasi-RE simply omits the reference solution and immerses the electrode directly
into the test solution [28,29,39–45]. A clearly defined redox couple, however, sets the electrode potential,
and any fluctuations result from changes in the activity coefficients of this couple. For example,
a common Ag/AgCl quasi-RE consists of a silver electrode coated with silver chloride salt and
in contact with the chloride-containing test solution; here, the Ag/Ag+ couple sets the solution
potential [30]. On the other hand, a pseudo-RE refers to a large surface area electrode (such as a
platinum or silver wire) directly exposed to the solution [42,43,45]. In this case, which redox couple
sets the reference potential is undefined, and the reference potential remains reasonably constant by
virtue of the large surface area, with even low reactivity being sufficient to take up small currents
without significant polarization of the electrode. In both cases, the RE can be calibrated by measuring
its potentials relative to a conventional RE. Thus, while miniaturizing REs still present challenges,
rational design can provide a microscopic RE which is sufficiently stable given the requirements for a
specific measurement.

Finally, it is worthwhile to consider the placement of electrodes in microfabricated systems. In a
macroscopic system, the CE is placed far from the WE and RE, such that the substances produced at
the CE do not reach the WE surface to interfere with the measurements there. However, in microscopic
systems, this might not be possible due to space requirements, and such interference needs to be taken
into account in order to avoid undesirable shifts in the reference potential.

4. Systems without a Reference Electrode

Considering the difficulties inherent in implementing miniaturized high-quality reference
electrodes, it is natural that considerable effort has been devoted to creating analytical systems in
which the role of the reference is minimized or omitted altogether. Doing so comes at a price since in
such cases the interfacial potentials that drive electron-transfer reactions at the system’s electrodes is
no longer explicitly controlled. As a result, no universally applicable alternative to the conventional
combination of potentiostat and reference electrode has evolved. Nonetheless, reliable alternatives can
be implemented in some particular geometries and/or when sufficient information about the solution
to be analyzed is available.

The basic configuration for a reference-free, two-electrode system is sketched in Figure 3.
While this represents the simplest case of a system without an RE, the discussion of the solution
potential in the following is general, and can be extended to incorporate additional electrode elements.
The most important feature of the system of Figure 3 is that the interfacial potential differences at the
two electrodes is not controlled separately since only the total potential difference between the two
electrodes is accessible experimentally. The potential of the bulk electrolyte phase, Es, is thus instead
free to float to different values. This is in stark contrast with the case where one of the electrodes is an
RE; in that case, there is no change in the potential difference at the RE interface, and the potential of
the electrolyte is pinned to the RE potential.
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Figure 3. (a) Reference-less two-electrode system where E is the applied potential between the two
WEs. (b) Corresponding equivalent-circuit diagram. Rs: solution resistance; Rct1,2: (charge transfer)
resistance at the WE1,2.

What sets the potential of the solution in the experiment of Figure 3? The passage of a current at
one of the electrodes causes charge to be injected in this solution. As discussed above in the context
of reference electrodes, this charge accumulates at the boundaries of the bulk phase. For example,
an oxidation reaction taking place at an electrode causes the withdrawal of electrons from the solution
and the accumulation of positive charge at its boundaries, in turn causing the electrostatic potential
of the solution to become more positive. This acts as a negative feedback mechanism, as the shift in
solution potential acts to inhibit the electrochemical process that caused it (in our example, the oxidation
current decreases by making the solution more positive with respect to the electrode). The solution
eventually settles to a stationary steady state at a potential such that no net charge injection takes place,
that is, the total current being injected into the solution vanishes:

ÿ

j

Ij “ 0, where Ij “ Ij
`
Vj ´ Es

˘
(3)

here, Ij is the current through the jth electrode, which is a function of its interfacial potential difference
(Vj – Es), Vj is the potential applied to the electrode, and Es is the solution potential (neglecting ohmic
drops for ease of notation) with respect to a common reference point in the circuit such as signal
ground. In principle, if the relations between current and interfacial potential at each of the electrodes
are known (because, e.g., they can be derived from fundamental electrochemical kinetic theory or
they have been experimentally determined), then it is possible to solve for the unique value of Es

that satisfies Equation (3) and to deduce the current through each of the electrodes. This procedure
essentially amounts to solving the equivalent circuit shown in Figure 3b, where the electrochemical
reactions are represented by (highly nonlinear) resistors Rct1 and Rct2, and Equation (3) is the direct
application of Kirchhoff’s current law.

For the two-electrode system of Figure 3a, Equation (3) reduces to the statement that the solution
potential will shift in such a way that the reduction current at the more negative of the two electrodes is
equal in magnitude to the oxidation current at the more positive electrode. This scenario was discussed
in detail by Xiong and White [46], where it was, for example, shown explicitly that increasing the area
of one of the electrodes causes the solution potential to shift closer to that electrode’s open-circuit
potential because that electrode’s effective resistance becomes smaller.

A further consequence of Equation (3) is that parasitic pathways for a current—such as may
result from a minor leak—can sometimes have a significant influence in a microsystem without a
reference electrode. In conventional electrochemical cells, such a parasitic current can be accommodated
by the counter electrode (or the reference for low-current systems) without influencing the signal
measured at the working electrode. For a floating solution potential, however, even relatively small
uncompensated currents can lead to drift. This was illustrated by Sarkar et al. [47], who showed how
the (large) redox-cycling current between two electrodes separated by 65 nm can be controlled by the
(much smaller) current to an additional electrode located outside the nanofluidic device [47].
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5. Bipolar Electrodes

A bipolar electrode (BPE) is a floating conductor which facilitates opposing electrochemical
reactions (oxidizing and reducing) on spatially separated regions of its surface. Two example systems
are shown in Figure 4. Figure 4a represents the (conceptually) simplest case. Here, two electrolyte
solutions are physically separated by a BPE, such that the only current path between them is through the
BPE. Since it is a good conductor, the entire BPE is essentially at the same potential, while the relative
potential of the two electrolyte solutions can be changed independently. Consequently, the local
interfacial potential difference of the BPE with the adjacent solution is different at the two ends.
If suitable species are present in the two reservoirs, reduction and oxidation processes may occur at
the two ends of a BPE, thereby coupling two, otherwise isolated, electrochemical systems.

Figure 4. (a) Schematic diagram of a bipolar electrode (brown) in contact with two separate reservoirs.
(b) Alternative concept of a bipolar electrode in which a uniform electric field is applied along a channel
filled with electrolytic solution. A band electrode exposed to this solution exhibits bipolarity at its
opposing ends (cathodic at left and anodic on right). (c) Equivalent circuit for panel (b). E is the
potential applied across the solution, Rs is the resistance of the solution, and Rct is the charge transfer
resistance across the anodic/cathodic ends of the bipolar electrode (BPE).

Alternatively, a BPE can be located in a single reservoir (Figure 4b). Two additional electrodes are
then placed at the ends of the reservoir, and applying a large current between them induces an electric
field in the electrolyte due to its finite conductivity (ohmic drop). As shown in Figure 4b, this spatially
heterogeneous solution potential leads to a gradient of electrostatic potential differences along the
length of the BPE (that is, between the electrode and the solution). If a sufficiently large potential
difference between the two ends of the bipolar electrode is induced, it becomes possible to drive an
oxidation reaction at one end and a reduction at the opposite end of the same electrode, similarly to
the case of Figure 4a.

From a purely conceptual point of view, the scenarios shown in Figures 3a and 4b are very closely
related. In each case, one element of the electrochemical circuit—the solution in Figure 3a and the
BPEs in Figure 4—is free to adjust its electrostatic potential in response to redox reactions taking place
at spatially separated regions. It is therefore unsurprising that the same basic principles apply for
determining the potential to which the BPE drifts in response to electrochemistry. In fact, Equation (1)
carries over directly to this case, where now Es represents the potential of the bipolar electrode, and j is
an index that runs over the different regions of this electrode (for the case of a continuous gradient
as in Figure 4b, the sum becomes an integral over the electrode surface, but the underlying principle
remains unchanged).

The defining feature of BPEs is that they are floating electrodes, yet can be induced to facilitate
electrochemical reactions of choice at their interface. This is particularly attractive for miniaturized
systems, as abolishing the need for contacts to solution (i.e., reference electrodes) simplifies fabrication
and instrumentation. Furthermore, it enables an arbitrarily large number of BPEs (such as arrays
of BPEs imbedded in insulating matrices [48]) to be driven simultaneously. The use of BPEs in the
micro-/nanoscopic domain was pioneered by Bradley et al. [49], who demonstrated the use of bipolar
electrochemistry to create electrical contacts in microcircuits by employing copper electrodeposition as

7



Micromachines 2016, 7, 81

the cathodic reaction. This work was followed by a dramatic increase in the investigation of bipolar
electrochemistry—in particular, by the groups of Kuhn [50–55] and Crooks [56–59]. A recent review
by Sequeira et al. [60] discusses bipolar electrochemistry and their many varied applications that
several contemporary groups are presently exploring. As a particularly striking example, Mallouk, Sen,
and colleagues [61–63] demonstrated a locomotion mechanism for bipolar microswimmers based on
electrochemical reactions taking place at both ends of the swimmer. Another intriguing variant is to
use the bipolar electrode to couple the reaction of a target analyte to a second, separate reaction
that produces an optically active species. Using the latter’s fluorescent properties allowed for
the demonstration of the highly sensitive, fluorescence-mediated detection of species that are not
themselves optically active [48,64].

Implicit bipolar behavior. Apart from devices that explicitly exploit bipolar electrochemistry as
their mode of operation, this effect has an important consequence for the design and validation of
electrochemical detection devices. Any conductor in contact with solution has the potential to act as a
bipolar electrode if its potential is not controlled. This is a very different situation from conventional
electronic devices, where leaving a particular component unconnected typically means that it can be
safely ignored, at best, or a source of stray capacitance, at worse. A well-documented example of a
system where bipolar electrochemistry is implicitly utilized is scanning electrochemical microscopy
(SECM in the positive feedback mode), where a conducting sample can be left unbiased but then acts
as a bipolar electrode [65,66]. Similarly, floating electrodes imbedded in nanochannels were shown
to act as “short circuits” to a reference located outside the nanofluidic device [47,67]. Last but not
least, it is important to keep in mind that all solvents—especially water—are liable to electrochemical
breakdown; if a sufficient potential gradient is applied, any floating metal features in a device can
become implicated in reactions involving water, protons, hydroxide, or dissolved oxygen, leading to
unintended currents flowing through the system [68,69].

6. Potentiometry

The main theme of this review has been the control of potentials in electrochemical systems.
For completeness, we discuss here very briefly potentiometry, the branch of analytical chemistry
concerned with the measurement of potentials as a detection mechanism. It is difficult to understate
the importance of potentiometry as it forms the basis for many widely used technologies, starting with
pH-sensitive electrodes and extending to a wide family of other ion-selective electrodes [70–73].

In its most common form, potentiometry is an equilibrium technique, with the potential of a
working electrode being measured with respect to a reference. This makes it particularly sensitive
to the choice of RE, which becomes challenging to implement in miniaturized systems given all the
complications discussed above. Commonly used for concentration determination, lower detection
limits of such techniques can be achieved with downscaling, and extensive work has been carried out
in the development of so-called nanopotentiometry. Much of this work has focused on nanostructured
thin films interfaced to macroscopic electrodes [70,72]. To what extent these approaches and materials
can be adapted in the context of, e.g., lithographically fabricated micro- and nanodevices largely
remains an interesting question for future work. Thus, while this is an area where we expect major
developments will likely happen in the near future, we do not attempt to discuss specific works at
this time.

One variant that may lend itself more readily to integrated miniature systems is so-called
chronopotentiometry [12], in which the potential of an electrode is monitored as a function of time
using high-impedance readout circuitry. Before equilibrium is established, electrochemical reactions
occurring at an electrode cause its potential to shift over time. The rate of change of the potential is
proportional to the electrochemical current and inversely proportional to the electrode capacitance;
hence, a concentration can in principle be extracted from the time-dependent data. To explicitly
illustrate this principle within the nanogaps [47], we show in Figure 5 measurements of the potential
of a floating electrode over time as it accumulates charge due to redox cycling in a nanofluidic device
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(consisting of two electrodes, one of which is floating). The evolution of the potential over time reflects
the rate of electrochemical charge transfer, which itself depends on the composition of the solution.

 

Figure 5. (a) Schematic diagram of a two-electrode nanogap system in contact with a solution containing
reversible redox species. The bottom (unbiased) electrode accumulates charge over time, and the
resulting potential shift is used as readout signal. (b) Chronopotentiometric signal versus concentration
of redox species (100 μM, 10 μM, and 1 nM Fc(MeOH)2 in 0.1 M KCl) in response to a triangular
potential wave applied to the top electrode (black line).

Furthermore, since small electrodes normally have lower capacitances, the potentiometric signal
is more sensitive in this case, making the method a logical candidate for miniaturization. Based on the
additional consideration that the readout of potentials is relatively straightforward to implement in
conventional complementary metal-oxide semiconductor (CMOS) electronics [74], Zhu et al. [75–77]
suggested that chronopotentiometry is particularly well suited for systems in which fluidics and
electronics are implemented on a single, highly integrated chip. Whether this type of electrochemical
analysis can offer a competitive alternative to existing methods is presently an open question.

7. Summary and Outlook

The emergence of point-of-care diagnostic systems has led to the rapprochement of
micro-/nanofluidics and electrochemical sensing methods, and this trend can be expected to strengthen
in the coming years. Although electrochemistry is an exhaustive subject and a vast amount of
information is available in the literature, it is not always straightforward for new researchers in the area
of microsystems to identify the concepts and approaches that are most relevant for building practical
miniaturized devices. This is particularly true because some standard ingredients of electrochemical
analysis—especially the use of optimized reference electrodes—are surprisingly challenging to scale
down. While universally applicable solutions have yet to emerge, many common pitfalls can be
avoided by informed experimental design. We have thus attempted to provide an introduction to the
methods of micro-/nanoelectrochemistry and, in particular, to make the reader aware of non-idealities
which are not necessarily obvious when extrapolating from the macro domain. We hope that linking
some of the concepts addressed in this paper will be beneficial to the fluidic sensor community and
will help to stimulate further exploration of the rich field of miniature sensing technologies.
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Abstract: A plug-based microfluidic system based on the principle of the light-addressable
potentiometric sensor (LAPS) is proposed. The LAPS is a semiconductor-based chemical sensor,
which has a free addressability of the measurement point on the sensing surface. By combining
a microfluidic device and LAPS, ion sensing can be performed anywhere inside the microfluidic
channel. In this study, the sample solution to be measured was introduced into the channel in a form
of a plug with a volume in the range of microliters. Taking advantage of the light-addressability,
the position of the plug could be monitored and pneumatically controlled. With the developed
system, the pH value of a plug with a volume down to 400 nL could be measured. As an example of
plug-based operation, two plugs were merged in the channel, and the pH change was detected by
differential measurement.

Keywords: chemical sensor; plug-based microfluidic device; light-addressable potentiometric sensor

1. Introduction

Microfluidic devices are advantageous in various aspects for biological or clinical assays where it
is necessary to handle small-volume samples. Common processes such as filtering, mixing, separating,
heating, cooling, and sensing of the final products after a series of steps are realized by microfluidic
systems constructed on a small substrate known as Micro-TAS or Lab-on-a-chip. They are expected to
reduce the cost by minimizing the amount of required samples and reagents.

In pursuit of the volume advantage of microfluidic devices, it is reasonable to divide the
sample solution into small volumes and manipulate them in the form of plugs or droplets [1–4].
Consumption of reagents can be saved by reducing the volume, while a plug or a droplet can act as an
independent reaction chamber by itself. To realize such a system, a sensing element is required that
can probe a plug or a droplet inside the channel.

In this study, we propose a plug-based microfluidic device based on a light-addressable
potentiometric sensor (LAPS [5]), which is a chemical sensor based on the field effect in a semiconductor.
In our previous papers, we applied a LAPS for measurement of continuously flowing samples in a
microfluidic device [6,7], which featured (1) a complete flat sensor surface due to a simple structure
consisting of silicon, insulator and electrolyte; (2) a flexible definition of measurement areas by
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illumination; and (3) the label-free detection and visualization of chemical species. It was also possible
to visualize the spatial distribution of ions inside the flow [8]. In the case of continuously flowing
samples, however, the consumption of the solution was still large, which spoiled the main advantage
of microfluidic devices. To solve this problem, a plug-based version of a microfluidic device combined
with LAPS is developed, which can (1) control the position of a plug in the channel; (2) mix two plugs
for reaction; and (3) detect the change by differential measurement.

2. Experiments

A microfluidic channel on the sensing surface of the LAPS is depicted in Figure 1a. It consists of a
LAPS sensor plate, polydimethylsiloxane (PDMS) film and a glass cover with an Ag/AgCl electrode.
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Figure 1. (a) Test structure of the microfluidic device combined with LAPS; (b) Channel design with
a chamber for merging and differential measurement; (c) Channel design to generate plugs on chip;
(d) Test structure with two sample chambers, one merging chamber, and one sensing area.

LAPS: The sensor substrate was n-type silicon with a size of 18 mm ˆ 18 mm and a thickness of
200 μm, insulated with a thermal oxide layer and a silicon nitride layer deposited by LP-CVD [6–8].

PDMS film: A 500-μm-thick PDMS film to define the channel pattern was prepared by casting
the PDMS (Silpot 184, Dow Corning Toray Co., Ltd., Tokyo, Japan) in a polished aluminum mold,
which was pressed and cured by heating. The width and the height of the U-shaped channel defined
by the PDMS film were 1 mm and 500 μm, respectively.

Glass cover and assembly: To allow optical observation of a plug in the channel, a glass cover
was used as the ceiling of the channel, on which an Ag/AgCl electrode was prepared by the following
process. Firstly, the electrode pattern was defined by a masking tape on an indium tin oxide (ITO)-coated
glass plate, and unnecessary ITO was removed by etching with HCl after application of the mixture of
zinc powder and glycerin (3 g/mL). Then, the patterned PDMS thin film was bonded onto the glass
cover and Ag/AgCl ink for the reference electrode (No. 011464, ALS Co., Ltd., Tokyo, Japan) was
painted to cover the ITO pattern inside the channel. The width, the length and the thickness of the
Ag/AgCl pattern were 1 mm, 2 mm, and about 70 μm, respectively. Finally, the other side of the PDMS
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film was bonded onto the sensor surface after opening the inlet and outlet by an ultrasonic drill. Prior to
each bonding process, the surfaces were treated by O2 plasma under a pressure of 0.4 mbar with a
power of 10 W for 1 min using a plasma cleaner (Zepto, Diener electronic GmbH, Ebhausen, Germany).
The bonding was finalized by heating at 95 ˝C for 10 min. If an optical observation of the plug is not
necessary, the whole area of the ceiling may be covered with Ag/AgCl so that the measurement can be
done at any point inside the channel. In this case, the measured points are defined by light beams that
induce a photocurrent dependent on the local value of pH.

Figure 1b shows another channel pattern with a wider portion proposed by Itoh et al. [9], in which
two successive plugs can be merged. In this structure, the first plug remains inside until the second
plug arrives, which is merged with the first plug and leaves the chamber together. Two measurement
areas are defined by Ag/AgCl electrodes in the upstream and the downstream of the chamber,
which allow differential measurement of the pH change. In this study, this configuration was
applied to a measurement of enzymatic reactions, where the two plugs contained an enzyme and its
substrate, respectively.

Figure 1c shows a channel pattern with a sample chamber. The chamber acts as a dispenser,
which divides the sample solution into a series of plugs. The sample solution in the sample chamber
was pushed into the main channel by air from a syringe pump, and another continuous air flow in
the main channel repeatedly split the injected sample every time the main channel was occluded.
Figure 1d shows an integrated structure of two sample chambers, one merging chamber and one
measurement point in the downstream, which was examined in this study.

Measurement setup: The measurement setup used in this study is depicted in Figure 2. A droplet of
sample solution is supplied at the inlet using a micro-syringe (SGE analytical science, Victoria, Australia)
and sucked into the channel as a plug by a peristaltic pump (AC-2120, ATTO Corp., Tokyo, Japan)
when the vent valve (PM-0815W, Takasago Electric Inc., Nagoya, Japan) in the downstream is closed.
The position of the plug is controlled by opening/closing the vent valve. The line velocity of the plug
was 0.78 mm/s by aspiration of the pump. The sensing area of the LAPS is addressed by illumination
of a modulated light from a red-colored LED guided by an optical fiber (φ = 1 mm). The photocurrent
signal is amplified by a transimpedance amplifier (106 V/A) and recorded after 16-bit AD conversion at
a sampling frequency of 100 kHz and a sampling number of 104. The whole measurement process is
controlled by a homemade software developed with LabVIEW (National Instruments, Austin, TX, USA).

plug

A
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Pump PC / LabVIEW

Open / close control

Bias 
voltage

Photocurrent

Fiber
optics

Modulated
light
Modu

electrode

Figure 2. Schematic view of the measurement system.
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3. Results and Discussion

3.1. Control of the Plug Motion and LAPS Measurement

After applying a droplet at the inlet and closing the vent valve, the plug moves through the
channel at a constant velocity. A bias voltage of ´0.5 V is applied to the Ag/AgCl electrode with
respect to the silicon substrate and the arrival of the plug at the electrode position is detected by
monitoring the photocurrent signal as shown in Figure 3. The increase of the photocurrent was due to
the arrival of the plug, which connected the Ag/AgCl electrode and the illuminated point of the sensor.
When the photocurrent exceeds a predefined threshold, the vent valve is automatically opened so that
the plug stays at the electrode position during the LAPS measurement, in which the photocurrent (I) is
recorded as a function of the bias voltage (V). When the I-V curve is obtained, the vent valve is closed
again and the plug is led to the outlet.

Figure 3. Detection of the plug by the photocurrent signal.

Figure 4a shows an example of I-V curves obtained with the channel in Figure 1a for plugs of
pH 4 to pH 10, each with a length of 2 mm and a volume of 1 μL. The bias voltage was swept in the
range of ´1.0 V to +1.0 V with a step width of 10 mV. In this series of experiments, different amounts
of NaCl were added to each pH buffer (Titrisol, Merck, KGaA, Darmstadt, Germany), so that the
total chloride concentration of the plug was always 0.05 M, in order to avoid the influence of the
chloride sensitivity of the Ag/AgCl electrode. The inflection point of each I-V curve was calculated
and plotted as a function of pH as shown in Figure 4b, in which a linear response with a pH sensitivity
of 45.9 ˘ 1.0 mV/pH was observed.

(a) (b)

Figure 4. (a) I-V curves measured for plugs with different pH values; (b) Inflection points of I-V curves
plotted as a function of pH.
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In order to further reduce the volume of a plug, the height of the channel was reduced from
500 μm to 200 μm, while keeping the same width of 1 mm. A stable plug with a length of 2 mm and a
volume of 400 nL could be reproducibly formed. The amplitude of the obtained photocurrent signal
was almost the same as in the case of a 1 μL plug, as the contacting area of the plug with the sensing
surface and the intensity of illumination were the same. The shift of the I-V curve (data not shown)
was again linearly dependent on the pH value, with a pH sensitivity of 47.5 ˘ 1.9 mV/pH.

3.2. Merging Plugs and Differential Measurement

In many assays, a test reagent is added to the sample to cause some reactions to be detected.
The addition of enzyme to its substrate, the addition of antibody to antigen, or vice versa are commonly
used in such tests. To mimic such a situation, two plugs were merged inside the microfluidic channel
using the structure proposed in Reference [9] and the pH change was detected using the channel
pattern in Figure 1b. The measurement areas in the upstream and the downstream of the chamber
were simultaneously monitored by using two optical fibers illuminating these areas with two light
beams modulated at different frequencies of 15 kHz and 14.9 kHz, respectively. By extracting each
frequency component from the obtained photocurrent signal, the pH values at both positions could
be independently determined [10]. Firstly, a solution with the total chloride concentration of 0.154 M
was prepared by adding NaCl to 1 mM HCl solution. Then, 1 μL of this solution was introduced
into the channel as the first plug, which stayed inside the merging chamber. The second plug, 1 μL
of 0.154 M NaCl solution, was introduced into the channel and delivered to the first measurement
area in the upstream, where the I-V curve in Figure 5a was obtained. The horizontal position of this
curve was shifted by ´76.8 mV with respect to that of a pH 7 buffer measured at the same position,
and considering that the pH sensitivity at this position determined by a preliminary experiment was
51.5 ˘ 0.9 mV/pH, the pH value of the second plug was calculated to be 5.5. The second plug then
entered the merging chamber and the merged plug of 2 μL was delivered to the measurement area
in the downstream. The I-V curve for the merged plug is shown in Figure 5b, which is shifted by
´145.9 mV with respect to that of a pH 7 buffer measured at the same position. Using the pH sensitivity
value of 43.7 ˘ 1.1 mV/pH at this position, the pH value of the merged plug was calculated to be 3.7.
This value was slightly higher than 3.3, calculated for 1 mM HCl after dilution to double. The result in
this section confirms that the proposed device can be used for detecting a pH change induced by the
addition of a plug of reagent to a plug of sample, which is expected to be applicable to various types of
enzymatic and immuno-assays.

 
(a) (b) 

Figure 5. (a) I-V curves for the second plug measured in the upstream before merging; (b) I-V curves
for the merged plug measured in the downstream.
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3.3. Plug Generation in the Channel

In the channels shown in Figure 1a,b, the plug was manually prepared before measurement;
however, for practical use, it is desired that the plug can be generated on a chip. Thus, plug generation
using the channel structure in Figure 1c was examined. Typical air flow in the main channel and the
injection speed of the sample were 1.67 μL/s and 3.0 μL/s, respectively. The channel was treated with
a fluorine coating agent (FS-1060-2.0, Fluoro Technology Co., Ltd., Aichi, Japan) to make the surface
hydrophobic. Figure 6 shows the effect of the treatment on the reproducibility of plug generation. The
variation of the plug volume was suppressed by the fluorine coating.

Figure 6. Effect of fluorine treatment of channel on the variation of plug volume.

3.4. Mixing of Two Plugs for Reaction

In the channel shown in Figure 1d, the sample chambers were filled with a solution of
urea (U0631, Sigma-Aldrich, St. Louis, MO, USA) and that of urease from the Jack bean
(U1500, Sigma-Aldrich, 15,000–50,000 units/g), the latter of which catalyzes the hydrolysis of the
former. Both of urea and urease were dissolved in 5 mM phosphate buffered saline (PBS), and the
concentration of urease was 2.8 g/L. The first plug from the chamber of the urea solution and the
second plug from that of the urease solution were generated, and they were mixed in the merging
chamber. After that, the merged plug moved to the sensing area at the downstream, and then the
change of the pH value due to the enzymatic reaction in the mixed plug was observed as the change of
the photocurrent. The photocurrent was recorded at a fixed bias voltage of ´1.0 V. As demonstrated
in past studies [6–8], the response of the sensor was fast enough to monitor the enzymatic reaction.
Figure 7a shows the time-course of the photocurrent with different urea concentrations from 1 mM to
8 mM. Although the data contains noise due to the small change of the photocurrent, the photocurrent
increased with the time after merging in all cases, which indicated the increase of the pH value due to
the production of ammonium molecules [6]. In addition, the initial slopes of the photocurrent change
in 0–25 s for 8 mM of urea and 0–50 s for other concentrations are shown in Figure 7b. The slope varied
depending on the urea concentration. The plug generation, mixing, and sensing of the pH change of
the plug on the chip were successfully demonstrated.
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(a) (b)
Figure 7. (a) Temporal change of photocurrent after merging a plug of urea solution and that of urease
solution. The photocurrent response varied depending on concentrations of urea; (b) Initial slope of
photocurrent change as a function of the urea concentration.

4. Conclusions

A plug-based microfluidic device was developed on the basis of a LAPS. The motion of the
plug was pneumatically controlled so that the plug stayed at the electrode position during the LAPS
measurement. A linear shift of the I-V curve depending on the pH value was observed for a plug with
a volume down to 400 nL. Two successive plugs were merged inside the channel and the pH values
before and after merging were successfully measured in the upstream and the downstream of the
merging chamber. In addition, plug generation in the channel and detection of enzymatic reaction
were also examined. A pH change caused by hydrolysis of urea catalyzed by urease was observed.
Based on the light-addressability of LAPS, many detection points can be defined within the channel,
and, therefore, the system is expected to be applicable to various kinds of assays where a small volume
of samples are tested with reagents.
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Abstract: We first review the development of a frequency domain quasi-optical terahertz (THz)
chemical sensing and imaging platform consisting of a quartz-based microfluidic subsystem in our
previous work. We then report the application of this platform to sensing and characterizing of
several selected liquid chemical samples from 570–630 GHz. THz sensing of chemical mixtures
including isopropylalcohol-water (IPA-H2O) mixtures and acetonitrile-water (ACN-H2O) mixtures
have been successfully demonstrated and the results have shown completely different hydrogen
bond dynamics detected in different mixture systems. In addition, the developed platform has been
applied to study molecule diffusion at the interface between adjacent liquids in the multi-stream
laminar flow inside the microfluidic subsystem. The reported THz microfluidic platform promises
real-time and label-free chemical/biological sensing and imaging with extremely broad bandwidth,
high spectral resolution, and high spatial resolution.

Keywords: terahertz; microfluidic; quasi-optical; frequency domain; chemical sensing and imaging;
laminar flow; label free; molecule diffusion

1. Introduction

Chemical and biochemical sensing has been increasingly more important in security,
environmental, medical and clinical applications [1–4]. However, most current sensing and probing
techniques are time-consuming, and require specific expertise and expensive equipment [5].
In addition, many of these techniques require chemical alteration of samples or labeling with
fluorescent chromophores prior to detection and analysis [6]. For example, current DNA hybridization
detection is mainly based on fluorescent labeling, which introduces unwanted preliminary processing
steps and eventually modifies the DNA sample under test, resulting in system inefficiency and
low accuracy [7]. Alternative label-free methods, such as mass sensitive [8], electrochemical [9],
and acoustic wave [10], have been intensively studied, but no approach has been mature enough to
provide performance as competitive as standard fluorescent-based systems.

With the emerging advances in device and circuit technologies in the terahertz (THz) regime
(0.1 to 10 THz), electromagnetic waves in this frequency range have found many promising applications
in noninvasive, label-free and remote sensing for many substances of interest (e.g., chemicals, explosives,
drugs) owing to the strong interaction between THz waves and low-energy events (e.g., molecular rotation,
torsion, vibration, as well as inter- and intra-molecular hydrogen-bonding) in chemical samples [11–16].
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However, the THz sensing capability for liquid samples has been greatly limited due to strong undesired
THz absorption introduced by hydrogen-bonding in the aqueous media or matrices (e.g., water) [17–20].
In view of this, researchers have started to combine THz technology with microfluidic devices to reduce the
wave traveling path in liquid samples for leveraging THz absorption [21–24]. Although THz time-domain
spectroscopy (THz-TDS) systems are widely employed for the above purposes, their spectral and spatial
resolution for chemical sensing and imaging are generally inferior [13,25].

In this paper, we first review the development of a frequency-domain quasi-optical THz sensing
and imaging platform consisting of a quartz-based microfluidic subsystem supporting four-stream
laminar flow. We then applied the platform to sensing and imaging of a variety of chemicals, mixtures
as well as molecular diffusion at liquid-liquid interface. The employed THz frequency-domain
spectroscopy (THz-FDS) offers much improved spectral (better than ~10 kHz) and spatial resolution
while the microfluidic device exhibits significant advantages including low analyte consumption,
well-confined multi-stream flow, fast dynamics and autonomous operation [26], making the platform
an extremely versatile system for high performance chemical/biological sensing and imaging.

2. Experimental Section

2.1. Experimental Setup

Figure 1a schematically illustrates the THz sensing and imaging platform we developed for
this work. The quasi-optical THz-FDS system was reported in our previous work [26–28]. In this
system, an amplifier multiplier chain (AMC, Virginia Diodes, Charlottesville, VA, USA) is employed
as the THz emitter to provide THz radiation from 570 to 630 GHz with an average power level of
~1 mW. Much broader frequency coverage (e.g., 0.1–1.0 THz) can be achieved by using multiple THz
emitters for different THz bands. The THz wave emitted from the frequency multiplier chain is first
collimated and then focused onto the microfluidic device by the off-axis parabolic mirrors M1 and
M2. The transmitted THz signal is then collimated and focused onto the quasi-optical THz detector
for broadband and room-temperature operation [29]. In order to enable two-dimensional (2-D) THz
mapping and imaging, the microfluidic device is mounted on a computer-controlled X-Y-Z positioning
stage (not shown). As pointed out in our previous work, the spatial resolution of the THz microfluidic
system was designed to be approximately 0.5 mm at the sampling position [26].

(a) (b) 

Figure 1. The THz microfluidic chemical sensing and imaging platform: (a) a schematic of the
system comprising a quasi-optical THz-FDS spectroscopy and a four-channel microfluidic subsystem;
(b) a photo showing the actual experimental setup. Liquid samples are delivered to the microfluidic
chip through the four syringes A–D [26].
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2.2. Quartz-Based Microfluidic Device

As seen in Figure 1b, the key device in this sensing platform is the four-channel (with multiple
inlets/outlets) quartz-based microfluidic subsystem. The microfluidic subsystem was fabricated by
bonding two fused quartz substrates (1 mm-thick, 1 in. ˆ 3 in. in dimension) as shown in Figure 2a.
Quartz substrates were chosen for building this microfluidic chip because of their low insertion loss
(THz), low dielectric constant and optical transparency. The main channel of the device was etched
to have a depth of 50 μm and a width of 1 cm, leading to an inner volume of ~20 μL. In order to
support four-stream laminar flow, four through holes were drilled on the top quartz at both ends of
the main channel. Two polydimethylsiloxane (PDMS) slabs were then bonded to the top slide with
corresponding through holes aligned with those on the quartz substrate. Polytetrafluoroethylene
(PTFE) tubings were then inserted to the through holes for delivery and drainage of the fluid,
respectively. In order to reduce the “standing-wave” (or “cavity”) effect due to the relatively thick
quartz substrates (i.e., 2 mm thickness or 80 GHz in period), thinner and wedged THz window
configuration can be micromachined on both the top and bottom quartz slides as shown in Figure 2a.
During the chemical sensing and imaging experiments, four syringes (A–D) as seen in Figure 1b were
used to inject liquid chemical samples into the main channel with one sample at a time or multiple
samples simultaneously to form a multi-stream laminar flow (i.e., 2–4 streams). As shown in Figure 2b,
an initial test by injecting red and blue dyes simultaneously into the inlets A and D respectively at a rate
of 100 μL/min clearly showed the formation of a stable two-stream laminar flow, demonstrating the
success of the design and fabrication of the microfluidic subsystem. Finally, the operation of the entire
system including frequency scan for THz spectroscopy and two-dimensional (2D) spatial scan for
imaging were fully controlled and automated by a computer using a home-written LabView interface.

(a) (b) 

Figure 2. (a) The fabrication of the quartz-based microfluidic device using wafer bonding;
(b) A two-stream laminar flow (with red and blue dyes at an injection rate of 100 μL/min) formed inside
the device main channel demonstrating that the design and fabrication of the device were successful.

2.3. Sensing Platform Characterization and Data Acquisition

During the operation of the sensing platform, the THz emitter is modulated with an optical
chopper at 1 kHz. The modulated DC voltage output from the quasi-optical THz detector is fed into
a preamplifier (ˆ100) and a lock-in amplifier for processing. Before applying this THz microfluidic
platform to chemical sensing and imaging, the system’s performance was examined by measuring
dynamic range and Mylar thin films. Figure 3a shows the measured maximum signal level and noise
floor from 570 to 630 GHz. An average system dynamic range of ~50 dB has been demonstrated
which is considered enough for many applications. Figure 3b shows the measurement results for a
1-mil thick Mylar thin film (solid line) and a 3-mil Mylar thin film (dashed line) [27]. Both curves
were obtained by normalizing the measured data to that of background signal. The expected lower
transmittance (~73%) for the 3-mil Mylar as compared to that of the 1-mil Mylar (~92%), as well as the

24



Micromachines 2016, 7, 75

flat linear frequency response observed from both samples clearly show the system’s capability for
sensing different samples with a measurement accuracy better than 2% [27].

(a) (b) 

Figure 3. (a) Measured system dynamic range showing an average of 50 dB over the frequency range
of 570–630 GHz; (b) measured transmission spectrum of Mylar thin films [27].

For a prototype demonstration, the developed frequency domain quasi-optical THz microfluidic
platform has been applied to chemical sensing and imaging by performing frequency scan in the band
of 570–630 GHz. The transmission spectra of background, the empty microfluidic device, as well as a
variety of microfluidic-chip confined chemicals and their mixtures were acquired automatically by
performing frequency scan at a resolution of 0.6 GHz with a speed of 10 ms per data point using the
LabView interface described in Section 2.2.

3. Results and Discussion

3.1. THz Sensing of Chemicals

The measured THz transmission spectral without normalization for background, empty microfluidic
device and deionized water filled device, respectively, are shown in Figure 4 [26]. The measured signal
level (voltage response) for the empty microfluidic device is slightly lower as compared to that of the
background in the region of 570–590 GHz, indicating the low-loss properties of the microfluidic device.
However, due to the standing wave effect discussed in Section 2, a large transmission loss is observed
from 590 to 630 GHz (i.e., half period of ~40 GHz). This undesired standing wave effect can be effectively
reduced by incorporating thin and wedged THz window on the quartz microfluidic device (see Figure 2a).
The THz transmission signal level for the water-filled device was further reduced. However, the detected
signal level falls well within the system’s dynamic range, demonstrating that the quartz microfluidic
device with a 50-μm THz transmission path is a suitable design for sensing chemicals in a well-controlled
aqueous environment.

In our previous work, we focused on sensing and imaging of only isopropylalcohol (IPA),
water and their mixtures [26]. In this paper, we extend our research by applying the sensing platform
to characterize a variety of chemicals. In Figure 5a, we first compare the measured THz transmission
responses (raw data without normalization) of IPA, methanol and water. The THz absorption increases
in the following order: IPA < methanol < water, which is consistent with the findings from previous
research [25]. This phenomenon can be explained using the different hydrogen bond densities in
these three liquids. As discussed in Reference [26], the hydrogen bond densities of water, methanol,
and isopropanol are calculated to be 1.2 ˆ 1023, 2.7 ˆ 1022 and 1.4 ˆ 1022 cm´3, respectively [30–33].
Different from infrared spectroscopy, THz waves interact significantly with hydrogen bonds—liquids
with higher hydrogen bond density tend to yield high THz absorption. This explains the different
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THz transmission levels observed in the three liquid samples in Figure 5a. To better compare the
sensing results for different chemicals, we normalized the transmission response raw data for each
chemical to that of water. Figure 5b shows the normalized THz transmission features for Benzyl
(BEZ) alcohol, IPA, methanol and acetonitrile (ACN) in the same frequency band, i.e., 570–630 GHz.
A response peak is observed at ~625 GHz for all chemicals and this is believed to be introduced by the
well-know standing-wave effect [26]. Different from BEZ alcohol, IPA and methanol that have a lower
THz absorption due to lower hydrogen bond densities, pure ACN shows larger THz absorption than
water due to the relatively strong resonance between THz waves and the vibration mode of individual
ACN cluster.

 
Figure 4. Measured THz responses (raw data without normalization) for background (ambient),
empty microfluidic device and water-filled microfluidic device, respectively [26].

(a) (b) 

Figure 5. (a) Raw data of the THz spectra responses for isopropylalcohol (IPA), Methanol and
water; (b) Comparison of normalized (to water) THz spectra responses for a variety of chemicals
(Benzyl alcohol (BEZ ALCH), isopropylalcohol (IPA), methanol (Meth) and acetonitrile (ACN)),
demonstrating the system’s capability for discriminating different chemicals.

3.2. THz Sensing of Chemical Mixtures

In order to reveal the details of the above observation, we further studied and compared the THz
transmission spectra for IPA-H2O and ACN-H2O mixtures with various concentrations. In this study,
all spectra data were processed by normalizing to water, and the known cavity effect was removed
numerically. As seen in Figure 6a, the THz signal intensity increases when the IPA concentration is
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increased because the decreasing in hydrogen bond density leading to lower THz absorption based
on what was observed in Figure 5. The transmission signals for IPA-H2O mixtures at three different
frequencies, i.e., 580, 590 and 600 GHz, were plotted as functions of the IPA concentration as shown in
Figure 6b. Although slight nonlinearity is found, all these three plots show monotonous relationship
between THz response and IPA concentration.

 

Figure 6. THz microfluidic sensing and analysis of IPA-H2O and ACN-H2O mixtures: (a) normalized
(to water) THz transmission spectra of the IPA-H2O mixtures with IPA concentration ranging from 10%
to 91%; (b) output THz signal responses at three selected frequencies showing strong linear relationship
of the signal as a function of IPA concentration; (c) normalized (to water) THz transmission spectra
of the ACN-H2O mixtures with different ACN concentrations; (d) output THz signal responses
at three selected frequencies functions of IPA concentration. Nonlinear relationships observed
showing completely different hydrogen dynamics and THz absorption mechanisms (as compared to
IPA-H2O mixtures).

Similar experiments have been also performed to characterize ACN-H2O mixtures, as shown in
Figure 6c, with ACN concentrations ranging from 0% to 100%. Although pure AN has higher THz
absorption than water (i.e., lower normalized signal intensity is expected), surprisingly, the normalized
signal intensity increases first for smaller ACN concentration (<25%) and then decreases for larger
concentrations. Figure 6d shows the normalized THz transmission response as a function of ACN
concentration at three selected frequencies, i.e., 580, 600 and 620 GHz. Different from the monotonous
relation that has been observed for IPA-H2O mixtures (see Figure 6b), THz responses for ACN-H2O
mixtures show a strong nonlinear and non-monotonous relation to ACN concentration, with the
lowest THz absorption (maximum signal intensity) occurring for an ACN concentration around
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25%. This observation reveals completely different hydrogen bond dynamics and THz absorption
mechanisms in IPA-H2O and ACN-H2O mixtures.

Similar nonlinearity for ACN-H2O mixtures has been reported in studies using infrared
spectroscopy [34,35]. The absorption of THz energy by liquid samples can be attributed to the
resonance between THz waves and vibration modes of molecular clusters formed by either a hydrogen
bond or dispersion force. From Figure 5, we can see that higher hydrogen bond density leads to
more molecular clusters with the resonating vibration mode. However, when ACN is mixed with
water, the situation is different. In the low ACN concentration regime, each ACN molecule only forms
one hydrogen bond with water and thus behaves as an end-cap agent that suppresses hydrogen
bond number/density between water molecules. The increase of ACN in a mixture could lead to the
decreasing concentration of water cluster resulting in lower THz absorption [34]. However, once the
fraction of ACN in water is high enough (>25%), ACN clusters will be formed through dipole-dipole
interaction. The vibration of the individual ACN cluster leads to higher THz absorption. As a result,
in the high ACN concentration regime, THz absorption increases with ACN concentration, as seen in
Figure 6d [36].

3.3. THz Imaging of Molecular Diffusion

In order to apply this THz microfluidic platform to study molecular diffusion and potential
chemical reactions between two liquid chemical samples, we attempted THz mapping for a two-stream
laminar flow situation, initially tested by using red and blue dyes (see Figure 7a, lower inset). For the
above purpose, water and IPA-H2O mixtures having variant IPA concentrations were injected into the
microfluidic device at an injection rate of 100 μL/min to form a two-stream laminar flow. THz image
with 20 ˆ 200 (X ˆ Y) pixels was taken at 580 GHz by performing 2-D scanning of the device [26].
As shown in Figure 7a (upper inset), the interface between the two streams was clearly seen. Figure 7b
shows the measurement results of one-dimensional (1-D) THz scanning across the microfluidic device
(Y-direction) at X = 30 mm. As expected, the distinguishable THz transmission levels were detected
across the entire device region in response to different chemical streams (Stream-I (H2O) region
and Stream-II (mixture) region). It is clearly observed that the signal level in the Stream-II region
changed as expected when the IPA concentration for Stream-II region was increased from 0% to
100%, demonstrating that the approach of using multi-stream microfluidic device indeed enables THz
sensing of molecular diffusion and potential chemical reactions at the interfaces between adjacent
liquid samples [26].

For a prototype demonstration of this imaging capability to study molecular diffusion, we
performed 1-D THz scan at the same position (i.e., across the channel at X = 30 mm) for laminar flows
formed by water and IPA, for different injection rates from 40 to 1 μL/min as shown in Figure 7c.
With decreasing of the flow speed, the transition width at the liquid-liquid interface was observed
to increase from ~3 to ~6 mm. The transition area almost doubled at a lower flow speed, indicating
higher diffusion level between the two liquids was detected. We then kept the injection rate at
0.5 μL/min and performed THz 1-D scan across the microfluidic device at different positions from
X = 10 mm to X = 35 mm. As seen in Figure 7d, the transition width at the interface changes from
5.8 mm (at X = 10 mm) to 6.2 mm (at X = 35 mm), also showing stronger diffusion at the outlets side of
the device than that at the inlets side of the device, as expected. This same approach can be adopted to
study and visualize chemical reactions between two or more chemicals at their laminar flow interfaces.
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(a) (b) 

(c) (d) 

Figure 7. THz chemical sensing and imaging (580 GHz) for studying molecular diffusion at
liquid-liquid interfaces of two-stream laminar flows: (a) schematic showing the THz imaging of
two-stream laminar flow inside the device (lower left inset shows an optical image of a two-stream
laminar flow with red and blue dyes at an injection rate of 100 μL/min; upper right inset shows a
THz 2-D scanning image of a laminar flow formed by water and IPA; (b) 1-D THz scanning results for
two-stream laminar flows formed by water and IPA-H2O mixtures [26]; (c) 1-D THz scanning across
the device at X = 30 mm for laminar flows formed by water and IPA at different injection rate from 40 to
0.5 μL/min. The transition region at the interface is nearly doubled; (d) 1-D THz scanning at different
positions of the device (X = 10–25 mm) for a laminar flow by water and IPA at a rate of 0.5 μL/min.
The transition at the liquid-liquid interface changes from 5.8 to 6.2 mm when X changes from 10 to
25 mm, showing stronger diffusion at the outlets side of the microfluidic device.

4. Conclusions

A frequency domain quasi-optical THz chemical sensing and imaging platform consisting
of a quartz-based microfluidic device supporting multi-stream laminar flow has been developed.
The performance of this sensing platform has been fully characterized. This system has been
successfully applied to sensing several selected liquid chemical samples from 570 to 630 GHz. THz
spectroscopic sensing of chemical mixtures including IPA-H2O and AN-H2O mixtures with different
concentrations have been successfully demonstrated, revealing different hydrogen dynamics and
absorption mechanisms in different mixture systems. 2-D mapping and imaging of two-stream laminar
flows as well as molecule diffusion at the liquid-liquid interface has been performed and discussed.
The reported THz microfluidic platform promises real-time and label-free chemical/biological sensing
and imaging with extremely broad bandwidth, high spectral resolution, and high spatial resolution.
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Abstract: We developed a micro-gas detector based on a Fabry-Pérot (FP) cavity embedded in a
microfluidic channel. The detector was fabricated in two steps: a silicon substrate was bonded to a
glass slide curved with a micro-groove, forming a microfluidic FP cavity; then an optical fiber was
inserted through a hole drilled at the center of the groove into the microfluidic FP cavity, forming
an FP cavity. The light is partially reflected at the optical fiber endface and the silicon surface,
respectively, generating an interference spectrum. The detection is implemented by monitoring
the interference spectrum shift caused by the refractive index change of the FP cavity when a gas
analyte passes through. This detection mechanism (1) enables detecting a wide range of analytes,
including both organic and inorganic (inertia) gases, significantly enhancing its versatility; (2) does not
disturb any gas flow so that it can collaborate with other detectors to improve sensing performances;
and (3) ensures a fast sensing response for potential applications in gas chromatography systems.
In the experiments, we used various gases to demonstrate the sensing capability of the detector
and observed drastically different sensor responses. The estimated sensitivity of the detector is
812.5 nm/refractive index unit (RIU) with a detection limit of 1.2 ˆ 10´6 RIU assuming a 1 pm
minimum resolvable wavelength shift.

Keywords: micro gas sensor; micro Fabry-Pérot cavity; optical fiber; microfluidic channel; MEMS

1. Introduction

Gas detectors attract a lot of research interest due to their wide applications in the areas
of environmental monitoring [1,2], homeland security [3], anti-terrorism [4], industrial quality
control [5–7], etc. So far, various stand-alone gas detectors, such as surface acoustic wave detectors [8],
chemiresistor detectors [9–15], grating-based optical gas detectors [16], surface Plasmon resonance gas
detectors [17,18] and opto-thermal gas detectors [19], have been successfully developed and made
commercially available. However, most of them either respond to very few analytes, significantly
limiting their application fields [20,21], or respond similarly to a great amount of analytes, so that one
cannot be differentiated from others, which can hardly satisfy the increasing demands of applications
requiring the identification of a wide range of analytes in a complex mixture.

One of the most promising solutions to this problem is to combine gas detector(s) with a gas
chromatography system (GC), to separate gas mixtures by their different velocities when traveling

Micromachines 2016, 7, 36 32 www.mdpi.com/journal/micromachines



Micromachines 2016, 7, 36

through the separation column [22]. Thus, a detector can be installed at the elution end of the separation
column to detect individual analytes sequentially as they elute out in succession. The detector that can
be used in a GC usually possesses several features: (1) it can detect a reasonable amount of analytes;
(2) it has a flow-through structure and can be easily connected to the GC; and (3) it has a fast sensing
response so that it can complete the detection of one analyte before another one elutes out (it takes
several seconds to minutes for analytes to elute out from the GC system). Most of the stand-alone
detectors are not readily applicable in GC systems because they do not have one or more of the
aforementioned feature(s).

The traditional GC detectors are generally divided into destructive and non-destructive detectors.
The destructive detectors, such as mass spectrometry and the flame ionization detector, usually detect
the current change caused by the ionization of analytes [23,24], and thus the analytes are destroyed
after detection. This feature is not desirable for the applications that require multiple detectors to work
in concert to acquire complimentary information of the analyte for improving system performance,
such as to promote the analyte identification rate in a multi-dimensional GC [22,25,26] and to automate
system control in smart GCs [27,28]. In contrast, non-destructive detectors do not destroy analytes
during the detection and therefore are much more flexible and applicable than destructive detectors
in the system design and integration. One of the most widely used non-destructive detectors in GC
is the thermal conductivity detector (TCD), which identifies the analyte by comparing the heat loss
caused by passing through the analyte with the loss caused by passing through the carrier gas per unit
time [29]. Consequently, it not only keeps the analyte intact during the detection, but also is a universal
detector which responds to most of the analytes except the ones that have the same heat capacity as
the carrier gas [30]. This capability is very useful for quick sample identification and pre-detection in a
multi-detector GC system. Nevertheless, traditional TCD usually has large dead volume, leading to
broadened analyte peaks and large sample consumption, and has to work in an elevated temperature,
resulting in high power consumption and potential hazards for detecting flammable and explosive
gases, which is not desirable for being integrated in miniaturized GC systems designed to satisfy the
dramatically increased quick on-site detection demands in recent years [31].

Recently, a lot of microstructured gas detectors have been developed to be integrated with
micro-GC and/or microfluidic systems for on-site quick gas detection [32–35]. One of the promising
detection schemes is based on the Fabry-Pérot (FP) cavity, which is also widely used in the fields
of biosensing, temperature, strain, and humidity sensing because of its simple fabrication and
measurement setup. There are mainly two ways to form the FP cavity: using a polymer layer or
using the microfluidic channel itself. The polymer layer, either deposited at the end of an optical
fiber [33,36] or the bottom of the microfluidic channel [34,37], interacts with the gas analyte and results
in the change of its refractive index (RI) or/and thickness, which causes the shift of the interference
spectrum. The usage of a polymer improves the sensitivity and selectivity of the sensors; however, it
limits the detectable gases to being the ones that have interactions with the polymer, greatly restricting
its applications. One the other hand, the microfluidic channel can also form an FP cavity with its inner
surfaces as the reflective surfaces. When the analyte is traveling through the microfluidic channel,
the RI of the FP cavity changes, leading to the shift of the interference spectrum. This configuration
has been used in biosensing [38–40], pressure sensing [41,42], and temperature sensing [43], but it has
not yet, to the best of our knowledge, been used in universal gas sensing.

In this paper, we demonstrated the possibility of the microfluidic-based FP sensor for a
non-destructive and universal gas detector which has the potential to be further integrated with
miniaturized/portable GC systems. The detector, as shown in Figure 1a, is fabricated by inserting a
single-mode optical fiber into a hole drilled at the center of a micro-groove curved on a glass slide
which is then bonded to a silicon substrate, forming a microfluidic channel. The light coupled into the
optical fiber partially reflects at the optical fiber endface and the silicon surface, respectively, generating
an interference spectrum.
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Figure 1. (a) Schematic diagram of the cross-section of the microfluidic-based FP-gas detector.
Red arrows represent the light beam which was coupled into the optical fiber and reflected at the gold
layer and silicon surface, respectively. (b) Three-dimensional diagram of the microfluidic-based FP gas
detector. (c) Optical microscopy image of the top view of the microfluidic channel. (d) SEM image of
the sectional view of the microfluidic channel. (e) Exemplary interference spectrum shift caused by the
analyte gas.

When an analyte travels through, the RI of the FP cavity changes. The shift of the resonant
wavelength (interference spectrum) is linearly related to the change of the RI of the FP cavity and
hence the passage of the analyte. Therefore, by monitoring the interference spectrum shift, the kinetic
information of the analyte can be obtained.

There are several unique advantages of the proposed detector. First of all, the detector detects the
RI change at the detection point in the microfluidic channel, and, therefore, it can detect an analyte that
presents an RI difference from the carrier gas larger than its detection limit, validating its capability of
detecting most analytes including organic, inorganic and even inertia gases. Second, since it detects
the RI change of the FP cavity, whose two reflectance surfaces are both flush with the inner surface
of the microfluidic channel, the detector does not destroy or induce any disturbance to the gas
flow, which has the potential to be used in combination with other detectors in a series to improve
the detection performance. Third, the detector is embedded in a microfluidic channel, forming a
flow-through structure to minimize its dead volume, and at the same time does not involve any
analyte absorption/desorption processes, significantly reducing the peak-broadening and speeding
up the detection response compared to TCD and other detectors. This merit is extremely important
for miniaturized GC to increase its detection efficiency (the number of analytes detected per unit
time), because sharp peaks enable it to resolve more analytes per unit time than conventional GC
and hence it may resolve as many analytes as a conventional one does in a much shorter time.
Fourth, the flow-through structure of the detector allows it to be readily connected to the fluidic channel
of the GC. Fifth, it does not need any heating elements or additional gas supply for the proposed
detector to be fully functional, which favors the whole system’s miniaturization and portability.
Last, the fabrication process is compatible with the micro-fabrication process, further lowering the
manufacturing cost and benefiting the mass production.

We carried out the initial calibration and characterizations of the proposed gas detector to
demonstrate its detection capability. In our experiments, we coated gold layers of various thicknesses at
the endfaces of different optical fibers to increase the reflectivity at the optical fiber-air interface, so that
an optimal interference spectrum can be obtained. Then, the performance of the detector was tested
by various analytes with different physical and chemical properties, which, as expected, responded
linearly to the amount of the RI change caused by its exposure to the analyte with a sensitivity of
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812 nm/RIU and an estimated detection limit of 1.2 ˆ 10´6 RIU assuming that the minimum resolvable
wavelength shift was 1 pm, corresponding to the detection limit of 2800 ppm for C2H4.

2. Experimental

2.1. Detector Fabrication

The two- and three-dimensional schematic structures of the detector are shown in Figure 1a,b,
respectively, the two reflectance surfaces of which were the endface of an optical fiber and the surface
of the silicon substrate, respectively. The optical fiber was inserted into a hole (see Figure 1c) drilled
at the center of a micro-groove etched on a glass slide which was then anodic-bonded with a silicon
substrate, forming a sealed micro-fluidic channel (its cross-sectional dimension was 600 μm wide by
200 μm deep, as presented in Figure 1d). The optical fiber endface was aligned with the inner surface
of the channel to avoid any potential disturbance to the fluidic flow. The hole was then sealed by
silicone rubber to prevent any gas leakage. The endface of the optical fiber was coated with gold by
the physical vapor deposition method to increase the reflectivity. When an analyte gas was pumped
through, the RI of the FP cavity changed, resulting in the interference spectrum shift as shown in
Figure 1e.

2.2. Experimental Setup

The whole test system was composed of the optical measurement part and gas delivery part,
as shown in Figure 2. The optical measurement part consisted of a laser source, an optical circulator
and a photon detector. The laser was scanned from 1510 to 1590 nm at a frequency of 2 Hz with a
spectral resolution of 1 pm. The laser output was coupled into Port 1 of the circulator and delivered
into the sensing optical fiber through Port 2. The reflected light from the sensing probe was coupled
back to Port 2 and delivered into Port 3 which was connected to a photo detector. The light intensity
was monitored by a homemade LabVIEW program at a recording rate of 20 kHz. The gas analytes
were prepared individually by drawing the pure analyte into a gas-tight syringe until it reached the
pressure equilibrium. The outlet of the syringe was connected to the inlet of the microfluidic channel
through a capillary column. A syringe pump was used to pump the gas analyte from the syringe into
the microfluidic channel at a flow rate of 10 μL/min.

Figure 2. Schematic of the test system. The inset shows the image of the optical fiber.

3. Results and Discussion

The microfluidic-based FP gas detector monitors the interference spectrum shift of the microfluidic
FP cavity caused by its RI change when the gas analyte passes through. This section first investigated
the effect of the gold coating on the quality of the interference spectrum. Then, various gas analytes,
which include organic gases such as CH4, C2H4 and C3H6O, inorganic gases such as NH3, N2O, and
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CO2, and the inertia gas of He, were used to characterize the detector performance and demonstrate
its versatility. Such a wide range of detectable gases can be hardly covered by a single detector.

3.1. Gold Coating Calibration

The reflectivity of the two surfaces of the FP cavity, the optical fiber endface and the silicon surface,
decide the quality of the interference spectrum and thus the detection limit of the proposed detector.
Here, we used gold coating at the optical fiber endface as a model method to increase its reflectivity
while keeping the silicon surface uncoated due to the necessity to simplify the fabrication process
of the microfluidic channel. The theoretical calculation was carried out to analyze the effect of the
reflectivity of the optical fiber endface on the interference spectrum when the reflectivity of the silicon
surface was kept at a constant value of 0.3.

The normalized reflectance intensity R of the FP detector can be described by the following equation:

R “ Ir

Ie
“ 1 ´ t2

1t2
2

p1 ´ r1r2q2 ` 4r1r2sin2pkdq (1)

where Ir and Ie are the reflectance and input light intensity, respectively; t1/t2 and r1/r2 are the
transitivity and reflectivity of the optical fiber endface and silicon surface, respectively; d is the
FP cavity length; and k is the wave vector. Based on Equation (1), the normalized reflected interference
spectra are plotted in Figure 3 to visualize the effects of r1 on the sharpness and contrast of the
interference (the value of r2 is set to be 0.3). The interference spectra correspond to five values of r1 of
0.3, 0.5, 0.8, 0.96 and 1. As expected, the sharpness of the resonant peaks increases when r1 increases,
while the contrast reaches the maximum value when r1 equals 0.5.

Figure 3. Theoretical interference spectra of the FP cavity when r2 is set to be 0.3.

We then carried out experimental tests in which gold layers with thicknesses of 5, 8 and 10 nm
were coated on the endfaces of three optical fibers, respectively, whose resultant spectra are presented
in Figure 4. The trend was generally consistent with the theoretical observation: when the thickness
of the gold layer increased, leading to the increase of the reflectivity, the sharpness of the resonant
peaks also increased. Nevertheless, the contrast of the spectrum generated by the optical fiber without
any gold coating was similar to the contrast generated by the optical fiber with 5 nm gold coating,
which may suggest that a larger contrast can be obtained by an optical fiber with a thinner gold
layer. When the gold layer reached 10 nm, the light was totally reflected at the optical fiber endface.
Since the 5 nm gold coating was the thinnest coating that could be accurately deposited in our lab,
and it generated an interference spectrum with reasonably sharp resonant peaks and large contrast at
the same time, the optical fiber endface was deposited with 5-nm-thick gold coating in the following
experiments. In future development, other methods will be used to increase the reflectivity of both
reflectance surfaces to greatly improve the quality of the FP cavity and also that of the detection limit.
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Figure 4. Experimental interference spectra of the FP cavities with various thicknesses of gold coating
on the optical fiber enfaces.

3.2. Real-Time Response

We calibrated the responses of the detector to various pure gas analytes which are presented in
Figure 5. At the beginning, the ambient air was pumped in the microfluidic channel as the carrier
gas (RI = 1.000292) to establish the baseline of the sensor, after which pure gas analyte was injected
in. Since the RI of the gas analyte was different from the carrier gas, the RI of the FP cavity changed
when the gas analyte passed through, resulting in the shift of the interference spectrum. When the
interference shift reached the maximum equilibrium, the carrier gas was switched back into the
microfluidic channel to purge out the gas analyte. Consequently, the signal of the detector returned
back to the baseline. Each gas analyte was tested by the aforementioned procedures multiple times to
demonstrate the detector’s repeatability and reliability. Figure 5a shows the real-time responses of
our detector to three types of gas analytes: C2H4, CO2 and CH4, whose RIs are 1.0007198, 1.000449
and 1.000444, respectively. Since it generated the biggest RI change of 4.28 ˆ 10´4 compared to the
other two analytes, C2H4 had the largest interference shift of around 0.38 nm. On the other hand,
CO2 and CH4 caused a RI change of 1.57 ˆ 10´4 and 1.52 ˆ 10´4, respectively, and thus the detector
had an interference shift of 0.15 nm and 0.14 nm, respectively. The detector had sharp “on” and
“off” response signals to all the analytes (around 0.5 to 1 s, limited by the sampling rate), which
is because it has minimum dead volume and does not involve any analyte absorption/desorption
processes. The quick response is very important for the micro-GC, because sharp peaks enable it to
resolve more analyte peaks per unit time than broad peaks do, thus improving its analysis efficiency.
Additionally, the wavelength shifts of the detector upon its exposure to three more analytes of NH3,
N2O, and C3H6O were also recorded and are presented in Figure 5b, which shows the relationship
between the interference shifts of the detector with both the absolute RI of the gas analyte and the
RI difference of the gas analyte from the carrier gas. As expected, the wavelength shift is linearly
proportional to both the absolute RI and the RI difference from air of the analyte gas, from which the
sensitivity of the detector is estimated to be 812.5 nm/RIU. Since the wavelength stability of the laser
source is around 1 pm, the detection limit of the detector is estimated to be a change of 1.2 ˆ 10´6 RIU,
which is similar to the sensors reported in [17,44,45]. Although other undesirable noises, such as the
syringe pump, caused vibration, the static noise (2 pm) and the temperature fluctuation degraded it to
around 10 pm, and the noise level can be minimized to 1 pm by controlling the system parameters well.

37



Micromachines 2016, 7, 36

Figure 5. (a) Real-time responses of the sensor to C2H4, CO2 and CH4. (b) The wavelength shift
corresponding to the RI change caused by exposure to various analytes.

The detector was also calibrated by analytes with concentrations ranging from 100% to 5% by
mixing a single analyte with the carrier gas. Figure 6a is the real-time response of the detector to
CH4 and helium (He) with the concentrations of 100%, 50%, 25% and 5%. The absolute values of the
interference spectrum shifts of the detector to both analytes declined gradually as the concentrations
of both gas analytes dropped from 100% to 5%, and the RI values approached that of the carrier gas.
Additionally, the interference spectrum of the detector shifted to a longer wavelength when it was
exposed to CH4, while it shifted to a shorter wavelength when it was exposed to He. The phenomenon
can be explained by Equation (1): when the RI change, Δn, is positive/negative, the interference
spectrum shift is positive/negative (shift to longer/shorter wavelength). Consequently, CH4/He,
whose RI is larger/smaller than the RI of the carrier gas (air), caused the interference shift to a
longer/smaller wavelength. This feature can be used to compare the RI value of the analyte with
the RI value of the carrier gas, which may be an important parameter for identifying an unknown
gas. In Figure 6b, the values of the absolute interference spectrum shift at equilibrium for different
concentrations of CO2, CH4, C2H4 and He are depicted, in which the absolute value of the wavelength
shift increases linearly as the concentration of the analyte increases. From this figure, the sensitivity
(detection limit) of the detector in terms of concentration is estimated to be 3.5 ˆ 10´4 pm/ppm
(2800 ppm) and 10´4 pm/ppm (10,000 ppm) for C2H4 and CO2, respectively, which has the maximum
(C2H4) and minimum (CO2) RI difference from the carrier gas, respectively.

Figure 6. (a) Real-time responses of the sensor to CH4 and He with concentrations of 100%, 50%, 25%
and 5%. (b) Concentration-dependent wavelength shift upon exposure to C2H4, CH4, CO2 and He
with concentrations of 100%, 50%, 25% and 5%.

4. Materials and Methods

All of the analyte gases used in the experiment were purchased from Best Gas (Tianjin, China)
and had purity greater than 99.9%. Pyrex 7740 glass wafer was used for anode bonding with the
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silicon wafer by the wafer bonder (SB6/8, SUSS MicroTec, Garching, Germany). A fiber sensor system
(SM125, Micron Optics Inc., Hackettstown, NJ, USA) was used as the laser source. Single-mode fibers
(SMF-28) were purchased from Corning (New York, NY, USA). Universal quick seal column connectors
(Part No. 23627) were purchased from Sigma (St. Louis, MO, USA). The syringe pump (Model NO:
NE1000) was purchased from New Era Pump System (Farmingdale, NY, USA) The capillary column
(Model NO: 160-2255 DEAC1) was purchased from Agilent Technologies (Santa Rosa, CA, USA).
The silicone rubber used to seal the column and the FP cavity was purchased from NanDa Inc.,
Tianjin, China.

5. Conclusions

We developed a non-destructive and universal microfluidic-based FP gas detector. The detector
was tested by various analytes with diversified chemical and physical properties with various
concentrations, and the results show that it had a sensitivity of 812.5 nm/RIU and a detection limit of
1.2 ˆ 10´6 RIU, assuming the minimum resolvable wavelength shift was 1 pm which is comparable
to other optical sensors [36,38,40–42]. The detector senses the RI change in the microfluidic channel
where the detector is embedded when the gas analyte passes through. Therefore, it can detect any type
of analyte that has a different RI from that of the carrier gas, significantly improving its versatility,
which is highly valuated by the quick on-site sample identification applications. The non-destructive
detection mechanism and flow-through structure allow the detector to be installed upstream of other
detectors to provide complementary information. In addition, the detector also has a fast response
due to its minimized dead volume and the disuse of any gas-absorptive materials, which suggests its
potential for being used in GC systems. The future work will be focused on promoting the performance
of the detector by increasing the quality of the micro-FP cavity to improve the interference spectrum
resolution and thus the detection limit.

Acknowledgments: The work is supported by the NSFC (21405109) and the Seed Foundation of Tianjin University
(1405), China.

Author Contributions: Jin Tao and Qiankun Zhang designed and performed the experiments. Jing Liu analyzed
the data and wrote the paper. Yunfeng Xiao, Xiaoyin Li and Pei Yao provided advice on experiment design
and data analysis. Wei Pang, Hao Zhang, Xuexin Duan, and Daihua Zhang attended the discussion of the data
analysis. All authors have read and approved the final manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Fine, G.F.; Cavanagh, L.M.; Afonja, A.; Binions, R. Metal oxide semi-conductor gas sensors in environmental
monitoring. Sensors 2010, 10, 5469–5502. [CrossRef] [PubMed]

2. Martinelli, G.; Carotta, M.C.; Ferroni, M.; Sadaoka, Y.; Traversa, E. Screen-printed perovskite-type thick films
as gas sensors for environmental monitoring. Sens. Actuators B Chem. 1999, 55, 99–110. [CrossRef]

3. Moore, D.S. Recent advances in trace explosives detection instrumentation. Sens. Imaging 2007, 8, 9–38.
[CrossRef]

4. Wang, J. Electrochemical Sensing of Explosives. Electroanalysis 2007, 19, 415–423. [CrossRef]
5. Bourrounet, B.; Talou, T.; Gaset, A. Application of a multi-gas-sensor device in the meat industry for

boar-taint detection. Sens. Actuators B Chem. 1995, 27, 250–254. [CrossRef]
6. Schweizer-Berberich, P.M.; Vaihinger, S.; Göpel, W. Characterisation of food freshness with sensor arrays.

Sens. Actuators B Chem. 1994, 18, 282–290. [CrossRef]
7. Ólafsdóttir, G.; Martinsdóttir, E.; Oehlenschläger, J.; Dalgaard, P.; Jensen, B.; Undeland, I.; Mackie, I.M.;

Henehan, G.; Nielsen, J.; Nilsen, H. Methods to evaluate fish freshness in research and industry. Trends Food
Sci. Technol. 1997, 8, 258–265. [CrossRef]

8. Ricco, A.J.; Martin, S.J.; Zipperian, T.E. Surface acoustic wave gas sensor based on film conductivity changes.
Sens. Actuators B Chem. 1985, 8, 319–333. [CrossRef]

39



Micromachines 2016, 7, 36

9. Abraham, J.K.; Philip, B.; Witchurch, A.; Varadan, V.K.; Reddy, C.C. A compact wireless gas sensor using a
carbon nanotube/PMMA thin film chemiresistor. Smart Mater. Struct. 2004, 13, 1045–1049. [CrossRef]

10. Paul, R.K.; Badhulika, S.; Saucedo, N.M.; Mulchandani, A. Graphene nanomesh as highly sensitive
chemiresistor gas sensor. Anal. Chem. 2012, 84, 8171–8178. [CrossRef] [PubMed]

11. Ho, K.C.; Tsou, Y.H. Chemiresistor-type NO gas sensor based on nickel phthalocyanine thin films.
Sens. Actuators B Chem. 2001, 77, 253–259. [CrossRef]

12. Yamazoe, N.; Sakai, G.; Shimanoe, K. Oxide semiconductor gas sensors. Catal. Surv. Asia 2003, 7, 63–75.
[CrossRef]

13. Yamazoe, N. New approaches for improving semiconductor gas sensors. Sens. Actuators B Chem. 1991, 5,
7–19. [CrossRef]

14. Comini, E.; Faglia, G.; Sberveglieri, G.; Pan, Z.; Wang, Z.L. Stable and highly sensitive gas sensors based on
semiconducting oxide nanobelts. Appl. Phys. Lett. 2002, 81, 1869–1871. [CrossRef]

15. Simon, I.; Bârsan, N.; Bauer, M.; Weimar, U. Micromachined metal oxide gas sensors: Opportunities to
improve sensor performance. Sens. Actuators B Chem. 2001, 73, 1–26. [CrossRef]

16. Zhou, B.; Chen, Z.; Zhang, Y.; Gao, S.; He, S. Active Fiber Gas Sensor for Methane Detecting Based on a Laser
Heated Fiber Bragg Grating. IEEE Photonics Technol. Lett. 2014, 26, 1069–1072. [CrossRef]

17. Bingham, J.M.; Anker, J.N.; Kreno, L.E.; Van Duyne, R.P. Gas Sensing with High-Resolution Localized Surface
Plasmon Resonance Spectroscopy. JACS 2010, 132, 17358–17359. [CrossRef] [PubMed]

18. Sharma, A.K.; Jha, R.; Gupta, B.D. Fiber-optic sensors based on surface plasmon resonance: A comprehensive
review. IEEE Sens. J. 2007, 7, 1118–1129. [CrossRef]

19. Rosengren, L.G. An opto-thermal gas concentration detector. Infrared Phys. 1973, 13, 173–182. [CrossRef]
20. Morrison, S.R. Selectivity in semiconductor gas sensors. Sens. Actuators 1987, 12, 425–440. [CrossRef]
21. Coles, G.S.V.; Williams, G.; Smith, B. Selectivity studies on tin oxide-based semiconductor gas sensors.

Sens. Actuators B Chem. 1991, 3, 7–14. [CrossRef]
22. Liu, J.; Sun, Y.; Howard, D.J.; Frye-Mason, G.; Thompson, A.K.; Ja, S.J.; Wang, S.K.; Bai, M.; Taub, H.;

Almasri, M.; Fan, X. Fabry-Pérot cavity sensors for multipoint on-column micro gas chromatography
detection. Anal. Chem. 2010, 82, 4370–4375. [CrossRef] [PubMed]

23. Hobbs, P.J.; Misselbrook, T.H.; Pain, B.F. Assessment of Odours from Livestock Wastes by a Photoionization
Detector, an Electronic Nose, Olfactometry and Gas Chromatography-Mass Spectrometry. J. Agric. Eng. Res.
1995, 60, 137–144. [CrossRef]

24. McWilliam, I.G.; Dewar, R.A. Flame ionization detector for gas chromatography. Nature 1958, 181, 760.
[CrossRef]

25. Marriott, P.J.; Chin, S.T.; Maikhunthod, B.; Schmarr, H.G.; Bieri, S. Multidimensional gas chromatography.
Trends Anal. Chem. 2012, 34, 1–20. [CrossRef]

26. Seeley, J.V. Recent advances in flow-controlled multidimensional gas chromatography. J. Chromatogr. A 2012,
1255, 24–37. [CrossRef] [PubMed]

27. Liu, J.; Seo, J.H.; Li, Y.; Chen, D.; Kurabayashi, K.; Fan, X. Smart multi-channel two-dimensional micro-gas
chromatography for rapid workplace hazardous volatile organic compounds measurement. Lab Chip 2013,
13, 818–825. [CrossRef] [PubMed]

28. Chen, D.; Seo, J.H.; Liu, J.; Kurabayashi, K.; Fan, X. Smart Three-Dimensional Gas Chromatography.
Anal. Chem. 2013, 85, 6871–6875. [CrossRef] [PubMed]

29. Cruz, D.; Chang, J.P.; Showalter, S.K.; Gelbard, F.; Manginell, R.P.; Blain, M.G. Microfabricated thermal
conductivity detector for the micro-ChemLab™. Sens. Actuators B Chem. 2007, 121, 414–422. [CrossRef]

30. Simon, I.; Arndt, M. Thermal and gas-sensing properties of a micromachined thermal conductivity sensor for
the detection of hydrogen in automotive applications. Sens. Actuators A Phys. 2002, 97, 104–108. [CrossRef]

31. Kuo, J.T.; Yu, L.; Meng, E. Micromachined thermal flow sensors—A review. Micromachines 2012, 3, 550–573.
[CrossRef]

32. Zhong, Q.; Steinecker, W.H.; Zellers, E.T. Characterization of a high-performance portable GC with a
chemiresistor array detector. Analyst 2009, 134, 283–293. [CrossRef] [PubMed]

33. Liu, J.; Sun, Y.; Fan, X. Highly versatile fiber-based optical Fabry-Pérot gas sensor. Opt. Express 2009, 17,
2731–2738. [CrossRef] [PubMed]

34. Reddy, K.; Guo, Y.; Liu, J.; Lee, W.; Oo, M.K.K.; Fan, X. On-chip Fabry-Pérot interferometric sensors for
micro-gas chromatography detection. Sens. Actuators B Chem. 2011, 159, 60–65. [CrossRef]

40



Micromachines 2016, 7, 36

35. Hossein-Babaei, F.; Paknahad, M.; Ghafarinia, V. A miniature gas analyzer made by integrating a
chemoresistor with a microchannel. Lab Chip 2012, 12, 1874–1880. [CrossRef] [PubMed]

36. Gao, R.; Jiang, Y.; Ding, W.; Wang, Z.; Liu, D. Filmed extrinsic Fabry-Perot interferometric sensors for the
measurement of arbitrary refractive index of liquid. Sens. Actuators B Chem. 2013, 177, 924–928. [CrossRef]

37. Reddy, K.; Guo, Y.; Liu, J.; Lee, W.; Oo, M.K.K.; Fan, X. Rapid, sensitive, and multiplexed on-chip optical
sensors for micro-gas chromatography. Lab Chip 2012, 12, 901–905. [CrossRef] [PubMed]

38. Wei, T.; Han, Y.; Li, Y.; Tsai, H.L.; Xiao, H. Temperature-insensitive miniaturized fiber inline Fabry-Perot
interferometer for highly sensitive refractive index measurement. Opt. Express 2008, 16, 5764–5769.
[CrossRef] [PubMed]

39. Lin, C.H.; Jiang, L.; Xiao, H.; Chai, Y.H.; Chen, S.J.; Tsai, H.L. Fabry-Perot interferometer embedded in a glass
chip fabricated by femtosecond laser. Opt. Lett. 2009, 34, 2408–2410. [CrossRef] [PubMed]

40. Tian, Y.; Wang, W.; Wu, N.; Zou, X.; Guthy, C.; Wang, X. A miniature fiber optic refractive index sensor built
in a MEMS-based microchannel. Sensors 2011, 11, 1078–1087. [CrossRef] [PubMed]

41. Xiao, G.Z.; Adnet, A.; Zhang, Z.; Sun, F.G.; Grover, C.P. Monitoring changes in the refractive index of gases
by means of a fiber optic Fabry-Perot interferometer sensor. Sens. Actuators A Phys. 2005, 118, 177–182.
[CrossRef]

42. Duan, D.W.; Rao, Y.J.; Zhu, T. High sensitivity gas refractometer based on all-fiber open-cavity Fabry-Perot
interferometer formed by large lateral offset splicing. JOSA B 2012, 29, 912–915. [CrossRef]

43. Kou, J.L.; Feng, J.; Ye, L.; Xu, F.; Lu, Y.Q. Miniaturized fiber taper reflective interferometer for high
temperature measurement. Opt. Express 2010, 18, 14245–14250. [CrossRef] [PubMed]

44. Maharana, P.K.; Jha, R.; Padhy, P. On the electric field enhancement and performance of SPR gas sensor
based on graphene for visible and near infrared. Sens. Actuators B Chem. 2015, 207, 117–122. [CrossRef]

45. Goyal, A.K.; Pal, S. Design and simulation of high-sensitive gas sensor using a ring-shaped photonic crystal
waveguide. Phys. Scr. 2015, 90, 025503. [CrossRef]

© 2016 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

41



micromachines

Review

Microfluidic Approaches for Manipulating, Imaging,
and Screening C. elegans

Bhagwati P. Gupta 1,* and Pouya Rezai 2

1 Department of Biology, McMaster University, Hamilton, ON L8S 4K1, Canada
2 Department of Mechanical Engineering, York University, Toronto, ON M3J 1P3, Canada; prezai@yorku.ca
* Correspondence: guptab@mcmaster.ca; Tel.: +905-525-9140 (ext. 26451)

Academic Editors: Manabu Tokeshi and Kiichi Sato
Received: 19 April 2016; Accepted: 11 July 2016; Published: 19 July 2016

Abstract: The nematode C. elegans (worm) is a small invertebrate animal widely used in studies
related to fundamental biological processes, disease modelling, and drug discovery. Due to their
small size and transparent body, these worms are highly suitable for experimental manipulations.
In recent years several microfluidic devices and platforms have been developed to accelerate worm
handling, phenotypic studies and screens. Here we review major tools and briefly discuss their usage
in C. elegans research.
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1. Introduction

C. elegans, commonly referred to as the worm, is the leading animal model for biomedical
research and screening of drugs and drug targets [1,2]. As a multicellular system, C. elegans offers
many experimental advantages including small size, transparency, ease of culturing, rapid growth,
large brood size, cell lineage, and a relatively compact genome (~100 Mb) that is fully sequenced.
The animal consists of two sexes: hermaphrodites (that are essentially females but produce a limited
number of sperm initially before switching to make oocytes) and males. Hermaphrodites produce
progeny using their own sperm as well as from males following mating. Fertilized eggs hatch to become
L1 larvae, which then transition through L2, L3, and L4 larval stages, each separated by molting, to
become adults in less than three days at 20 ˝C. The nervous system of the adult worm consists of
302 neurons whose interconnections are fully mapped [3,4]. Research has shown that many of the
cellular and molecular processes in worms are conserved across almost all eukaryotes [5,6], making it
a highly relevant system to understand human biology, investigate the mechanisms of diseases, and
carry out drug discovery experiments. However, the small size of C. elegans (approximately 1 mm
length and 60 μm width) and its continuous undulatory locomotion imposes a significant challenge in
manipulations that involves automated and high throughput methods. The research community has
therefore been in continuous search for technologies/techniques to address this issue.

Miniature devices such as microfluidic chips and Micro-Electro-Mechanical Systems are
increasingly being used in biological research and drug discovery. These devices offer many advantages
such as the small size, low consumption of reagents, ability to manipulate small objects and automate
operations, increased throughput, small footprints, and excellent safety and reliability. Microfluidics in
particular deals with the study and control of fluids and nano- to micro-scale objects inside miniaturized
environments via incorporation of operation automation tools such as micro-pumps and micro-valves.
Microfluidic tools have been used successfully to manipulate biological fluids, cells, tissues, and even
whole organisms [7,8]. In this review, we specifically focus on the applications of microfluidics in
research involving C. elegans.
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The usage of microfluidic chips for C. elegans experiments has grown rapidly in the last decade.
The material commonly used in the fabrication of these devices is polydimethylsiloxane (PDMS),
a polymer that is transparent, flexible, gas permeable, and is not toxic to worms. PDMS parts could be
joined or bonded with other components made of glass, silicon, and steel to create complex devices.
These devices can handle almost every step of worm manipulation and analysis including culturing,
different treatments, and continuous monitoring of cellular and behavioral phenotypes. The existing
C. elegans microfluidic systems could be classified into roughly three categories based upon their
use: (1) devices to assist with routine laboratory procedures (e.g., culturing worms); (2) devices to
perform particular types of experiments (e.g., monitoring neuronal activities); and (3) devices for
high-throughput screens. This review summarizes developments in these categories, highlighting
unique features of different devices and their advantages in accelerating research.

2. Microfluidic Devices to Assist with Routine Procedures

Many routine experiments in C. elegans labs such as phenotypic observations require collecting
worms of a certain age or phenotype, and culturing them for a set duration before imaging.
Routine protocols to process animals for these purposes are tedious due to their manual nature, which is
labor-intensive, time-consuming, and does not readily scale up. For example, collecting animals of a
specific developmental stage from a culture of mixed stages requires picking them individually which
could take hours. Depending on the operator, progress and quality of output could vary significantly.
Microfluidic approaches can overcome many of these limitations by automating common steps, leading
to increased throughput, higher accuracy, reproducibility, and lower cost of operations. Some of the
most common procedures are discussed below.

2.1. Worm Sorting

One of the most common needs in C. elegans labs is sufficient quantities of animals of
a certain type, e.g., developmental stage, size, sex, or phenotype. In late 1990s, Union Biometrica
(http://www.unionbio.com) developed an automated worm sorting platform, termed COPAS
(Complex Object Parametric Analyzer and Sorter), for automated sorting of worms based on their
size and certain other features. Subsequently an advanced sorting platform, termed ”BioSorter”,
was released that offers a rich set of features and modularity. Although both these non-microfluidic
platforms are useful in C. elegans studies, they are quite sophisticated in terms of operation and
maintenance. Furthermore, their cost is prohibitive for the majority of laboratories. As an alternative,
several microfluidic sorting devices have been fabricated in the last decade that are affordable and
easy to operate. Table 1 provides an overview of these techniques and their main features.

Table 1. Overview of microfluidic devices to enable sorting of C. elegans.

Device Method Throughput Sorting Capabilities References

PDMS single channel device Electrotaxis 78 worms per minute
Specific developmental
stages and adults; mutants
from wild type

Rezai et al., 2010 and 2012 [9,10]

Agarose gel box containing
a single long channel Electrotaxis Unknown Adults of different age;

mutants from wild type
Maniere et al., 2011 [11]

PDMS device containing
interconnected mazes Flow filtration 200–300 worms per minute Larvae from adults Solvas et al., 2011 [12]

PDMS multichannel device Electrotaxis 4 worms per minute All stages including adults Han et al., 2012 [13]

PDMS micro-pillar device Flow filtration 130–180 worms per minute All stages including adults Ai et al., 2014 [14]

PDMS device containing optical
fiber and laminar flow switch Fluorescence filtration 12 worms per minute Fluorescent animals Yan et al., 2014 [15]

PDMS-Agarose fan-shaped device Electrotaxis 56 worms per minute L2–L4 larvae and adult;
size-based separation

Wang et al., 2015 [16]

PDMS device containing
adjustable filter Pressure-based filtration 200 worms per minute Certain developmental stages Dong et al., 2016 [17]
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Our group was the first to demonstrate worm sorting based on the electrotaxis speed of the
animals [9,10]. Electrotaxis is the tendency of worms to respond inherently to desirable electric signals
and move towards the favorable electrode (negative electrode in case of C. elegans). Using a device
(Figure 1A) that consisted of a worm loading and a collection chamber interconnected with a series
of parallel thin microchannels that acted as local electric field traps, we succeeded in obtaining
synchronized cultures of L3, L4, and adult animals from populations of certain mixed stages
(e.g., L3 mixed with L4). The mixed population of worms was passed slowly across the loading
chamber while being exposed to a perpendicular electric field that induced them to move laterally
towards the narrow traps. However, since the electric field in the traps was unfavorable to older
(larger) animals, they ended up restraining from entering the trap while the younger (smaller) worms
conveniently passed through the channel and became separated from the mix. The device could reach
a throughput of 78 worms per minute and also separate neuron- or muscle-defective worms from
normal worms.

Subsequently, other labs also reported electrotaxis-based microfluidic sorters. Maniere et al. [11]
constructed a “worm electrophoresis” unit that is essentially a gel box containing a 10 cm long agar
track filled with buffer. Worms were placed at one end and allowed to swim under the influence
of the DC electric field. The animals were spatially sorted along the runway based on their speed.
Although the device was slow to operate (up to an hour for each run to complete), it could distinguish
movement-defective worms from wild type as well as separate older animals from younger ones.
Han et al. [13] fabricated a device containing multiple parallel micro sinusoidal channels. The channel
was designed such that they presented physical barriers and required worms to make efforts as they
moved in the presence of an electric field. Using their setup, authors succeeded in sorting worms
from a mixed culture of all stages and reported a throughput of roughly 250 adults an hour with 95%
accuracy. An earlier investigation [9] showed that electric field does not severely affect the viability of
worms, thus supporting the use of electrotaxis approach in long-term post-sorting assays.

While the above microdevices are useful, they lack the ability to sort all developmental stages
simultaneously. To this end, a PDMS-agarose hybrid device was developed by Wang et al. [16] that
relied on the sensitivity of C. elegans to electric field strength. It was earlier shown that worms,
when exposed to the electric field on an open gel surface, prefer to move towards the cathode at
an angle rather than in a straight line [18]. Wang et al. [16] found that this angular movement
(termed “deflecting electrotaxis”) varies for different stages of worms even at a constant electric field.
The older worms tend to deflect more than younger stages. Based on the observation of deflecting
electrotaxis, they designed a fan-shaped structure, from ´50˝ to +50˝, consisting of channels at 5˝
intervals that originate from a central worm loading spot. Mixed stages of L2, L3, L4, and adult worms
were successfully sorted using this setup at a throughput of ~56 worms per minute. The device was
also able to sort worms of different sizes as well as separate males from hermaphrodites.

Besides electrotaxis, researchers have developed microfluidic devices that utilize mechanical
methods to sort animals. Four reports [12,14,17,19] have described the use of channels, pillars, variable
size filters, and thermosensitive hydrogels to achieve a similar goal. Solvas et al. [12] developed
a device (Figure 1B), termed “smart mazes,” that consisted of a main channel containing a variety
of micro-features such as pillar arrays, pools, and “smart” filter and mazes of different dimensions
to passively sort worms based on their size. Up to 94% accuracy was observed in sorting adults
from larvae. Typically 200–300 worms were processed per minute, which could go up to 1200 worms
per minute under some conditions. Although the device is limited in applications, e.g., due to fewer
stages being sorted, and the lack of mutant sorting, it could still be useful in many routine assays.
Another study by Ai et al. [14] incorporated micro-pillar structures in their devices to sort worms
using a flow filtration approach. Each device contained geometrically optimized arrays of pillars
such that the spacing was suitable for each developmental stage. While each of these devices could
be operated alone to separate two populations that were mixed together, when connected in a serial
fashion, they allowed efficient sorting of worms containing a mixture of L1–L4 larvae and adults.
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The throughput ranged roughly between 130 and 180 worms per minute, which is suitable for most
routine biological assays. Investigations of physiological processes (pharyngeal pumping rate and body
bend frequency) and three-day survival in L4-stage worms sorted in the device showed that the sorting
experiments had no detrimental effect on worms’ physiology and fecundity. Finally, earlier this year,
Dong et al. [17] reported a sorting device that was based on the principle of adjustable filter to allow
passage of worms of certain diameter. The device (Figure 1C) consisted of a straight microchannel with
one inlet and one outlet, two worm collection chambers, and four deflectable membrane valves that
act as adjustable filter. The filter parameters were altered using pressure applied onto the membrane
through a syringe pump. Mixtures of worms of two adjacent developmental stages, e.g., L3 and
L4, could be efficiently and rapidly (roughly 200 worms per minute) separated. Although authors
suggest that multiple stages of mixed cultures can also be sorted, it was not demonstrated in their
study. Another feature of this setup was the separation of embryos from adults, which can be useful in
many studies.

Figure 1. Microfluidic devices for C. elegans sorting using (A) electrotaxis (Rezai et al. [10],
(B) mechanical microstructures (Solvas et al. [12], (C) deflectable membranes (Dong et al. [17], and (D)
fiber-based fluorescent detection (Yan et al. [15]). Reproduced with permission from The Royal Society
of Chemistry. Panel (A) shows the electric trap-based sorting device. Loading chamber contains mixed
stage worms. Sorted worms accumulate in the separation chamber and are recovered via unload
channels. The smart maze concept is shown in panel (B). The four insets show worm orientation (inset
1); flushing of small larvae (inset 2); dimensions of the successful design (inset 3); and successful
recovery of adults in an experiment (inset 4). The deflectable membrane device in panel (C) shows
eight individual worm selection units (one of these connected with tubes). The fluidic and valve control
channels are enlarged to show details. The fluidic path is squeezed upon activation of the control valve.
The device in panel (D) contains inlets and outlets for worms and buffer. The optical fiber channels
(LED 625 and 375 nm) are used to differentiate between wild-type and fluorescing worms. Refer to
respective references for more details.
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The approaches discussed so far deal with isolating synchronized animals by relying on differences
in their sizes and movement responses. Since many C. elegans experiments require transgenic animals
that express Green Fluorescent Protein (GFP) reporters, it would be highly desirable to perform sorting
based on their fluorescence. A number of automated systems for fluorescent-based detection and
sorting in microfluidic devices have been reported [15,20,21]. The device by Yan et al. [15] (Figure 1D)
can sort fluorescing animals using optical fiber detection and laminar flow switching. The system used
two pairs of closely placed fibers, one for sensing the presence of nematodes as they pass through the
light path and the other for detecting fluorescence. Sorting then occurred into the arms of a downstream
Y-shaped channel that was controlled by flow pressure that guided worms to a desired arm based on
their fluorescence status. The entire operation was controlled by customized software and did not
require a microscope. This platform could sort worms at an optimum speed of 700 worms per hour
with almost 100% accuracy.

In summary, the passive sorting methods that involve mechanical obstacles in microfluidic
channels allow separation of animals based on their size at reasonably high throughputs.
However, they are unable to perform sorting using other characteristics such as marker gene expression
or behavioral responses. In these cases active methods such as electrotactic or fluorescence-based
sorting are more desirable.

2.2. Worm Culturing

Many of the in vivo studies of biological processes in C. elegans require maintaining cultures for
an extended period of time. Worms need to be monitored and periodically examined for changes in
cellular processes. Microfluidic devices have been fabricated to streamline culturing and observations
of worms [22–31]. In one of the earliest studies by Kim et al. [32], authors reported a compact disc
(CD)-shaped device to culture worms for several days. This simple tool relied on the centrifugal force
to drive the food diagonally in a rotating CD from inner nutrient reservoirs into cultivation chambers to
feed the worms and to eject the waste from these chambers to outer waste reservoirs. For observation
purposes, a small aliquot of the culture was removed periodically and examined under the microscope.
The device was able to grow animals for up to three generations (in two weeks) without affecting their
growth and behavior in any obvious way. However, due to its simple design, it could not distinguish
between progeny and parents.

While useful, the compact disc system has some limitations. For example, it lacks the ability
to track individual animals and to perform automated on-chip imaging. To address this, Hulme et al. [23]
developed a new device. The device (Figure 2A) consists of chambers for long-term culturing
and locomotion studies, connected to side narrow microchannels used for immobilization,
imaging, and body size measurements at different time slots. While the device could not monitor early
larval stages, it was capable of lifelong culturing of single worms from L4 stage onwards by trapping
them individually in chambers. Up to 16 adults could be cultured at a time in parallel chambers, which
accelerated studies of age-related behavioral and physiological changes. The authors successfully
reported that there is a close correlation between the end of growth day and decline in swimming
frequency with the lifespan of worm.

In addition to cultivating the worms in chambers and moving them to immobilization channels for
imaging, researchers have also used the concept of droplets and responsive reversible gels to perform
long-term investigations [19,29–31]. For instance, Krajniak and Lu [29] developed an integrated
microfluidic device (Figure 2B), that consisted of an array of eight microchambers controlled by
surrounding channels and valves, and successfully showed culturing, immobilization and imaging of
animals on a single platform. Animals were loaded from a single inlet into eight culturing chambers.
For imaging, Pluronic F127 (PF127), an amphiphilic block copolymer (PEO99-PPO67-PEO99, PEO:
Poly(ethylene oxide) and PPO: poly(propylene oxide)), was injected into the chambers from the same
inlet and gelled by heating. This polymer is highly viscous at low temperatures (e.g., 15 ˝C) but
acquires gel-like properties upon raising the temperature (e.g., 21 ˝C), making it possible to reversibly
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immobilize animals. Since PF127 does not exhibit autofluorescence and has no effect on the viability
and development of worms, animals could be successfully monitored from the L1 stage to adulthood.
The gel-based immobilization technique was also utilized in a recent publication by Cornaglia et al. [17]
to monitor in vivo protein aggregation in C. elegans models of two neurodegenerative diseases,
namely amyotrophic lateral sclerosis (ALS) and Huntington’s disease (HD). The authors demonstrated
the progression of mutated human superoxide dismutase 1 (SOD-1) tagged with Yellow Fluorescent
Protein (SOD1-YFP) into the body wall muscles of individual worms over several days. They also
precisely localized fluorescent proteins in tissues, and monitored the time-lapse and sub-cellular
evolution of single aggregates over time.

Based on the above discussions, it is clear that the selection of an appropriate microfluidics
method for culturing C. elegans will depend on the unit operations to be performed for monitoring
processes and the length of assay. For instance, if there are multiple chemical exchanges desired in
the assay or if the experiments involve offspring, then the chamber-based methods that incorporate
nutrient and waste exchange are better choices. However, if studies require observing animals for
a short duration at a lower throughput then hydrogel immobilization approach may be more desirable.

 

Figure 2. Microfluidic devices for culturing and long-term studies of worms inside cultivation chambers
while immobilization and imaging is performed by (A) tapered microchannels (Hulme et al. [23] or
(B) responsive hydrogels (Krajniak et al. [29]. Reproduced with permission from The Royal Society of
Chemistry. The tapered microchannels connected to growth chambers (panel (A)) allow single worms
(early L4 stage) to enter into each chamber. Arrows indicate the direction of liquid flow. Once the
worm has grown it is unable to escape the chamber. For imaging purposes, the worm is temporarily
immobilized in the tapered region. Panel (B) The two sub-panels B-i and B-ii show the device that
contains valves (red) to control fluid flow, channel for flowing heating liquid (light blue), and eight
worm culturing chambers (two sets of four) and a central waste outlet tube connected to a loading
channel (green). Refer to respective references for more details.

2.3. Worm Immobilization Methods for Developmental, Morphological, and Physiological Studies

Because of their microscopic size and continuous movement, worms need to be immobilized
for routine observations of live processes. For developmental studies, imaging is often performed at
multiple time points throughout the life of animal, so it is important that immobilization is reversible
and does not cause harm. This is typically achieved by the use of agents such as anesthetics and
glue. However, both these approaches are less than satisfactory due to their potential toxicity and
slow pace. Also, the use of glue precludes monitoring the same animal at multiple time points.
Alternative approaches such as instant cooling, compression, thermosensitive hydrogels, and exposure
to gases have been successfully attempted.

Krajniak et al. [29] used the temperature-sensitive PF127 gel (mentioned in Section 2.2) to
immobilize animals for developmental studies. Up to eight worms could be studied simultaneously in
their device (Figure 2B), each maintained in individual chambers and supplied with food. For imaging
purposes, a solution of PF127 was flooded in culture chambers. Temperature increase was achieved by
circulating hot water via separate channels passing above the worm cultivation channel, shown in
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Figure 2B. Although the platform makes it possible to perform time-lapse studies at a high speed,
the addition of temperature control modules makes the system somewhat complex.

Another attractive approach to image worms in a microfluidic setup is to physically trap them in
a narrow space. Gilleland et al. [33] have described a detailed protocol for setting up a pressure-based
immobilization imaging platform that uses a flexible PDMS membrane to restrain the motion of worms
in the channel while they are being imaged (Figure 3A). The device consisted of two layers of PDMS
microchannels bonded together with the flexible membrane sandwiched in between. The bottom layer
allows for loading and unloading the worms into the immobilization section of the device. The top layer
is used to apply a pneumatic pressure on the membrane in order to deflect it down onto the loaded worm.
Animals can be recovered from the device upon removing pneumatic pressure from the flexible membrane.
Subsequent studies showed no visible sign of stress or damage in such worms following recovery.

Figure 3. Microfluidic devices to immobilize C. elegans using (A) deflectable membrane (Gilleland et al. [33];
(B) tapered microchannels (Kopito and Levine [34]); or (C) CO2 exposure (Chokshi et al. [35].
Reproduced with permissions from The Royal Society of Chemistry and Macmillan Publishers Ltd.
Nature Protocols. Panel (A) shows the chip containing an array of narrow channels to apply suction
pressure. Worm is loaded/removed through port-B and restrained by the narrow channel array.
Pressure through port-A causes the compression layer to move downwards and immobilize the worm
(explained on the right). Releasing the pressure allows the worm to be recovered. The WormSpa
device, in panel (B), contains four regions for worm loading and distribution (1), egg chambers (2),
egg collection (3), and outflow (4). The device for CO2 based immobilization is shown in panel (C).
It contains modules for behaviour assay (first row of pictures) and immobilization (second row of
pictures). Refer to respective references for more details.

An alternative mechanical method to keep worms steady at one location is to use tapered
microchannels, as shown in Figure 2A. This method does not require a moving part in the device;
instead the worm is gently pushed longitudinally to a narrow region of the channel such that it has no
room to move any further. Such a confinement approach is desired in scenarios where animals are
exposed to chemicals in a controlled manner or there is a need to collect embryos. For instance, Kopito
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and Levine [34] used the principle of tapered channels in their device that held animals in parallel units,
each consisting of two rows of micro-pillar sidewalls instead of solid walls (Figure 3B). The pillars
allowed worms to wiggle slightly without compressing while making it easier for embryos to escape
by frequent washes. Their chips, termed “WormSpa,” could be used to simultaneously culture up
to 64 adults in the long term while monitoring physiological changes and gene expression under
a microscope. Our group has also developed a simple micro-structured device to instantaneously
confine several animals on a regular glass slide in order to image them for up to several hours [36].
These confinement approaches do not appear to affect the growth and reproduction of the animals,
making them suitable for many C. elegans applications.

Two papers [35,37] have compared the pressure-based approach with CO2 exposure through a thin
membrane as an anesthetic gas to immobilize animals in microfluidic devices (Figure 3C). Chokshi et
al. [35] showed that 1–2 h long exposure of CO2 caused no apparent harm to animals and they recovered
successfully. However, longer exposures (3 h and beyond) resulted in lethality. The pressure-based
immobilization, using a deflectable PDMS membrane, implemented in both these studies allowed short
term (minutes) immobilization and imaging without affecting the recovery. While both approaches
are useful, CO2 is reported to have a detrimental effect on neuronal processes [37], thereby limiting
its applicability.

An interesting method to immobilize animals by laser heating was recently described by
Chuang et al. [38]. The authors developed a new device to rapidly immobilize worms for routine
applications such as morphological characterizations, in vivo study of cellular processes using fluorescent
reporter, and targeted cell ablations. The unique feature of the device is that it uses a laser beam
combined with electric field to heat the liquid medium to 31 ˝C causing paralysis of animals in less
than 10 s, a technique termed “addressable light-induced heat knockdown (ALINK)”. While useful
in some applications, this approach is not well suited for studies requiring repeated immobilizations
because of high lethality in subsequent heat treatment cycles. Moreover, individual worms cannot be
easily and reliably recovered for follow-up observations.

The above approaches have focused exclusively on larvae and adults.
However, microfluidic techniques have also been successfully applied to manipulate embryos,
allowing for automated and high throughput arraying of many embryos at predetermined locations
on a chip, physiological maintenance over time, and long-term live imaging to study embryogenesis.
Cornaglia et al. [39] recently developed a new device to isolate and image embryos with high accuracy.
Their device contained two chambers, one for culturing worms and the other for incubating embryos.
Up to 20 embryos could be cultured simultaneously, each resting in stable positions in little incubators.
The embryos were obtained from adult worms that were maintained in a separate culture chamber.
Embryos could be imaged over time, which was useful for morphological and gene expression studies.
Gene expression and developmental events were captured using a fully automated multi-dimensional
imaging system.

All in all, the immobilization methods summarized in this section are suitable for a wide range of
applications. The choice of a specific approach in an experiment will depend on the immobilization
duration and the readout signal desired. For instance, CO2 exposure can be used to immobilize animals
for up to 2 h, but if neuronal processes or pharyngeal movements are to be investigated then it is better
to avoid anaesthetics. For experiments requiring manipulations such as neuronal ablation, one could
utilize mechanical, chemical, and even temperature-based approaches to quickly restrain worms for
short durations.

2.4. Microinjection

Among routine procedures in C. elegans laboratories is the injection of DNA, proteins, and
chemicals for the purpose of examining biological processes. When DNA pieces are injected into the
germline, they may be incorporated in the genome resulting in the generation of transgenic animals.
Traditional microinjection protocol involves placing animals in a particular orientation on a glass
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coverslip containing a thin layer of dried agarose and immersing them in oil to slow down desiccation.
This step is rather difficult because it requires that animals have sufficiently adhered to the slide and
do not wiggle too much. Next, they are placed on a microscope and an injection needle, filled with
the desired solution, is carefully brought into the field of view and manually inserted in the worm to
inject the contents. Finally, worms are recovered from the slide. Due to the slow and labor-intensive
nature of this procedure, it can take hours even for an experienced person to inject a sufficient number
of worms for a single experiment.

In recent years, attempts have been made to develop microfluidic devices to automate
this protocol. In 2013, we reported such a device (Figure 4A) [40,41]. This “T” shape unit was
fabricated by pre-loading the injection needle into the T-channel before bonding the device layers
together, hence ensuring that the needle tip is aligned properly with the narrow worm trapping
channel. Injections were performed by confining worms in the narrow trap using suction pressure.
The movement of the needle and injection were achieved by applying 200 kPa pressure pulses with 1
s duration using an attached micromanipulator. Success with the generation of transgenic animals
was also demonstrated [41]. The process of introducing worms into the device and recovery is still
performed manually, but could be automated in the future. Another device by Zhao et al. [42] used
a suction-based approach to immobilize animals while they were being injected. The injection step
was controlled by hand. Earlier this year, Song et al. [43] reported an automated system capable
of injecting 6–7 worms per minute with a success rate of 77.5%. The device (Figure 4B) consisted of
microvalve-controlled loading and unloading channels connected to a narrow microchannel to house the
worm, a set of perpendicular side suction channels for immobilizing animals in the narrow channel, and a
5 μm-tip micropipette controlled automatically by a three degree of freedom micromanipulator for precise
injection of chemicals into worms. The throughput of this device was increased by incorporating a robotic
system to automate the operation, real-time image processing to operate the needle, and the process of
injection. Overall, future application of the microfluidic approach to microinjection is promising.

 
 

Figure 4. Microfluidic devices for microinjection in (A) closed microchannels (Ghaemi [41] and (B) open
chambers (Song et al. [43]. Panel (B) reproduced with permission from American Institute of Physics
Publishing. The device in panel (A) contains worm loading and washing channels (on the right)
and an outlet for collecting injected worms. Worm is immobilized in the middle region for injection.
The image frames in panel (B) show a sequence of worm loading, injection, and flushing. Refer to
respective references for more details.

3. Microfluidic Devices to Assist with Specialized Assays

In addition to the routine procedures of handling C. elegans, as described in the previous section,
a large number of microfluidic tools have been developed to facilitate research in this animal model.
These include investigations of specific processes such as movement, cell morphology, gene expression,
learning and memory, toxicology, and aging. Key applications are summarized below.
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3.1. Study of Movement Responses in Microstructured Environments

The natural habitat of C. elegans is complex and requires animals to probe the environment in
order to live, feed and reproduce. Mechanosensation, i.e., the response to touch, plays a vital role in
these processes. Microfluidic devices have been designed to investigate the mechanosensory response
of animals in the laboratory. One of the earlier devices, reported by Park et al. [44] was constructed
of agar and not PDMS. It contained 300 μm diameter circular posts in a 200 mm ˆ 20 mm ˆ 0.11 mm
chamber arranged in a square grid configuration. The device was placed in a petri dish with the
topside open and accessible. The chambers were filled with buffer prior to placing worms inside them.
Examination of movement responses of different worms revealed that animals rely on touch to move
efficiently in such an environment since mechanosensory mutants mec-4 and mec-10 were slower than
the wild type. Increasing the post spacing from 400 to 475 μm resulted in higher swimming speed
but any further increase in the spacing had an opposite effect. The device could be used to study the
movement of worms, and possibly screen for new mechanosensory and uncoordinated mutants.

Another device, reported by Parashar et al. [45] contained micro-sinusoidal shaped structures
to examine movement responses of worms. Channels of different shapes (ascending and descending
in amplitudes from 135 to 399 μm and from 135 to 10 μm, respectively) were tested, and it was
observed that animals moved faster in certain configurations but slower in others. The speed was the
highest (average of approximately 300 μm/s) in a channel with sinusoidal shape amplitude of around
200 μm. Analysis of movement defective strains (lev-8 and unc-38) revealed an almost 50% reduction in
velocities of worms in these channels, suggesting that such a setup may be useful in screening animals
for locomotion defects.

Subsequently, two devices were reported that contained micro-pillar structures for measuring the
forces exerted by worms on their microenvironment [46,47]. Johari et al. [46] used PDMS pillar elastic
deflection concept to measure the force, and found that despite changes in the placements of pillars
in a “honeycomb” or “lattice” configuration, worms continued to move in a sinusoidal pattern but
their locomotion speed, undulation frequency, and body force changed significantly. Measurement of
forces applied on pillars revealed that the mid-body region generates the maximum force. The device
by Qiu et al. [47] was designed to expose worms to a particular frequency of light that they tend to
avoid and measure force generated during forward or backward movements, or omega turns in the
structured environment. A LabVIEW program (National Instruments, Austin, TX, USA) was also
developed to assist with image capture and data analysis. The platform can be used to examine the
locomotive behavior of animals and correlate it with neuronal function.

3.2. Study of Cellular Processes

One of the biggest advantages of C. elegans as a model organism is its transparency, which enables
real-time in vivo study of cellular events. There is no need to sacrifice animals for observing cells and
tissues, performing surgical manipulations, and examining gene expression using fluorescent (GFP)
reporters. In fact, the worm model allows these experiments to be performed in live condition and
longitudinal manner. Over the years, several groups have reported microfluidic devices to automate,
streamline, and accelerate such assays.

Studies of neuronal activities require keeping animals stationary for several hours during imaging
processes. It is critical that animals are not paralyzed, which precludes the use of anesthetics, and that
they are not subjected to stress during the period of observation. To achieve this goal, Mondal et al. [37]
fabricated a device consisting of a pressure-deflecting PDMS membrane to immobilize animals.
The device permitted long-term imaging of neuronal transport processes (up to an hour) with high
resolution without causing harm to neurons, something that is not possible with the traditional
anesthetic-based immobilization methods. The authors demonstrated the capability of their device
to investigate subcellular events such as synaptic vesicle transport, Q neuroblast divisions, and
mitochondrial transport in early larval stages, which was not observable in worms of the same age that
were anesthetized with chemicals like levamisole. In addition to worms, authors also used the device
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to successfully study processes in Drosophila larvae. However, this setup has very low throughput and
is only suited for detailed cell biological studies in a small set of animals.

Another way to restrain animals is to trap just part of the animal body. This approach was recently
demonstrated by Hwang et al. [48] in a series of optogenetic experiments. In such a system, worms
were illuminated with a specific wavelength of light that causes an escape response and observed
while trapping them at both ends using two pneumatically-controlled microvalves. To accelerate
data collection the device allows simultaneous image captures from 16 parallel channels. The authors
used this setup to examine the activities of body wall muscles. They successfully studied the roles
of 15 genes that encode sarcomere proteins in striated body wall muscles and showed that these
genes are required in various steps of muscle function. Several key parameters of muscle kinetics
and rate constants of contractions and relaxations were determined. The findings led to an improved
understanding of how muscles control locomotion in worms.

In addition to imaging, the pressure-based immobilization technique can also be useful in other
procedures such as laser-assisted surgeries. In one of the earliest reports [49], the authors described
a device to perform long-term observations of neuronal processes with or without laser-assisted
ablation of synapses. The device contained several parallel channels that were large enough at one end
to allow easy uploading of worms using a syringe pump-driven fluid flow. The channels were tapered
to immobilize animals as they move down the channels. Time-lapse imaging was performed using
a CCD camera. To ablate synapses, short pulses of a UV laser were used. The setup was successfully
used to monitor neuronal processes for up to 4 h. Another surgical approach, developed in recent
years, involved the use of a genetic system. Lee et al. [50] used a KillerRed (KR) system to perform
rapid neuronal ablation in a device and image behavior of animals for up to 24 h. The KillerRed
protein is a genetically-encoded photosensitizer that is activated upon exposure to green light of the
wavelength range 540–590 nm. Activation of KR in a cell causes production of reactive oxygen species,
resulting in its death [51].

While the above approaches of imaging immobilized individual animals offer a detailed view of
cells and cellular processes, they lack the ability to capture dynamic changes in real time as animals
are interacting with the environment. Two papers [31,52] have reported new systems to address this
limitation. Larsch et al. [52] developed a microfluidic arena of 3.28 ˆ 3.28 mm2 and 50 μm depth
that could be monitored using a high numerical aperture objective (2.5ˆ/0.12 N.A. or 5ˆ/0.25 N.A.)
and sensitive low-noise CCD camera. This device could track up to 20 worms in real time and allow
measurements of neuronal activities using GFP-based genetically encoded calcium indicators [53].
The setup enabled the authors to expose animals to different odors and monitor neuronal activities
following changes in their movement responses. Overall, the approach is powerful because it allows
for mapping of neuronal signals while the organism is responding to external signals and making
decisions. For example, the results revealed that odor-induced Ca2+ signals in the AWA chemosensory
neuron were variable among animals, possibly due to differences in their development, epigenetic
modifications, or other processes. Measuring such signals can help explain the mechanistic basis of
behavior in animals as they encounter stimuli in the environment. In the other system [31], animals of
specific developmental stages were introduced in a culture chamber and maintained by supplying with
food and buffer exchange. For imaging purposes, a PF127 sol-gel polymer was utilized. As mentioned
earlier in this review (Section 2.2), the viscosity of this polymer changes with temperature. When the
chip temperature is raised to 25 ˝C using a thermoelectric module, it triggers the gelation of PF127,
causing worms to immobilize and neuronal processes to be examined in detail. Two different human
disease models (ALS and HD) were successfully studied using this platform, which revealed changes
in protein aggregation in cells over time.

The three-dimensional shape of worms does not allow all cellular structures to be visible in any
one given focal plane. Therefore, visualization of entire cellular structures requires either optical
sectioning technique using expensive confocal systems or orienting worms in different directions
while imaging. Ardeshiri et al. [54] were the first to demonstrate full rotation and multi-directional
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imaging of C. elegans in a microfluidic device (Figure 5A), using a rotary glass capillary that was used
to pneumatically grab the worm from the anterior region and rotate it in a narrow microchannel.
The authors successfully showed the 360˝ rotation of adult worms in the channel with on-demand
immobilization and imaging of organs (vulva) and fluorescing neurons. Another study, reported earlier
this year, came up with an elegant acoustic-based microfluidics approach to precisely and rapidly rotate
worms and image them [55]. The device (Figure 5B) enabled acoustofluidic rotational manipulation
(ARM) of C. elegans as well as single cells. During the process of worm loading, microbubbles were
trapped into small microcavities created within sidewalls of the channel. This channel was placed in
the vicinity of a piezoelectric transducer fabricated on a glass slide. The transducer generated acoustic
waves that caused the microbubbles to initiate oscillatory motion resulting in steady microvortices,
which rotated the animals that were in contact. By controlling the duration of waves (a few milliseconds),
rotation angles could be controlled with high precision. For example, a worm could be fully rotated
(360˝) within 60 milliseconds with 5-millisecond pulses each causing 4˝ rotations.

 

Figure 5. Microfluidic devices for multidirectional orientation and imaging of C. elegans using
(A) rotatable glass capillaries (Ardeshiri et al. [54] and (B) acoustofluidic rotational manipulation
(ARM) (Ahmed et al. [55]. Panel (B) reproduced with permission from Adapted by permission from
Macmillan Publishers Ltd. Nature Communications. Panel (A) shows an adult worm inside the channel
with the region of interest (ROI) in the middle. The worm is held by the negative pressure in the glass
capillary. The two sets of brightfield and fluorescent images below show pre- and post-rotated views of
specific neuronal processes (VC). Schematic view of the ARM device (B). It contains a piezoelectric
transducer to generate acoustic waves. Air bubbles within sidewall cavities cause worms to rotate.
The image below shows a mid-L4 worm trapped by oscillating bubbles. Refer to respective references
for device details.

Two drawbacks of the acoustofluidic technique are that the worms need to be anesthetized
for imaging and that they cannot be accessed by external objects for further manipulation such as
microinjection. The other approach involving micro-capillary to orient the worm [54] (Figure 5A)
allows additional treatments, e.g., exposure to external stimuli, to be performed on animals.

3.3. Study of Chemotaxis, Electrotaxis, and Other Behaviors

As a metazoan, C. elegans responds to environmental stimuli or internal physiological changes
by modifying its behavior. Because such responses depend on the functioning of the nervous system,
assaying behavior provides valuable information about the state of neuronal signaling. Some of
the commonly studied examples of C. elegans behavioral responses include chemotaxis (response to
chemicals), thermotaxis (response to heat), phototaxis (response to light), and electrotaxis (response to
electric field).
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Traditional behavioral assays in C. elegans are carried out on agar-containing Petri plates.
The procedures are slow to perform because they require a worker to carefully execute multiple
steps including preparation of assay plates, handling worms, and data analysis. Furthermore, it is
not possible to observe neurons in individual animals in such assays. In 2007 the Bargmann lab
reported fabrication of two microfluidic chips to characterize neuronal and behavioral responses in
worms at a high resolution [56,57]. One of these, the behavioral chip [56], had a single channel whose
width was gradually decreased to 40 μm at one end (similar to the tapered channels discussed in
Section 2.3). Worms were introduced into the channel one at a time and gently pushed towards the
narrow end until they were trapped. Such animals could still generate a sinusoidal wave along the
body length in an attempt to move, although they could not escape the small opening of the channel.
Neuronal activities were measured in real time using GCaMP protein (genetically encoded Calcium
indicator containing GFP, Calmodulin and M13 peptide sequences) that acts as a Ca2+ sensor. The chip
allowed researchers to demonstrate that AVA neurons play important role in locomotion. The other
chip, the olfactory chip [56,57], was used to trap worms in a narrow channel in such a way that their
noses protruded into another connected channel where odors were delivered. This setup was used
successfully to measure activities of several neurons including ASH and AWA to chemical stimuli.

In recent years, several new microfluidic devices have been developed to further expand C. elegans
studies. Albrecth and Bargmann [58] used microstructured areans consisting of hexagonally arranged
cylindrical posts to examine odor-induced movement of worms. A custom automated tracking software
was used to classify behavior into five distinct states: forward, pause, reverse, piroutette reverse
(the reversal before an omega turn), and pirouette forward (forward motion after an omega turn).
The responses were characterized, which revealed new quantitative and statistical insights into the
odor-induced behavior of worms. This setup will enable future studies to understand neural circuits
as animals encounter environmental stimuli and make decisions. McCormick et al. [59] reported a pair
of microfluidic devices (Figure 6A), termed chemosensory and thermosensory devices, to measure the
behavior of individual worms in response to chemical, thermal and osmotic stimuli. The unique feature
of these devices was that responses were determined based on the head movement of semi-restrained
animals. The lower half of such animals was fixed in the microfluidic channel while the upper half
was free to perform side-to-side swings. Using these devices, one can reliably deliver chemical and
thermal stimuli to animals and determine attractive and repulsive responses in the form of head
swings. A new finding from this work was that both a rise and a fall in osmolarity lead to reversals in
worms. The authors suggested that, with some modifications, it might be possible to perform neuronal
imaging while recording the behavior of live and intact animals.

While the above setup enables single animal-based studies, chemotaxis assays are performed
typically in batches consisting of hundreds of animals. A microfluidic device, developed by
Hu et al. [60], simplifies such population-based experiments (Figure 6B). Repetitive flow splitting
and mixing microchannels arranged in a tree-like design were used to generate linear gradients of
sodium chloride (NaCl) across the device. Worms were loaded from the central outlet and their
movement to chambers of different chemical concentrations was quantitatively studied. Although the
preparation and loading of worms were manual in their configuration, the method offered advantages
in setting up the assay and testing 0–300 mM of NaCl for attractive or repulsive responses. The authors
showed that L3-stage worms exhibited a stronger response to low concentration NaCl as opposed to
adult animals. Overall, the device can accelerate chemotaxis measurements in worms.

For detailed neurobiological studies of behavior, there is a need to observe changes in neuronal
activities as worms interact with their environment. To this end, Hu et al. [61] fabricated a comb-shaped
device that allowed in vivo monitoring of neurons using the GCaMP sensor in single immobilized
worms as they were exposed to gases and odors. As a proof of principle, the authors examined
two different types of neurons—URX that respond to oxygen (O2) and BAG that are sensitive to CO2

levels. In both cases, changes in Ca2+ signals were observed as expected. Additional sensory neurons
were also successfully tested following exposure to odors such as 1-Octanol. Overall, the device is
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useful in studying neuronal responses in individual animals. In a different study Ca2+ sensor was
used to identify magnetosensory neurons. For this a two-layer microdevice was fabricated containing
a flow layer and valve layer. Worms were introduced via one end of the flow layer. For observation
purposes they were fully immobilized by applying pressure in the valve layer. The animals were
then exposed to a 65-Gauss (100ˆ earth) rotating (2 Hz) magnetic field stimulus for 8 s and imaging
was performed [62]. The result revealed that AFD neurons are specifically responsible for sensing the
magnetic field. This mechanism may play a role in mediating the burrowing behavior of worms as
they search for food in their natural environment.

Another stimulus that C. elegans is strongly sensitive to is the electric field. This was reported in
1978 by Sukul and Croll [63], who observed preferential movement of animals with an angle towards
cathode. Prior to this discovery, electrotaxis phenomenon was described in other nematodes including
Panagrellus redivivus and Trichostrongylus retortaeformis [64,65]. In spite of these early studies, no
significant progress was made in this area until 2007 when Gabel et al. [18] reported amphid neurons
and genes that mediate electrotaxis behavior using an open agar gel surface setup. Our group was the
first to incorporate the electrotaxis assay in a microfluidic setup shown in Figure 6C. In the paper by
Rezai et al. [9] we presented a straight 300 μm-wide microfluidic channel with end electrodes and used it
to show that C. elegans responds to DC electric field and moves towards the cathode with a characteristic
speed (roughly 350 μm/s in case of young adults). We also showed that a response to electric field is
present starting at the L3 larval stage and that exposure to the field causes no harm to animals.

Microfluidic electrotaxis approach offers many advantages in investigating neuronal signaling
and movement-related neuronal disorders (e.g., Parkinson’s disease-like phenotype [66]). It is the
only non-invasive on-demand tool to induce instant directional movement with a defined speed.
In subsequent studies we further characterized the electrotaxis phenomenon and showed that a shorter
pulse of DC can also be effective in inducing robust movement in worms [67]. Interestingly, we found
that worms are sensitive to the AC field as well but that the AC field produces a different response.
Specifically, a symmetric square wave AC field of 1 Hz frequency was able to restrain animals
effectively at one location [68], making it an attractive approach to implementing in a high throughput
system where there is a need to localize and concentrate many worms. With the goal of accelerating
microfluidic electrotaxis assays, we recently developed a semi-automated system [69]. At a throughput
of 20 worms an hour, this system allows fast screening of mutants and drug-exposed worms with
altered neuronal function. A custom LabVIEW program has been written to manipulate the steps
of loading, capturing, flushing, releasing, electrotaxis screening, and channel cleaning. As a proof of
principle, a mutant affecting dopamine signaling was successfully characterized.

3.4. Antimicrobial and Toxicological Studies

Other applications of microfluidic technology in C. elegans research include assessing the impact
of toxic chemicals and harmful bacteria on living systems. As a whole organism model, the worm is
frequently used as a bio-indicator in toxicological and environmental studies [70,71]. Typical exposure
assays involve measuring growth rate, reproduction, movement, shape and size, neurodegeneration,
and survival. The paper by Jung et al. [72] describes a device to measure the body volume of animals
following exposure to toxic chemicals. Animals were immobilized in a tapered channel and size was
measured by capacitance change using a pair of electrodes at the two sides of the tapered channel.
As expected, the authors observed a reduction in size following exposure to cadmium. While useful,
a limitation of this setup was that worms needed to be treated on standard Petri dish culture plates
prior to doing measurements in the device. To address this, the authors later developed a new design
that included on-chip exposure and collection chambers [73]. Animals were kept in one chamber and
as they passed, one by one, through a narrow region containing electrodes, changes in capacitance
were recorded and attributed to animals’ body sizes. This system accelerated chemical treatments and
measurements of resulting changes in the body size.
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The electrotaxis assay has also been extended to toxicological research. In one study, we examined
the movement responses of worms in a microchannel device following exposure to toxins affecting
dopaminergic (DAergic) neurons [74]. Animals with excessive neurodegeneration showed abnormal
electrotaxis, demonstrating the utility of our assay in neurotoxicology studies. Ongoing cell biological
experiments in our lab have identified components of the DA signaling pathway in mediating the
electrotaxis behaviour [75].

Other researchers have also investigated the health of DAergic neurons of C. elegans in biosensor
devices. Zhang et al. [76] used a microfluidic device consisting of eight culture chambers arrayed
radially and connected in the center to a microfluidic chemical gradient generator similar in operation
to the one shown in Figure 6B. The device could be used to measure survival and body stroke
frequency of animals, as well as fluorescence intensities of neurons. Worms were exposed to varying
concentrations of a heavy metal Manganese (Mg) (0 to 100 mM concentration range) and effects on
movement and neurodegeneration were monitored. Exposure to natural antioxidants such as vitamin
E, resveratrol, and quercetin were shown to rescue defects effectively.

Besides heavy metals and toxins, microfluidic has also been successfully implemented in
experiments involving exposure to bacterial pathogens and screening of antimicrobial compounds.
Yang et al. [77] developed a device consisting of 32 culture chambers. Each chamber accommodated
approximately 15 worms. The animals were fed with cultures of Staphylococcus aureus bacteria for
about 6 h and monitored subsequently for survival. As expected, the exposure caused the death of
the entire population within three days, demonstrating the suitability of the device in such assays.
Natural compounds were also screened for antimicrobial activities.

Figure 6. Microfluidic devices to investigate C. elegans behavior in response to (A) chemicals and heat
(McCormick et al. [59]); (B) chemical gradients (schematic drawing of the device used by Hu et al. [60]);
and (C) electric field (Rezai et al. [9]). Panel (C) reproduced with permissions from the Royal Society of
Chemistry. Panel (A) shows head swinging of the worm in response to chemical exposure. In panel
(B), the circular channel pattern used to generate the chemical gradient is shown. Worms enter into
channels 1–8, which are 300 μm wide, 80 μm high, and 10 μm long depending upon their attractive
responses to the NaCl gradient. The electrotaxis device in panel (C) contains electrodes to apply a DC
electric field and a long channel for worm swimming. Refer to respective references for more details.

3.5. Learning and Memory Studies

Research has shown that C. elegans have the ability to learn from past experiences and can alter
subsequent responses accordingly. For example, when animals were conditioned with NaCl in the
absence of food they showed reduced chemotaxis response [78,79]. In 2005, Zhang et al. [80] reported
for the first time a microdevice consisting of an eight-arm maze to test the learning preference of
worms to bacterial strains. Results revealed that worms exposed to pathogenic bacteria learn to avoid
them within a few hours by recognizing associated odors while increasing their attraction to odors
from familiar nonpathogenic bacteria. This learning process is mediated by serotonin in a specific
chemosensory neuron, the ADF. In another study Qin and Wheeler [81] fabricated new devices to test
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olfactory learning of worms. These devices, consisting of T-shaped and U-shaped patterns, were made
to examine the behavior of worms as they explore the environment and choose to go in a particular
direction. It was found that worms use olfactory stimuli to make biased movement. This behavior was
also dependent on the dopamine neurotransmitter.

3.6. Reproductive Aging and Lifespan Studies

As discussed above, microfluidic technology is well suited for long-term culturing and observations
of C. elegans. Given that these animals typically produce offspring during the first 3–4 days of their life
and live for roughly three weeks, microfluidics holds significant potential to accelerate reproductive
aging and lifespan-related studies.

The device by Hulme et al. [23], discussed above (Figure 2A), is not only useful in culturing worms
but can also allow monitoring of age-associated changes. Two parameters, body size and locomotion,
were monitored and found to be in agreement with the results derived from standard plate-based
studies. Another study by Xian et al. [82] described an integrated multilayer PDMS device platform,
termed WormFarm, for aging studies. This setup consisted of eight chambers (each 3 ˆ 10 mm2) that
were separated to avoid cross-contamination. Each chamber could hold approximately 40 worms.
Chambers were flushed periodically to remove progeny and supply fresh bacteria to feed adults.
Worms were counted using a custom algorithm. Additionally, GFP fluorescence in aging animals could
also be quantified as average signal intensity per pixel. The device allowed rapid quantification of
changes in lifespan caused by environmental and genetic manipulations.

Two other devices have also been reported recently. One of these, described in Li et al. [83], was used
to automate the counting of progeny from several worms simultaneously, which is normally a manual
procedure that is tedious to perform. The device (Figure 7A) consists of 16 microchambers, each housing
a single C. elegans hermaphrodite (wild type or daf-2 insulin receptor mutant). The chambers were fed
with bacteria and simultaneously washed to direct the laid eggs through a filter to an automated and
real-time progeny counting module in the center of the device. The system re-confirmed previous
published findings, specifically the reproductive period of daf-2 mutants being longer than that of
wild-type animals. In the future this promises to accelerate the study of reproduction and reproductive
aging in a real-time manner. In the other paper, by Wen et al. [30], the authors took a different approach
that involved formation of fluorocarbon oil (FC-40)-based microdroplets to monitor individual animals
(Figure 7B). Worms were encapsulated into droplets (one per droplet) at the L1 stage using a clever
design and growth was monitored over time. Fast exchange of media and substance were possible
several times a day to allow worms to live normally till adulthood. The device can be useful in studying
changes such as body shape, length, and developmental delays in large synchronous populations
following certain manipulations. For instance, the authors showed that the worms overexpressing
hif-1 (hypoxia-inducible factor) had a short body length and a slow growth rate, which indicates the
possibility of HIF-1 being involved in developmental processes.

Chuang et al. [84] recently reported an interesting application of an electrotaxis-based microfluidic
flow chamber to study the effect of exercise on age-related degenerative changes. Their device, termed
a “worm treadmill,” involved inducing directed movement in worms using a DC electric field stimulus.
Worms were allowed to swim for 10 min without interruption once every day for a total of eight days,
and the effects on various age-related processes were subsequently monitored. The results showed that
exercise improved the overall health of animals, as judged by a number of factors such as increased
size and density of mitochondria, reduced oxidative stress, and prolonged life span.

In summary, microchamber environments hold a significant promise for a range of lifespan-related
and developmental assays. Advantages offered include phenotypic studies at the single animal
level, micro-compartments to manage the number of animals for a given study, effective control
of microenvironments, being able to separate offspring from mothers, and the ability to monitor
behavioral and neuronal activities over an extended period of time.
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Figure 7. Microfluidic devices to investigate C. elegans (A) egg-laying (Li et al. [83]) and (B) development
(Wen et al. [30]), by isolating worms inside microchambers with renewable chemical environment.
Reproduced with permission from the Royal Society of Chemistry. The left-hand diagram in panel
(A) shows eight chambers on each side (one of which is enlarged on the right). Inlets are used to load
worms and outlets for bacterial flow. The middle counting region (2 mm ˆ 2 mm), indicated by the red
rectangle, is monitored by camera. Panel (B) shows the droplet chip. Schematics of worm encapsulation
and substrate exchange in each droplet are shown in three steps on the right side. The amount of
substrate exchange is indicated by the color change. Refer to respective references for more details.

4. Microfluidic Devices to Perform Fast, Automated, and High-Throughput Screening

The small size and short life cycle of C. elegans make it highly suitable for high-throughput
screening to investigate mechanisms of diseases and identify candidate drugs for further validations
in other model organisms. As the C. elegans genome contains more than half of human
disease-related gene orthologs including genes implicated in cancers, diabetes, and neurodegenerative
diseases [85], microfluidic tools hold great potential to automate C. elegans screening, thereby
accelerating the development of effective treatments for human diseases. Via integration of automation
micro-components (e.g., micropumps and microvalves) and a variety of nontoxic worm-compatible
materials (e.g., PDMS elastomer, glass, and hydro- and responsive gels), several high-throughput
devices have been developed for phenotypic screening, microsurgery, and drug exposure of C. elegans.

4.1. Rapid and High-Throughput Screening

Microfluidic devices are appropriate tools for high-throughput neuro-behavioral screening of
worms and subsequent sorting based on size, mutation, or response to stimuli. Neuronal screening
has been achieved by immobilizing the worms in microchannels, followed by the fluorescent or
electrophysiological recording of neurons’ static or dynamic responses before sorting takes place.
Behavioral screening has also been achieved by investigating the crawling, swimming, and egg laying
responses of an individual or a group of worms to external stimuli, applied controllably inside fluidic
microenvironments. Fast and viable delivery of animals to desired interrogation locations on a chip is
a critical unit operation in these assays.
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A microvalve-controlled “Population Delivery Chip” was developed to rapidly deliver 16 different
worm populations, each under 4.7 s, to favorable locations on a microchip to accelerate screening [86].
This technique can be used in assays where a specific population of synchronized worms is needed for
downstream high-throughput investigations. In this regard, Rohde et al. [21] developed a microfluidic
system for high-speed sorting and subcellular phenotypic screening of worms. Pre-synchronized
worms were captured in a microchannel by immobilization via side suction channels and imaged
at high resolution. To expand the utility of their platform, the authors developed an interface chip
consisting of 96 aspirator tips to connect the main screening device to 96-well plates. This setup could
be used to carry out chemical and RNA interference (RNAi) screening, although no such screening was
actually demonstrated in the paper. Chung et al. [20] also developed a similar device but with several
differences. In their setup, worms could be rapidly immobilized in a channel for high-resolution
imaging of neuronal processes by lowering the temperature of the channel using a Peltier cooler.
The entire setup was automated and could operate at a speed of several hundred worms per hour.
A variation of this device (without the cooling unit) was later combined with a computer-assisted
setup for automated and faster genetic screening of mutants [87]. Another paper by Crane et al. [88]
also reported development of an automated platform for fast screening of neuronal phenotypes.
The setup was designed to load worms, image neurons using GFP markers, process fluorescence data
using computer software, and perform sorting based on the analyzed data. A Peltier cooler approach
(similar to [20]) was used to transiently immobilize animals for ~10 s in order to capture and process
the images. Animals having desired phenotypes were collected in the end. This entire operation was
performed without a camera and microscope. Moreover, very little human intervention was required.
A throughput of more than 220 worms per hour was demonstrated, which is suitable for large-scale
mutant, RNAi, and drug screening for neuronal function.

In certain screening it is desirable to orient worms in a specific manner, which cannot be achieved
in the abovementioned devices. Cáceres et al. [89] have demonstrated that orientation along the
dorsal–ventral body axis can play an important role in the inspection of morphological features with
specific dorsal–ventral alignments. Their device was capable of orienting worms laterally in a U-shaped
microchannel with high frequency such that neuronal processes could be screened at the rate of roughly
500 worms an hour. Several new mutants affecting motor neurons were recovered in this study.

The above devices rely on physical or thermal contact with animals in order to immobilize them.
Recently, Yan et al. [90] developed an approach in which individual worms with different levels of
GFP expression were encapsulated in oil droplets and analyzed fluorescently in an automated setup.
The system provided 100% accuracy and an analysis speed of 0.5 s per worm, although resolution
was poor.

A limitation of the screening systems discussed so far in this section is that live imaging of
transient cellular processes in active animals cannot be performed. Chokshi et al. [91] reported
an automated high-speed platform to image neuronal activity using transient calcium imaging in live
worms exposed to different odors. The platform could screen tens to hundreds of worms per hour.
As a test case, calcium responses were measured in worms of different ages exposed to hyperosmotic
stimulus (1 M glycerol). The results revealed that the activity of a specific chemosensory neuron ASH
was significantly diminished in older animals. Similar screening may be performed for other odors
and neurons.

While fluorescent microscopy based on GFP or GCaMP sensors has led to a number of very useful
microfluidic devices for high throughput studies, two recent papers have demonstrated the power of
PDMS-based microfluidics in non-invasive electrophysiological readout of neuromuscular activities.
These devices could provide direct information about the target of drug action, and are amenable
to parallelization. Lockery et al. [92] developed a device (Figure 8A) to record electrophysiological
activities of pharynx (termed electropharyngeogram or EPG), a neuromuscular organ involved in
feeding. The device consisted of a funnel-shaped channel to clamp the pharynx of a single worm,
electrodes at the anterior and posterior sides to record the EPG signal, and side channels for perfusion
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of chemicals into the device to expose the worm. Although the system was not fully automated, as it
required placing worms manually into the inlet port, it could, however, perform recordings of eight
worms simultaneously, which is significant compared to existing manual methods [93]. Although no
screening was demonstrated, the setup offers a rapid and sensitive way to identify chemicals, e.g.,
anthelmintics, which may affect the physiology of worms. Another similar device (Figure 8B) for
neurobiological studies in C. elegans, including neurotoxicology and drug screening, was developed
by Hu et al. [94]. Worms were exposed to chemicals and EPG responses were monitored along with
neuronal activities using fluorescent probes. Worms could also be recovered, which makes it possible
for phenotypic screening. A throughput of 12 worms per hour demonstrated that it is significantly
faster than conventional EPG protocols.

 

Figure 8. Microfluidic devices for neuromuscular electrophysiological studies on C. elegans (Lockery et al.
and Hu et al. [92,94]). Panel (A) reproduced with permission from the Royal Society of Chemistry.
The EPG recording device (panel (A)) contains a worm channel and a funnel-shaped trap region.
Fluid flows through the side-arm channel. Panel (B) shows the neurochip. Blue indicates the layer
containing the microfluidic region (for worms and chemicals) and white shows the pneumatic control
layer. The red circle contains the trapped worm’s head. The red square contains micropillars to correctly
orient the worm. V1–4 are valves and the solid black squares are microelectrodes. Refer to respective
references for more details.

4.2. Drug Delivery and Behavioral Screening

Developmental and physiological changes such as crawling, swimming, and egg laying are
widely used readouts in C. elegans assays. Screening based on such features has been successfully
demonstrated in microfluidic environments.

Chung et al. [95] developed a device that contains parallel arrays of worm chambers to facilitate
behavior-based chemical screening at single-animal resolution. A total of 48 chambers, each 1.5 mm
diameter, were designed in an 8 (column) ˆ 6 (row) single layer format. A serpentine channel of
500 μm width was used to deliver worms and media to each chamber. All chambers are visible in
the field of view, making it possible to monitor individual worm responses following exposure to
chemicals. Using this setup, researchers succeeded in measuring changes in behavioral activities, such
as body bending and mating, following exposure to drugs and sex pheromones. The embryo-culturing
platform of Cornaglia et al. [39] discussed before (Section 2.3) can also be used for fast and automated
screening of biological processes and drugs. The setup contains two separate regions for embryo and
worm cultures that are connected via a microchannel. The animals could be maintained in the device
for extended periods of time and periodically imaged as desired. Up to 20 single embryos could be
arrayed automatically upon delivery and monitored simultaneously, making it possible to monitor
gene expression and developmental events. It is possible to visualize the entire embryogenesis using
this device. The platform was successfully used to study mitochondrial biogenesis and mitochondrial
unfolded protein response (UPR) processes.

In addition to egg-laying, locomotion behavior has also been investigated in a medium-to-high
throughput manner using microfluidic devices. Three reports have successfully implemented
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electrotaxis behavior to achieve these goals [69,74,96]. Carr et al. [96] developed a microfluidic device
to perform drug screening using electrotactic motion as a readout. The chip contained a reservoir
to expose worms to defined chemicals and a microchannel with electrodes across it to perform
electrotaxis to investigate their movement responses. Levamisole, an anthelmintic drug, was used as
a test case to demonstrate the successful use of the device for C. elegans as well as a parasitic nematode
Oesophagotomum dentatum. In the paper by Salam et al. [74], our group characterized the electrotaxis
defects of neurotoxin-treated worms. The neurotoxins caused damage to dopaminergic (DAergic)
neurons, resulting in movement defect and serving as a model for the study of Parkinson’s disease.
To accelerate screening of electrotaxis phenotypes, we recently developed an advanced version of this
device [69] by automating the process of single worm loading, stabilizing the fluid flow, exposing the
worm to electrical signals, and recording and analyzing the electrotactic response.

Overall, these studies show that behavioral and movement-based microfluidic screening
approaches can be used as platform technologies for automated drug screening applications in
neurodegenerative and muscular diseases. An interesting direction in the future may involve
simultaneous screening of neuronal and behavioural activities following exposure to chemicals.
This will enable correlation of sensory and motor outputs in order to develop more specific treatments.

4.3. Microsurgery, Regeneration, and Drug Screening

Nanoaxotomy of neurons and whole cell ablations are highly delicate processes, especially when
it comes to performing such operations on the micron-size C. elegans. As discussed above, worm
manipulation and immobilization can be achieved in an automated, high-throughput, and very precise
manner using microfluidics. These assets have made microfluidic devices very effective and useful in
laser nanoaxotomy and nerve regeneration studies of C. elegans. Guo et al. [97] and Zeng et al. [98]
have developed nanoaxotomy chips for fast surgical operations of nerves, in order to study nerve
regeneration and perform high-throughput screening. Both setups were designed to trap worms by
applying pressure on a flexible PDMS membrane (Figure 9A). This allowed fast operation and recovery
of worms after nanosurgery. GFP fluorescence tags were used to locate neurons to perform surgery
and monitor the regeneration processes (Figure 9B). A throughput of 60 worms per hour (from time of
loading the worm to performing surgery) has been reported [97]. It was shown that axonal regrowth
occurs faster in the distal fragment in the absence of anesthetics. Later on, Chung and Lu [99] used
their cooling immobilization technique to develop a microfluidic device to rapidly paralyze L1 stage
worms in two parallel traps and ablate neuronal cell bodies sequentially. The two-trap system greatly
increases the speed of operation. While one trap loads a worm, the other is used to perform the surgery.
This is accomplished by an automated setup that moves the stage to align the desired worm with
the laser beam. The authors reported a throughput of 110 worms per hour, which was enough to
obtain a population of animals for behavioural assays. Samara et al. [100] combined microfluidics
and femtosecond laser microsurgery to perform semi-automated loading and single-axon ablation in
C. elegans at a rate of approximately 180 worms per hour. Their immobilization approach involved
first orienting the worm using an array of suction channels and then applying pressure on the top
PDMS layer membrane to fully constrain the animal motion. The post-ablated worms were exposed to
a small library of chemicals to screen for candidates with regenerative effects. A total of 10 drugs were
identified that significantly enhanced the neurite regeneration.

Another device to perform high throughput laser axotomy was developed by Gokce et al. [101].
The device contains a loading chamber for housing up to 250 synchronized stage worms. The chamber
is connected to a staging area that allows trapping of single worms for axotomy. The animals were
immobilized by a deflecting membrane technique that physically confines them in a small region.
The entire process of animal loading, staging, neuron identification, axon ablation, and unloading was
fully automated with the help of computer-controlled microfluidic components and image processing
tools. An average throughput of about 210 worms per hour was reported for ablation of 300 nm-wide
axons at sub-micron resolution.
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Figure 9. A microfluidic device for (A) laser nanoaxotomy of the ALM neuron in C. elegans and
(B) investigation of time-lapse nerve regeneration (Guo et al. [97]). Reproduced with permission from
Adapted by permission from Macmillan Publishers Ltd. Nature Methods. On the left (A-i) the trap
system (yellow rectangle) and the three recovery chambers (blue rectangle) are indicated. The right
panel (A-ii) shows a magnified view of the trapping system. The small yellow dotted rectangles show
four valves to control worms. Panels (B-i to B-iv) show axonal recovery. Branching is visible several
minutes after axotomy. By 70 min the nerve has regrown and appears to be reconnected. Refer to the
references for more details.

All in all, researchers have successfully developed automated microfluidic systems for rapid
surgery of axons and ablation of neuronal cell bodies in C. elegans and post-operated manipulations of
such animals. The existing technologies are summarized in Table 2 for an easy comparison. The reported
throughputs are an order of magnitude faster than the conventional manual methods. These developments
are expected to facilitate the study of nerve regeneration and perform drug screening.

Table 2. Overview of microfluidic devices to perform microsurgery in C. elegans.

Immobilization Method Throughput Operation Performed References

Pressure-based 60 worm per hour Neuroaxotomy and nerve regeneration Guo et al. [97]

Pressure-based One worm every few seconds Neuroaxotomy Zeng et al. [98]

Cooling 120 worms per hour Cell ablation Chung and Lu [99]

Suction- and pressure-based 180 worms per hour Neuroaxotomy and nerve regeneration Samara et al. [100]

Pressure-based 210 worms per hour Neuroaxotomy Gokce et al. [101]

5. Concluding Remarks

Microfluidics offers powerful tools to accelerate fundamental and drug discovery research
in C. elegans. This review provides a comprehensive summary of major devices and platforms
that are enabling applications ranging from the routine handling of animals to fast, automated,
and high-throughput screenings. We have primarily focused on the technological aspects of the
progress to align with the audience of this journal. The description of experimental data is largely
meant to support the usefulness of approaches.

Despite the excellent progress in the above fields, there are a few hurdles for greater acceptance of
the technology by mainstream C. elegans labs. At present, the technical know-how about microfluidic
systems and the infrastructure needed to produce devices is restricted mainly to labs with significant
engineering expertise. Other hurdles include the high cost of fabrication, the need for customized
hardware and software to process data, and the manual work required to operate many of the devices.
Overcoming these barriers will require training the next generation of C. elegans scientists to be
comfortable with fabricating and operating custom microdevices.

Although virtually all areas of C. elegans research have been miniaturized, there are a few where
growth has been rapid and impressive. These include in vivo analysis of neuronal function, longitudinal
studies of gene expression, and age-related processes. Among the various approaches, a genetically
encoded GCaMP Ca2+ sensor in combination with pressure-based and temperature-sensitive gel-based
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immobilization offers powerful means to accelerate in vivo studies of cellular processes at high
resolution. The electrotaxis response is also a promising tool to manipulate worms in different
ways including sorting, transport, and exercise treatments. We expect to see a lot more progress in
these directions, including improved devices for characterization of disease models and gene target
identifications that are relevant to humans.

Drug discovery is one frontier where microfluidics holds significant potential and C. elegans
screening can help in the identification of candidate targets in a rapid and cost-effective manner.
To this end, several devices have been developed (e.g., [20,21,91]) that are capable of performing
high-throughput assays. The system by Cornaglia et al. [39] is interesting as it allows monitoring of the
whole of embryogenesis following chemical exposures and other manipulations. Axonal regeneration
and neurodegenerative disease model-based screenings are also expected to yield exciting results in
the near future due to the ease of visualizing neuronal morphologies in live animals. We anticipate
that high-throughput platforms such as Samara et al. [100], Gokce et al. [101], and Cornaglia et al. [31]
will enable new screening to identify drug candidates as well as genetic targets for further validations
in higher eukaryotes. Overall, C. elegans microfluidics research holds significant promise to advance
our understanding of human diseases and to help develop potential treatments.
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Abstract: Conventional immunoassays offer selective and quantitative detection of a number of
biomarkers, but are laborious and time-consuming. Magnetic particle-based assays allow easy and
rapid selection of analytes, but still suffer from the requirement of tedious multiple reaction and
washing steps. Here, we demonstrate the trapping of functionalised magnetic particles within a
microchannel for performing rapid immunoassays by flushing consecutive reagent and washing
solutions over the trapped particle plug. Three main studies were performed to investigate the
potential of the platform for quantitative analysis of biomarkers: (i) a streptavidin-biotin binding
assay; (ii) a sandwich assay of the inflammation biomarker, C-reactive protein (CRP); and (iii)
detection of the steroid hormone, progesterone (P4), towards a competitive assay. Quantitative
analysis with low limits of detection was demonstrated with streptavidin-biotin, while the CRP and
P4 assays exhibited the ability to detect clinically relevant analytes, and all assays were completed in
only 15 min. These preliminary results show the great potential of the platform for performing rapid,
low volume magnetic particle plug-based assays of a range of clinical biomarkers via an exceedingly
simple technique.

Keywords: C-reactive protein (CRP); progesterone (P4); immunoassays; magnetic particles;
magnetism; microfluidics; particle trapping

1. Introduction

Enzyme-linked immunosorbent assays (ELISA) are a powerful method of identification and
quantification, utilising the specificity of labelled antibodies for their complementary antigens to
give a signal (e.g., via fluorescence or chemiluminescence) dependent on the concentration of the
latter [1,2]. However, while ELISA offers extremely low limits of detection and selectivity, the process
is exceedingly slow, requiring multiple reagent and washing steps that are both laborious and
time-consuming. The use of magnetic microparticles as solid supports has become incredibly popular
for immunoassays and other applications thanks to their high surface-to-volume ratios, small sizes
(0.1–100 μm), the range of functional groups that can be attached to the surfaces (e.g., antibodies, DNA,
and chemical groups), and the ability to easily manipulate the particles via an applied magnetic
field [3,4]. By employing antibody functionalised magnetic particles, immunoassay time frames can
be greatly reduced, with permanent magnets used to enable the separation of antigens from the
sample and speeding up the exchange of reaction and washing solutions. Even so, these magnetic
particle-based assays still require multiple manual solution changes; hence, despite being faster than
conventional ELISAs, they are still somewhat slow and require relatively large volumes of solutions.

The application of microfluidic devices [5–7], having channel networks with typical dimensions
on the order of 1–100 s of micrometres, provides a number of advantages to immunoassays by reducing
diffusion distances, reaction and washing time frames, as well as sample and reagent volumes [8–12].
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Integration of magnetic particles with microfluidics thus combines the benefits of both [13–16], and
has yielded great success for on-chip bioanalysis [12,16]. One of the easiest methods of performing
techniques such as immunoassays is via the trapping of functionalised microparticles within the
microchannel [17,18], before pumping solutions of sample, washing buffer and reagents over the
particles. Trapping magnetic particles within a microchannel can easily be achieved by simply applying
an external magnetic field that can be generated via a number of sources, including permanent
magnets [19–32], integrated microelectromagnets [33–38], electromagnets [39–43], and externally
magnetisable integrated microstructures [44–49].

Most often, this type of setup is used for the separation of target analytes from a sample; as the
sample is pumped over the trapped magnetic particles the analytes bind to the functional groups on
the particles, after which the particles are washed with buffer solution [13]. However, immunoassays
are performed by consecutively flushing sample, reagent and washing solutions over antibody-coated
particles, thereby enabling selection of a target analyte from a sample and its subsequent labelling
(e.g., with a fluorescent tag) for detection. Such processes have been applied to assays for
streptavidin-biotin [38,50], protein A [31,50], mouse IgG [26,29,51], parathyroid hormone [52],
interleukin-5 [52], bovine serum albumin (BSA) [42], alkaline phosphatase [53], and glycine [50].
Modifications to this methodology have included the use of segmented flow, in which the
consecutive reaction and washing solutions are contained within droplets that are pumped over
the trapped particles [53], and the generation of a fluidised bed of magnetic particles to enhance
mixing [29]. However, while modifications such as these can yield low detection limits with small
sample volumes, it often comes at the cost of greater complexity. Further applications beyond
immunoassays have included RNA isolation [54,55], DNA hybridisation [56–58] and separation [59],
purification of polymerase chain reaction (PCR) products for gene synthesis [60], cell capture for DNA
detection [61,62], reaction rate measurements [63], protein digestion [28,64–66], and the electrochemical
detection of peroxide [48], among others.

Previously, we have demonstrated the trapping of plugs of magnetic particles in microchannels
for performing simultaneous assays on particles featuring different surface functionalities [50].
In order to maintain a simple setup and user-friendliness, the apparatus consists only of a capillary
placed between two permanent magnets and connected to a single syringe pump operating in
withdrawal mode. Functionalised magnetic particles are first pumped into the microchannel and
trapped between the magnets, creating a particle plug that is consecutively exposed to reagent and
washing solutions prior to detection of the target analyte using fluorescence (Figure 1). By placing
multiple pairs of magnets upstream of each other, three different particle plugs (featuring glycine,
protein A, and streptavidin surface groups) were generated for the simultaneous assays. We have also
demonstrated how diamagnetic repulsion forces can be employed for performing particle plug-based
assays [67,68]. The proof-of-principle work thus far has involved only qualitative assays to test the
platform. Here, we investigate the potential for using this simple platform for quantitative analysis
towards its application in clinical diagnostics. Three main approaches are described here: (i) the
ability to generate a calibration curve and obtain a limit of detection for a streptavidin-biotin binding
assay; (ii) the detection in a relevant concentration range of an inflammation and infection biomarker,
C-reactive protein (CRP), via a sandwich immunoassay; and (iii) the detection of a clinically relevant
steroid hormone, progesterone (P4), at multiple concentrations with a view to competitive assays.
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Figure 1. Principle of magnetic particle plug-based assays: (a) functionalised magnetic particles are
introduced into a microchannel and trapped between two magnets, forming a plug; (b) a fluorescently
labelled reagent or sample solution is flushed over the particle plug, with the reagent or target analyte
binding to the particles; and (c) the microchannel is washed with buffer solution, allowing fluorescence
detection of the trapped particle plug.

2. Materials and Methods

2.1. Reagents and Particles

Tris(hydroxymethyl)aminomethane (Tris), 2-(N-morpholino)ethanesulfonic acid (MES),
N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide
(NHS), and bovine serum albumin (BSA) were purchased from Sigma-Aldrich (Dorset, UK).

Superparamagnetic particles with a 2.8 μm diameter were purchased from Invitrogen (Paisley, UK)
with two different surface functionalities: streptavidin (Dynabeads M-270 Streptavidin) and carboxylic
acid (Dynabeads M-270 Carboxylic Acid). Biotin-4-fluorescein (λex = 494 nm, λem = 524 nm) and
phosphate buffered saline (PBS) tablets were also purchased from Invitrogen.

Recombinant human C-reactive protein (CRP) and primary CRP antibody (1˝ anti-CRP;
biotinylated mouse anti-human C-reactive protein) were purchased from R&D Systems (Abington,
UK). Secondary CRP antibody tagged with a fluorescent label (2˝ anti-CRP-FITC; polyclonal goat
anti-human C-reactive protein conjugated to fluorescein isothiocyanate, λex = 495 nm, λem = 521 nm)
was purchased from Abcam (Cambridge, UK) in PBS solution at a stock concentration of 1 mg¨ mL´1.
Progesterone labelled with fluorescein isothiocyanate (P4-FITC, 1 mg¨ mL´1 stock solution) and
progesterone antibody (anti-P4) were purchased from R&D Systems.

2.2. Preparation of Solutions

All solutions were prepared in double-filtered (0.05 μm) high purity water (18.2 MΩ¨ cm at 25 ˝C)
via an ELGA Option 4 system that fed into an ELGA UHG PS system, both of which were from ELGA
Process Water (Marlow, UK).

PBS solution (pH 7.45) was prepared by dissolving a tablet in 1000 mL water, and had BSA added
to a concentration of 0.01% w/v in order to reduce non-specific binding of reagents and the sticking of
magnetic particles to the capillary walls or to each other. Tris buffer (20 mM, pH 8) was prepared by
dissolving tris(hydroxymethyl)aminomethane in water, with 0.1% w/v BSA added. MES buffer (pH 5)
was prepared to a concentration of 25 mM in water.

Fluorescently labelled biotin (biotin-4-fluorescein) was dissolved in PBS solution to a stock
concentration of 1 mg¨ mL´1 and protected from light by wrapping the container in aluminium
foil. CRP antigen was reconstituted in Tris buffer to a concentration of 200 μg¨ mL´1, as per the
manufacturer’s instructions, then diluted in PBS solution to concentrations of 1 μg¨ mL´1 and
10 μg¨ mL´1. Primary CRP antibody (1˝ anti-CRP) was reconstituted in PBS solution to a concentration
of 50 μg¨ mL´1, as per the manufacturer’s instructions, and then further diluted in PBS to 1 μg¨ mL´1.
Secondary CRP antibody (2˝ anti-CRP-FITC) was diluted in PBS to a concentration of 100 μg¨ mL´1.
Progesterone antibody (anti-P4) was dissolved in MES buffer (25 mM, pH 5) to a concentration
of 1 μg¨ mL´1, while fluorescently labelled progesterone (P4-FITC) was diluted in PBS solution to
concentrations of 0.1–100 μg¨ mL´1.
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2.3. Preparation of Anti-CRP Functionalised Magnetic Particles

Immobilisation of biotinylated primary CRP antibodies (1˝ anti-CRP) onto streptavidin
functionalised magnetic particles (Dynabeads M-270 Streptavidin) was achieved via the
streptavidin-biotin interaction, as previously reported [69,70]. Briefly, 10 μL of stock particle suspension
(6.5 ˆ 108 particles¨ mL´1) was added to a 1.5 mL microcentrifuge tube (VWR, Leicester, UK),
followed by 200 μL of 1˝ anti-CRP solution at a concentration of 10 μg¨ mL´1, and incubated for
15 min with slow tilt rotation in order for the biotinylated antibodies to bind to the streptavidin-coated
particles. The particles were then washed three times using the following procedure.

The particles were pulled to the side of the tube via an external magnet and the supernatant
removed using a pipette. PBS solution (1000 μL) was added to the tube, which was vortexed for 20 s
to resuspend the particles. This washing process was repeated twice more, and the particles finally
resuspended in PBS buffer solution.

2.4. Preparation of Anti-P4 Functionalised Magnetic Particles

Immobilisation of progesterone antibody (anti-P4) onto carboxylic acid functionalised magnetic
particles (Dynabeads M-270 Carboxylic Acid) was achieved via amide bond formation between the
carboxylic acid groups of the particles and the primary amine groups of the antibodies. The procedure
was performed as per the manufacturer’s instructions for a two-step coating procedure [71].
The first step of the process involved the “activation” of the magnetic particles with a carbodiimide
(EDC) and N-hydroxysuccinimide (NHS). One hundred microlitres of stock particle suspension
(2 ˆ 109 particles¨ mL´1) was added to a microcentrifuge tube and washed twice, as described
previously, with 100 μL of MES buffer (25 mM, pH 5). Immediately prior to use, a 50 mg¨ mL´1

solution of EDC was prepared in cold MES buffer, while a 50 mg¨ mL´1 solution of NHS was also
prepared in MES buffer. The supernatant of the particle suspension was removed, and 50 μL of EDC
solution and 50 μL of NHS solution were added to the magnetic particles. The suspension was mixed
via a vortexer and allowed to incubate with slow tilt rotation at room temperature for 30 min.

Following incubation, the particles were washed twice with 100 μL of MES buffer. The supernatant
was removed, and 60 μL of anti-P4 (1 μg¨ mL´1) in MES buffer was added, followed by a further 40 μL
of MES buffer. The mixture was incubated for 2 h at 20 ˝C, then the particles were washed four times
with PBS solution (pH 7.45) and finally resuspended in PBS solution.

2.5. Instrumental Setup

Two rectangular neodymium-iron-boron (NdFeB) magnets (4 ˆ 4 ˆ 6 mm3, Magnet Sales,
Swindon, UK) were glued onto a glass microscope slide (6 ˆ 2.5 cm2) using Araldite Rapid epoxy
resin (RS Components, Northants, UK), such that their opposing poles were facing and there was a
1 mm gap between them. A 10 cm long piece of fused silica capillary (150 μm ID (Inner Diameter),
363 μm OD (Outer Diameter), CM Scientific, Silsden, UK) had a section of its polyimide coating burned
away with a lighter and wiped with a soft tissue to create a region for visualisation of trapped particles.
The capillary was then placed between the pair of magnets (Figure 2a) and held in place using Blu-Tack
(Bostick, UK). The two ends of the capillary were connected to Tygon tubing (254 μm ID, 762 μm OD,
Cole-Parmer, London, UK), with one piece of tubing interfaced to a syringe on a syringe pump (PHD
22/2000, Harvard Apparatus, Kent, UK) and the other piece of tubing dipped into a microcentrifuge
tube, acting as a reservoir, containing sample or buffer solution.
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Figure 2. Setup of the microfluidic device: (a) photograph of a fused silica capillary located in the
1 mm gap between two 4 ˆ 4 ˆ 6 mm3 NdFeB magnets that were fixed to a glass microscope slide;
and (b) photograph of the glass microscope slide, holding the capillary and magnets, on the sample
stage of an inverted fluorescence microscope. Samples, reagents and buffer solutions were introduced
into the capillary from reservoirs via a syringe pump in withdrawal mode.

Solutions were drawn through the capillary from the sample/buffer reservoir via negative
pressure from the syringe pump operating in withdrawal mode. The glass slide holding the magnets
and capillary setup was situated on the sample stage of an inverted fluorescence microscope (TE-2000U,
Nikon, Surrey, UK) (Figure 2b). Images were captured via a cooled CCD (charge-coupled device)
camera (QImaging Retiga-EXL, Media Cybernetics, Buckinghamshire, UK) and Image-Pro Plus 6
software (Media Cybernetics, Buckinghamshire, UK). Such images were analysed using ImageJ
software (US National Institutes of Health, Bethesda, MD, USA).

2.6. Experimental Procedures

2.6.1. Capillary-Based Particle Trapping and Reactions

Prior to performing an experiment, the capillary was cleaned and pre-treated by flushing
consecutively with ethanol, water and PBS solution. Following this, the inlet tubing connected to the
capillary was dipped into a suspension of magnetic particles in a microcentrifuge tube and negative
pressure applied via the syringe pump to draw the particle suspension through the capillary. After a
certain time frame, the syringe pump was stopped and the flow allowed to come to a halt (~30 s in
order to prevent air from entering the system during solution exchange) before the inlet tubing was
removed from the particle suspension vial and placed into a vial of PBS solution. PBS was then drawn
through the capillary for several minutes to ensure that all particles within the capillary would reach
the region between the two magnets to form a plug of particles. Characterisation of the particle plugs
was performed at this stage by taking photographs via the microscope and CCD camera, and analysing
the images with ImageJ software to determine the area of the plugs.

To perform a reaction on the particle plug, once the particle suspension had been introduced into
the capillary, the microcentrifuge tube was exchanged for one containing a reagent solution, which was
pumped through the capillary for several minutes such that it was allowed to wash over the particle
plug, before the pump was again stopped. When the flow had stopped, the inlet tubing was placed
in a vial of PBS solution, which was pumped over the particle plug to wash away any unbound
material. The CRP assay, being a two-step sandwich assay, required a second reaction following the
first. Finally, fluorescence images were taken of the particle plug and the fluorescence intensity of
the plugs measured via ImageJ. Analysis was performed manually by drawing a small box inside the
image of the particle plug, determining the maximum greyscale value (as a measure of fluorescence
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intensity), and deducting an average background intensity. This process was repeated for several
regions inside the particle plug to provide average of the maximum fluorescence intensities.

2.6.2. Formation and Characterisation of Magnetic Particle Plugs

Prior to performing reactions, the formation of the particle plugs was characterised based on the
applied flow rate and the particle concentration. A suspension of Dynabeads M-270 Carboxylic Acid
particles in PBS buffer was pumped into the capillary for 90 s, then the solution swapped to PBS which
was pumped through the capillary for a further 10 min. Images of the forming particle plug were
collected every minute and experiments were repeated three times. Flow rates of 180–300 μL¨ h´1

(equivalent to linear velocities of 2.8–4.7 mm¨ s´1) and particle concentrations of 1 ˆ 106 to 2 ˆ 107

particles¨ mL´1 were studied.

2.6.3. Streptavidin-Biotin Assay

In order to test and optimise reactions on the setup, a streptavidin-biotin binding assay was
investigated. Streptavidin functionalised magnetic particles (Dynabeads M-270 Streptavidin) in PBS
solution (1 ˆ 107 particles¨ mL´1) were pumped through the capillary for 2 min at a flow rate of
300 μL¨ h´1 (4.7 mm¨ s´1) to form a particle plug between the NdFeB magnets. The particle suspension
vial was exchanged for one containing biotin-4-fluorescein solution, which was flushed over the
trapped particle plug at 300 μL¨ h´1 for 3 min, then the sample vial was exchanged again for PBS
solution. The PBS solution was drawn through the capillary for 3 min at 300 μL¨ h´1 to wash the particle
plug, whose fluorescence intensity was then measured. The concentration of biotin-4-fluorescein was
varied between 0.1–5 μg¨ mL´1. The effect of exposure time during the capture of fluorescence images
was also studied using the streptavidin-biotin reaction for optimisation.

2.6.4. C-Reactive Protein (CRP) Assay

Magnetic particles featuring surface-bound primary CRP antibodies (1˝ anti-CRP), prepared
as described in Section 2.3, in PBS solution (1 ˆ 107 particles¨ mL´1) were introduced into the
capillary at a flow rate of 300 μL¨ h´1 (4.7 mm¨ s´1) for 2 min in order to form the particle plug
between the two magnets. The particle suspension tube was replaced with a tube containing CRP
solution (1 or 10 μg¨ mL´1), which was pumped over the particle plug for 3 min at the same flow rate.
Fluorescently tagged secondary antibody (2˝ anti-CRP-FITC) solution (100 μg¨ mL´1) was then flushed
over the particle plug for 3 min at 300 μL¨ h´1, and the plug was finally washed with PBS solution for
5 min prior to fluorescence measurement of the particles.

2.6.5. Progesterone (P4) Assay

Magnetic particles functionalised with progesterone antibody (anti-P4), prepared as described
in Section 2.4, in PBS solution (1 ˆ 107 particles¨ mL´1) were pumped into the capillary at a flow
rate of 300 μL¨ h´1 (4.7 mm¨ s´1) for 2 min for plug formation between the magnets. A solution of
fluorescently labelled progesterone (P4-FITC), whose concentration was varied from 0.1–100 μg¨ mL´1,
was subsequently flushed over the trapped plug at 300 μL¨ h´1 for 3 min, before washing the plug with
PBS solution for 3 min to remove any unbound P4-FITC. Fluorescence analysis was then performed on
the trapped magnetic particle plug.

3. Results and Discussion

3.1. Formation and Characterisation of Magnetic Particle Plugs

When particle suspensions were introduced into the fused silica capillary via negative pressure,
they flowed freely through the tube until they approached the two magnets. At this point, they became
trapped in the field between the magnets and began to form a plug of particles that grew larger as
particles continued to be introduced into the 150 μm ID capillary. The particles remained stationary
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as they were trapped in the field, as opposed to the continuously recirculating plugs observed when
diamagnetic particles are trapped in a magnetic fluid [67,68]. The location of particle plug formation
was x « 1.7 mm from the centre (x = 0 mm) of the magnets (Figure 3a). In order to investigate this
further, the magnetic field was modelled in FEMM 4.2 software (Figure 3b). The resultant simulations
showed that the region of highest magnetic flux density (vectors not shown) was located between
x « ´1.5 mm and x « 1.5 mm (Figure 3c), hence the location of particle trapping was as predicted.

 

Figure 3. (a) Photograph of a plug of magnetic particles trapped between two NdFeB magnets in a
capillary. (b) Simulation of the magnetic flux density (B) across the microfluidic channel, modelled
using FEMM software. (c) Plot of the magnetic flux density along the length of the capillary (x-direction)
between the two magnets.

As stated above, the particles were able to flow freely through the capillary. No evidence of
sedimentation due to gravity was observed, with the theoretical forces on the particles due to gravity
being calculated as 68 femtonewtons (fN), yielding a sedimentation velocity of 2.6 μm¨ s´1. This value
was negligible compared to the minimal linear flow rate of 2.8 mm¨ s´1 (at a volumetric flow rate of
180 μL¨ h´1) in the capillary. Furthermore, inertial lift forces may also have helped to prevent particles
from settling against the capillary wall while in flow. These observations also supported those from
our previous work [50,67,68]. The sticking of particles to the capillary walls was minimal, with BSA
added to solutions to prevent this from occurring, and was found not to interfere with experiments.

Prior to performing assays on trapped particles, two parameters affecting plug formation were
investigated, namely the applied flow rate and the particle concentration, towards optimisation in
terms of rapid formation of a plug deemed large enough for yielding suitable fluorescence signals.
Carboxylic acid functionalised magnetic particles (2.8 μm) in PBS solution (pH 7.45) were employed
for these tests.
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3.1.1. Effect of Flow Rate

The applied flow rate is an important parameter since high flow rates would allow the collection
of more particles in the trap in a shorter period of time. However, too high a flow rate could lead to
particles escaping the trap when the hydrodynamic forces dominate the magnetic forces. Here, particle
suspension (1 ˆ 106 particles¨ mL´1) was introduced into the capillary at a flow rate of 5 μL¨ min´1

for 90 s. The sample vial was then exchanged for one containing PBS solution, which was pumped
through the capillary at flow rates of 180, 240 and 300 μL¨ h´1 (equivalent to linear velocities of 2.8, 3.8
and 4.7 mm¨ s´1, respectively) in order to determine the effect of flow rate on plug formation. Images
of the plugs were captured every minute for 10 min.

The build-up of the particle plugs can be seen in Figure 4a–c, which shows the size of the plugs
at time frames of 1 min, 5 min, and 10 min after initialising the flow. The total area occupied by a
particle plug (units of pixels2, with one square pixel comprising approximately 5.6 μm2) was measured
using ImageJ and the results are plotted in Figure 4d, which clearly demonstrates that faster flow rates
yielded larger plugs of trapped particles. Interestingly, however, it appeared that following the first
minute of trapping, the plugs actually grew at similar rates at each of the three flow rates. This may
have been due to the build-up of the plugs in three dimensions within the capillary while only a 2D
image could be taken for analysis, a parameter that could be explored in future work. Importantly,
even at the highest flow rate tested of 300 μL¨ h´1 (4.7 mm¨ s´1), 100% trapping efficiency was achieved.
Hence, this flow rate was employed in all subsequent experiments to yield the rapid formation of large
plugs with no loss of particles.

 

Figure 4. The effect of flow rate on magnetic particle plug formation. (a–c) Photographs of plug
formation at time points of 1, 5 and 10 min for flow rates of: (a) 180 μL¨ h´1; (b) 240 μL¨ h´1; and (c)
300 μL¨ h´1. (d) Plot of measured plug sizes over time at the three different flow rates. Each pixel was
approximately equivalent to an area of 5.6 μm2.

3.1.2. Effect of Particle Concentration

The effect of particle concentration on plug formation was investigated by pumping the magnetic
particles through the capillary at concentrations of 5 ˆ 106, 1 ˆ 107 and 2 ˆ 107 particles¨ mL´1 for 90 s
at 300 μL¨ h´1. PBS solution was then flushed through the capillary for 10 min at the same flow rate,
with photographs taken of the growing particle plug every minute.

Images of the trapped particle plugs for each concentration can be seen in Figure 5a–c
at 1, 5 and 10 min after starting the washing step. As expected, higher particle concentrations yielded
larger plugs in shorter times. The total area of each plug was analysed using ImageJ software and the
results are plotted in Figure 5d. Again, the rates of plug formation were actually largely quite similar
in each case (from a 2D viewpoint at least), but nonetheless reaffirmed that the higher the particle
concentration was, the larger the plug that was formed within a certain time frame. However, the plug
formed at higher concentrations was a lot more spread out across the capillary (in the x-direction),
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hence a concentration of 1 ˆ 107 particles¨ mL´1 was employed for subsequent experiments in order
to form a fairly large plug with a better defined shape.

 

Figure 5. The effect of particle concentration on plug formation. (a–c) Photographs of plug formation
at time points of 1, 5 and 10 min for particle concentrations of: (a) 5 ˆ 106 particles¨ mL´1; (b) 1 ˆ 107

particles¨ mL´1; and (c) 2 ˆ 107 particles¨ mL´1. (d) Plot of measured plug sizes over time at the three
different particle concentrations. Each pixel was approximately equivalent to an area of 5.6 μm2.

3.2. Streptavidin-Biotin Assay

In order to test the setup for performing reactions on particle plugs, proof-of-principle assays
based on the streptavidin-biotin interaction were performed. While we have previously demonstrated
a streptavidin-biotin binding assay on a magnetic particle plug [50], the tests were only qualitative.
Here, we investigated the ability to produce calibration curves of biotin concentrations using the
magnetic trapping platform.

Dynabeads M-270 Streptavidin particles (1 ˆ 107 particles¨ mL´1) were pumped into the
capillary at a flow rate of 300 μL¨ h´1 for 2 min to generate the particle plug between the magnets.
This was followed by a solution of biotin-4-fluorescein at 300 μL¨ h´1 for 3 min, and finally a
solution of PBS for 3 min in order to wash the particle plug. A range of biotin-4-fluorescein
concentrations (0.1–5 μg¨ mL´1) were tested, and photographs of particle plugs exposed to each of
these concentrations are shown in Figure 6a–e. Clearly, as the concentration of biotin was increased
the fluorescence intensity of the particle plug also increased, indicating successful binding of the
fluorescent biotin to the streptavidin-coated particles.

 

Figure 6. Streptavidin-biotin assays performed by flushing a solution of fluorescently labelled biotin
over a trapped plug of streptavidin functionalised magnetic particles. (a) Bright-field image of the
trapped particle plug. (b–e) Fluorescence images of streptavidin particle plugs exposed to varying
concentrations of biotin: (b) 0.1 μg¨ mL´1; (c) 0.5 μg¨ mL´1; (d) 1 μg¨ mL´1; and (e) 5 μg¨ mL´1.
(f) Calibration graph of particle plug fluorescence intensities exposed to a range of fluorescently
labelled biotin concentrations.
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In order to optimise the platform further for quantitative analysis, the effect of CCD
camera exposure time was investigated alongside the ability to generate calibration curves.
Multiple concentrations of biotin (0.1–5 μg¨ mL´1) were flushed over particle plugs and analysed
using a range of CCD camera exposure times (0.1–0.6 s). The resultant plots are shown in Figure
S1a and demonstrate typical dose–response curves, with the fluorescence intensity first increasing
sharply as the biotin concentration increased before reaching a plateau at ~2 μg¨ mL´1 as the number of
streptavidin binding sites on the particles diminished. The polystyrene matrix of the magnetic particles
exhibited auto-fluorescence, hence the non-zero fluorescence intensity even in the absence of biotin.
Due to the plateau above 2 μg¨ mL´1, the curves were re-plotted to show the linear responses between
0.1–2 μg¨ mL´1 (Figure S1b), demonstrating the suitability of the platform for quantitative analysis.

Clearly, as the CCD camera exposure time was increased the measured fluorescence intensities
also increased, as expected since more of the fluorescence light was allowed to enter the CCD. However,
while higher exposure times yielded greater intensities, they also exhibited poorer coefficients
of determination (R2) as demonstrated in Figure S1b. Based on this, the results obtained with
the 0.3 s exposure time were selected as being the optimum, with the calibration curve (Figure 6f)
yielding a limit of detection (LOD) of 40 ng¨ mL´1 and a limit of quantification (LOQ) of 134 ng¨ mL´1

for fluorescently labelled biotin.
These results demonstrated the potential of the platform for quantitative analysis with low

limits of detection in a fast time frame (<10 min), while consuming only 15 μL of sample/reagent.
Furthermore, some aspects could be optimised further, such as the reaction times, which would lead
to shorter procedural times and lower reagent consumption, and the washing times. The detection
method could also be improved to increase the coefficient of determination while reducing the limits of
detection further. While these will be investigated further in later studies, the promising initial results
prompted further studies with more clinically relevant biomarkers towards the use of the platform as
a diagnostic tool.

3.3. C-Reactive Protein (CRP) Assay

The first clinically relevant biomarker tested using the magnetic plug platform was C-reactive
protein (CRP) [72–75]. CRP is an acute phase reactant present in blood whose levels increase
dramatically, up to 1000-fold, in response to inflammation, cell damage or tissue injury, hence its
monitoring in a clinical setting for infections and inflammation. Normal levels of CRP in serum are
considered to be 1–10 μg¨ mL´1, with levels of 10–40 μg¨ mL´1 suggesting viral infection or mild
inflammation while levels of 40–200 μg¨ mL´1 indicate active inflammation or bacterial infection.
Chronic minor elevations in CRP levels may also be an indicator for cardiovascular disease (CVD),
hence so-called high-sensitivity CRP (hs-CRP) testing is performed to monitor levels over time
(<1μg¨ mL´1 = low CVD risk; 1–3 μg¨ mL´1 = medium risk, >3 μg¨ mL´1 = high risk) [76–78]. Due to its
clinical relevance and the detection levels required, CRP was deemed to be an excellent choice for
testing the ability to perform sandwich enzyme-linked immunosorbent (ELISA) assays using the
magnetic particle plug platform.

Magnetic particles functionalised with 1˝ anti-CRP (1 ˆ 107 particles¨ mL´1) were introduced into
the capillary at 300 μL¨ h´1 for 2 min for magnetic particle plug formation. This was followed by a
solution of CRP for 3 min, allowing the CRP analyte to bind to the antibody-coated particles, before
being flushed with a solution of 2˝ anti-FITC (100 μg¨ mL´1) for 3 min that fluorescently labelled
the captured CRP analyte. Finally, the particle plug was washed with PBS solution for 5 min and
fluorescence images recorded for analysis.

Fluorescence images of particle plugs are shown in Figure 7a–c. Figure 7a demonstrates the
auto-fluorescence of the particles prior to a reaction being performed, while Figure 7b,c show the
effects of exposure to CRP concentrations of 1 μg¨ mL´1 and 10 μg¨ mL´1, respectively, followed by
reaction with the 2˝ anti-CRP-FITC (100 μg¨ mL´1). The photographs clearly show an increase in
fluorescence intensity with increasing CRP concentration, and the fluorescence intensity of the particle
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plugs are plotted in Figure 7d. While a full range of CRP standards was not tested, it is nonetheless
clear that clinically relevant concentrations of CRP (>10 μg¨ mL´1 for inflammation and infection;
1–10 μg¨ mL´1 for CVD monitoring) could be distinguished from each other and from the unreacted
particles. Furthermore, negative controls were performed to ensure that unspecific binding of reagents
to the particles did not occur. Here, streptavidin-coated magnetic particles, having not undergone the
1˝ anti-CRP functionalisation step, were trapped in the capillary and flushed with CRP (10 μg¨ mL´1)
and 2˝ anti-CRP-FITC (100 μg¨ mL´1). Image analysis showed no increase in fluorescence that
confirmed a lack of unspecific binding, as previously demonstrated [69,70].

 

Figure 7. Results obtained via a magnetic particle plug-based sandwich assay for C-reactive
protein (CRP). (a) Fluorescence image of a particle plug prior to the CRP assay, demonstrating the
auto-fluorescence of the polystyrene-based particles. Magnetic particles were functionalised with
primary CRP antibodies (1˝ anti-CRP). (b) Fluorescence exhibited by a particle plug after exposure
to 1 μg¨ mL´1 CRP and subsequent labelling with fluorescently tagged secondary CRP antibody
(2˝ anti-CRP-FITC; 100 μg¨ mL´1); and (c) after exposure to 10 μg¨ mL´1 CRP and labelling with 2˝
anti-CRP-FITC (100 μg¨ mL´1). (d) Plot of fluorescence intensities of the particle plugs at varying
concentrations of CRP.

These results demonstrated the ability to perform two-step sandwich immunoassays for clinically
relevant biomarkers. Further investigation will be required to determine whether a suitable calibration
curve can be generated in the 1–10 μg¨ mL´1 region for hs-CRP testing, but its use for the determination
of inflammation and infection, requiring less sensitivity, appears easily achievable. The 3 min analyte
capture (CRP) and labelling (2˝ anti-CRP-FITC) steps at 300 μL¨ h´1 resulted in the consumption of
15 μL of both the sample and the relatively expensive labelling reagent. While already a low volume
of each, this could be further reduced by optimising the reaction times. Furthermore, the total time
of the magnetic plug-based was <15 min; far faster compared to conventional off-chip magnetic
particle-based assays (50 min) and traditional ELISA testing (80 min) [69]. Future work will involve
generation of a full calibration range for both conventional CRP and hs-CRP concentration ranges,
and the analysis of real serum samples.

3.4. Progesterone (P4) Assay

Having established that the magnetic particle plug-based platform could be used for sandwich
ELISAs, we next investigated the potential of the system towards achieving competitive ELISAs of
clinically relevant biomarkers. Initial tests for this involved the detection of fluorescently labelled
progesterone (P4-FITC). Progesterone (P4) is a steroid hormone that plays an important role in
the menstrual cycle and pregnancy, being secreted to help prepare the uterus for pregnancy and,
following conception, to ensure development of the embryo [79–82]. Thus, the monitoring of P4 can
be used to determine the time at which fertility is highest, for the diagnosis of early pregnancy, to
check for the risk or occurrence of miscarriage, and for the detection of adrenal or ovarian cancer.
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Levels of progesterone are typically less than 1 ng¨ mL-1 pre-ovulation, increasing to 5–20 ng¨ mL-1

mid-menstruation cycle, 11.2–90.0 ng¨ mL-1 in the 1st trimester of pregnancy, 25.6–89.4 ng¨ mL-1 in the
2nd trimester, and 48–150 to ě300 ng¨ mL´1 in the 3rd trimester [82], with levels being present up to a
maximum of 1 g¨ mL´1 in serum [83].

Preliminary tests were performed on the magnetic plug platform by first introducing anti-P4
functionalised magnetic particles (1 ˆ 107 particles¨ mL´1) into the capillary at 300 L¨ h´1 for 2
min to form the plug, before flushing the plug with P4-FITC for 3 min, and finally washing the
plug for 3 min with PBS solution. A range of P4-FITC concentrations were tested, from 0.1–100
g¨ mL´1, and the fluorescence intensity of the particle plug was measured at each concentration.
Due to the proof-of-principle nature of this study, the levels of P4 tested covered the upper end
of the P4 concentration range typically found during the 3rd trimester and the maximum level
found in blood (1 g¨ mL´1). Figure 8a–e shows fluorescence images at each of the concentrations.
The fluorescence signals measured at each P4-FITC concentration are shown in Figure S2 in the
Supplementary Material, demonstrating a typical dose–response curve with an initially rapid increase
in signal intensity as the concentration increased, before reaching a plateau as the number of active sites
on the magnetic particles was diminished. Plotting the fluorescence intensity against the logarithm of
the P4-FITC concentration (background corrected) yielded a linear response over this wide calibration
range (Figure 8f). However, the standard deviations of the results were quite large in this case,
which may have been caused in part by the relatively low magnification employed for image capture
(see the photographs in Figure 8), which would affect the signal intensity. This could be addressed by
capturing images of the particle plugs at a higher magnification or by employing a different detection
technique. Negative controls were also performed by flushing P4-FITC over a plug of carboxylic acid
functionalised particles (i.e., particles which had not had anti-P4 conjugated to them) for 1 h, which
thereafter exhibited no fluorescence and so confirmed no issues with unspecific binding.

 

Figure 8. Results obtained for a progesterone (P4) assay, achieved by flushing P4-FITC over a
trapped plug of anti-P4 functionalised magnetic particles. (a–e). Fluorescence images of particle plugs
with increasing P4-FITC concentrations. (f) Plot of background-corrected particle plug fluorescence
intensities at different concentrations (shown on a logarithmic scale) of P4-FITC.

These preliminary studies show the feasibility of performing competitive ELISAs for biomarkers,
such as progesterone hormone, in 10 min and using only 10 μL of sample, though clearly further
work is required in order to develop the method into a viable platform for clinical hormone analysis.
The next steps towards this goal will be the introduction of unlabelled P4 at varying concentrations
alongside the P4-FITC in order to perform actual competitive assays, while the limit of detection
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and linear range will be explored at the more clinically relevant levels of 1 ng¨ mL´1 to 1 μg¨ mL´1.
This would then lead to the testing of real serum samples.

4. Outlook

We have performed preliminary studies to establish the feasibility of applying the magnetic
particle plug-based platform for clinically relevant bioassays. Characterisation of particle plug
formation was performed in order to generate large particle plugs in a short timeframe, and three types
of assay systems were investigated: streptavidin-biotin binding assays for evaluation of the platform for
quantitative assays, C-reactive protein (CRP) assays for testing the ability to perform sandwich ELISAs
of a biomarker in a clinically relevant concentration range, and fluorescently-labelled progesterone
(P4-FITC) assays with a view to competitive ELISAs for hormone analysis. While optimisation is
still required, these tests show great promise for quantitative analysis of a variety of biomarkers.
In particular, the CRP assay, which can already be applied in a relevant concentration range, requires
only a full calibration curve to be generated prior to analysis of real samples. The P4 analysis requires
more work; while the assay mechanism operates as required and differences in concentration can be
detected using the relatively high concentrations tested, the limits of detection need to be established
and a calibration curve generated using fluorescently labelled and unlabelled P4 in a clinically relevant
range before real serum analysis will be possible. In the case of both analyses, however, testing of
robustness of the platform will also be required, including tests of inter-day and inter-chip variability.

The magnetic particle plug-based platform represents an extremely simple setup, requiring only
a capillary, two NdFeB magnets, a syringe pump, and a detection system. It also brings several
other advantages such as the speed with which assays can be performed. Each step of the process
(particle loading, reagent addition, washing) took only 2–3 min each, meaning that total times
for each assay was <15 min. Using other methods of performing CRP assays for comparison [69],
typical ELISAs will take ~80 min and off-chip magnetic particle-based assays require ~50 min due to
the multiple manual reaction and washing steps that are both time-consuming and labour-intensive.
Hence, the on-chip platform here represents a far faster approach, while typically using only 15 μL
of sample and 15 μL of the expensive labelling reagents compared to the hundreds of microliters of
reagents used in ELISA and conventional magnetic particle assays (although ELISA only requires 5
μL of sample). However, further optimisation of reagent and washing times could lead to further
reductions in time frames for the magnetic particle plug-based assays, which would in turn result in
the use of lower volumes of samples and reagents.

Integrated microelectromagnets could potentially be employed as part of the system to enable
finer control of the magnetic field and the ability to switch the field on-and-off as required, as has been
demonstrated previously [33–38]. However, adding such components would increase the complexity
of the setup; an aspect we are trying to avoid in our goal of developing a very simple, robust,
user-friendly platform.

While the amount of time allowed for the reaction and washing steps is one method of reducing
overall time frames, another would be to decrease the time required to switch between the different
solutions (magnetic particle suspension, reagent solutions, washing buffer) being introduced into the
microchannel. In the current system, the syringe pump was paused and the flow allowed to come
to a stop before manually moving the inlet tubing from one sample or buffer reservoir to the next,
with care taken not to allow introduction of air into the capillary during the exchange. These steps
could be made far faster, and without the worry of introducing air bubbles, by employing a multi-port
valve that allows simultaneous connection of each reservoir to the inlet tubing (e.g., the V-240 6-Way
Selection Valve from IDEX Health & Science [84]). Alternatively, a moving array of microvial reservoirs
at the capillary inlet could be employed, as has been successfully implemented for sample introduction
in microfluidic capillary electrophoresis [85]. In addition, by writing a simple program for controlling
such a valve or microarray system and the syringe pump, it would be very easy to automate the
various steps of the assays. This would also help to enable multiplexed assays by easily allowing
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the generation of multiple particle plugs having different surface functionalities for various analytes,
as we have demonstrated previously [50,68].

Furthermore, while current detection was achieved using a standard fluorescence microscope,
which brings with it an associated bulk and expense, recent advances in miniaturised fluorescence
detection systems could conceivably be applied to this platform to yield a far more compact and
portable system [86–88]. While fluorescence detection was employed in the experiments described
here, this could be replaced with a chemiluminescence setup by exchanging the fluorescent tags on the
antibodies/antigens for a suitable enzyme, e.g., horseradish peroxidase (HRP), and the washing of the
particle plug with a solution of a chemiluminescent substrate solution. This would also reduce the
detection setup to a photomultiplier tube (PMT) without the need for a light source.

Clearly, there are a number of steps to be completed before a true analysis platform can be
established, and the improvements suggested above would enable a faster, more sensitive, and more
compact assay system that uses only small volumes of samples and reagents while requiring minimal
manual steps. However, this represents a longer-term vision for the system. Nonetheless, the results
described here have demonstrated the use of the miniaturised magnetic particle plug-based assay
platform for the detection of several analytes at varying concentrations, showing great potential for fast,
low volume sandwich ELISAs and competitive ELISAs for a range of clinically relevant biomarkers.

5. Conclusions

We have demonstrated a fast, low volume assay platform in which functionalised magnetic
particles are introduced into a microchannel and trapped as a plug between two permanent magnets,
allowing their subsequent exposure to consecutive reagent and washing solutions, followed by
fluorescence analysis of the particle plug. The formation of the particle plug was characterised
and the ability to perform quantitative analysis determined using a streptavidin-biotin binding
assay (LOD = 40 ng¨ mL´1). The capacity to detect clinically relevant biomarkers was explored using
the inflammation marker, C-reactive protein (CRP), in a sandwich assay, and the steroid hormone,
progesterone (P4), in a binding assay with a view to competitive ELISAs. Assays were achieved in
less than 15 min, a significant reduction in time compared to conventional procedures, and used
only 10–15 μL each of samples and reagents. This shows the potential of the platform for the rapid
detection of a range of biomarkers, and future work will involve further optimisation of the setup and
the procedure for the analysis of real samples.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-666X/7/5/77/s1,
Figure S1: Optimisation of CCD camera exposure time. The fluorescence intensity of streptavidin functionalised
particle plugs is plotted against the concentration of fluorescently labelled biotin at different CCD exposure times
(0.1–0.6 s): (a) biotin concentrations of 0.1–5 μg¨ mL´1, demonstrating a typical dose-response curve; and (b) linear
range plotted for 0.1–2 g¨ mL´1 biotin concentration, Figure S2: Fluorescently labelled progesterone (P4-FITC)
assay. Magnetic particles functionalised with anti-P4 were exposed to different concentrations of P4-FITC and the
resultant fluorescence intensities were measured. The plot follows a typical dose–response curve.
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Abstract: In this work we present a high performance micro gas chromatograph column with a novel
two dimensional axial heating technique for faster and more precise temperature programming,
resulting in an improved separation performance. Three different axial resistive heater designs
were simulated theoretically on a 3.0 m × 300 μm × 50 μm column for the highest temperature
gradient on a 22 by 22 μm column. The best design was then micro-fabricated and evaluated
experimentally. The simulation results showed that simultaneous temperature gradients in time and
distance along the column are possible by geometric optimization of the heater when using forced
convection. The gradients along the column continuously refocused eluting bands, offsetting part of
the chromatographic band spreading. The utility of this method was further investigated for a test
mixture of three hydrocarbons (hexane, octane, and decane).

Keywords: gas chromatography; MEMS; joule heating; thermal gradient

1. Introduction

There have been many efforts to miniaturize the gas chromatography column system since its
introduction by Terry [1] and subsequent efforts by Reston and Kolesar [2] in 1990. Sandia National
Lab was the first to integrate a gas chromatography (GC) column, preconcentrator, and chemical
sensor arrays into a hybrid system for fast detection of specific analysis commonly present in chemical
warfare. Chia-Juang Lu [3] developed the first-generation hybrid MEMS gas chromatograph system,
which uses air as the carrier gas and an anodic bonding technique for sealing the silicon etched column
to a Pyrex glass. In this system the temperature is regulated using a Kapton embedded resistive
wire, with the heat generated by the wire conducted to the bottom of the column. The limitations of
this method include the temperature’s non-uniformity and the process of heating the column is slow.
Significant progress has been made by different research groups [4–8] to miniaturize the GC system to
a portable low power, low cost GC system capable of separating and detecting all the volatile organic
compounds (VOCs) in a short time; however, band broadening and slow temperature programming
are shortcomings of these instruments.

Temperature is the most prominent variable that has significant impact on separation
performance, sorbent selectivity and peak spreading of MEMS GC system. Temperature changes
the average kinetic energy rate of diffusion and interaction of compounds in the stationary phase.
Two methods used commonly for controlling the temperature on a chip are the isothermal and
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temperature-programmed GC methods. The isothermal GC method provides a higher resolution
than the temperature-programmed method, at the cost of a longer processing time and a relatively
narrow boiling temperature range. For both methods, the column maintains a constant temperature at
any given time. In 1951, Zhukhoviskii [9] introduced the axial temperature gradient, where the
temperature is not only varying with time but also in location along the length of the column.
Axial temperature-programmed in certain conditions demonstrated an effective method for improving
the band broadening and band coelution; however, this method was not adopted for the standard
30 meter column due to the complexity of controlling the temperature at different locations along the
column. Phillips [10,11] demonstrated the use of an axial temperature gradient by utilizing direct
resistive heating on a short standard column capillary. However, even though Philips and Zhukhoviskii
improved the band broadening, they faced many challenges coating the GC column with different
thicknesses and generating a temperature gradient. Recently, Zhao [12] demonstrated implementation
of this technique on a short micro pack column capillary for separation of a complex mixture of
saturated hydrocarbons in the range between C1 and C7.

The advancements in micro-fabrication processing and the rise of MEMS GC systems have made
it possible to implement an axial temperature gradient which is impractical for standard capillary
GC. Axial heating is a good method to integrate into a MEMS GC system mainly due to the small
thermal mass, low power consumption, portability and short analysis time of the columns. Despite the
tremendous improvement in separation efficiency, the new GC MEMS column still has not resolved
issues such as experimental time, peak coelution, and power consumption, especially for separating a
complex mixture. Developing a low powered, faster heating time would be advantageous in shortening
the separation time and improving the resolution.

Resistive heaters are the standard methods utilized for temperature programming of
MEMS columns. As outlined previously, there are two modes: isothermal GC [3] and
temperature-programmed [13]. Resistive heater integration on silicon has been demonstrated by many
research groups for temperature programming and isothermal analysis; however, the amount of time
and power required to ramp and sustain the column at a desired temperature is too large for a portable
system. Therefore, fabrication of an all silicon column with a small thermal mass and a heater capable of
operating in the temperature ranges of 30–130 ◦C in less than a minute is vital to design a fast, low-power,
temperature programmed, and portable GC systems.

2. Experimental Section

2.1. Computational Modeling

Precise temperature control of a GC column is the most important variable affecting separation
performance and peak spreading. In conventional GC systems, for precise temperature control and
fast ramping, columns are temperature controlled using a convection oven. However, the time and
power required to rapidly increase and sustain the oven’s temperature for each temperature set-point
is critical. As a result, each sample may take several hours to process. In order to reduce the wait
time and minimize the power consumption, we designed a novel heating technique by controlling the
temperature gradient throughout the length of the column and provide a rapid heating and cooling
response time. The heating elements operate in two modes; (1) isothermal mode (2) simultaneous
temperature gradients along the column mode. It was explicitly shown that the temperature gradient
along the capillary column improves the band spreading and compression, which ultimately reduces
band broadening.

On the reverse side of the column, an axial negative temperature gradient is generated by applying
a fixed voltage across the heating element. The temperature is hotter in the center (inlet of the column)
than the perimeter (outlet) of the micro-GC, using a linear temperature profile. As the sample passes
through different temperature zones, the diffusion rate changes so that the front of the separation
peak moves slower relative to the trailing edge of the peak, thereby improving the resolution of the
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compounds passing through the column. As a result for a given number of theoretic plates, a shorter
column length can be used. Typically, shortening the length of a GC column reduces the analysis
time at the expense of resolution; however, thermal refocusing of the eluting band will improve the
resolution of the shorter columns. The gradient along the column continuously refocuses the eluting
bands, offsetting part of the chromatographic band spreading and consequently sharpens the peaks
as they move down the column. The more volatile compounds move faster at a higher temperature
and will focus at a lower temperature, exiting the column quicker than the non-volatile compounds.
The band broadening of compounds as they move down the length of the column could be explained
by the following equation [11]:

σ =
√

HR(X) (1)

where σ is the band standard deviation, R(X) is the distance as a function of radius, and H is the
column efficiency. The assumption is that the efficiency of a column is independent of time and the
position along the column for a MEMS GC, mainly due to the short length of the column and a small
pressure drop. The variance of a band increases in direct proportion to the distance moved down the
column and can be explained with the following equation:

(
dσ2

dt

)
=

Hu
(k + 1)

(2)

where k is the capacity factor and u is the linear velocity.

L =
∫ b

a
r2 +

(
dr
dθ

)2
dθ (3)

On the top of the column, four resistance-heating elements are integrated for side-by-side
comparison of the isothermal analysis with the radial heating analysis.

The main challenge facing the implementation of the axial heating design is the ability to
control the temperature profile along the length of the column. To achieve this, three heating element
designs were investigated to form a hot spot. The heaters were made of a material with high thermal
conductivity, so that the applied voltage to the heater dissipates in a relatively short time. Even though
the most widely used material for micro-fabrication of resistance heaters on silicon is gold, platinum
was chosen due to the material’s resistivity. Figure 1 shows the heater design and Table 1 summarizes
the dimensions of the designed heater.

  

Figure 1. (A) Side view of GC column with heat losses; (B) layout the heater.
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Table 1. The dimensions and resistance of the designed heater.

Heater Resistance(Ω)

Length (mm) Thickness (nm) Platinum Layer Gold Layer
4.71 125 7.84 1.52

11.00 125 18.29 3.54
17.28 125 28.75 5.55

In order to investigate the simultaneous temperature gradients induced by the heater on silicon,
a new heater was designed and simulated using COMSOL Multiphysics® (COMSOL Group, Stockholm,
Sweden). The 3D simulation was performed by coupling the electric current and heat transfer, and
applying the numerical methods described in our previous thermal simulations [14,15]. For simplicity,
the following assumptions were made: (1) the effect of the insulating SiO2 layer was insignificant to
the overall heat transfer simulation; (2) the convection heat transfer from the edges of the silicon to the
surroundings were assumed to be small; (3) the heat losses due to the traverse of helium gas through
the column was compensated by increasing the natural convention coefficient on the reverse side of
the column; and (4) the heat losses due to low temperatures were small compared to the combined
heat loss, and were neglected.

The resistance heating layer was the active surface and simulated with the shell conductive AC/DC
layer which is governed by:

∇t.(−dσ∇tV) = 0 (4)

where d is the thickness of platinum thin film (125 nm), sigma is the electrical conductivity (S/m),
V is the electric potential (V), and ∇t denoted the gradient operation in the tangential directions.
The electrical conductivity of the heater was adjusted by a temperature dependent equation:

σ =
1

ρ0[1 + α(T − T0)]
(5)

where ρ0 is the resistivity at temperature T0 (ρ0 = 2.41×10−7 Ω·m), α is the thermal coefficient of
resistance of Platinum (α = 2.43× 10−3 K−1) [16].

The heat generated by the joule heating was coupled with the heat transfer module. The highly
conductive layer feature of the heat transfer interface was used for joule heating of the thin layer.
The power per unit area (W/m2) generated inside the thin conductive layer is governed by:

qprod = dQDC (6)

where QDC is the power density. At the steady-state, the heat generated by the joule heating is
conducted to the silicon column and some dissipates by forced and natural convection from the top
and bottom of the silicon piece to the surrounding air.

2.2. Device Fabrication and Characterization

2.2.1. Chip Fabrication

The process for fabrication an all-silicon GC columns was described in our previous
work [17,18]. To investigate the axial temperature gradient, three heater designs were investigated.
To fabricate the integrated heaters and a temperature sensor on a previously micro-fabricated column,
ShipleyMICROPOSIT® S1318 photoresist (Dow, Midland, MI, USA) was spin-coated on the column
at 1000 rpm for 40 s. The column was then soft-baked at 160 ◦C for 60 s and was then exposed using
MA-6 mask aligner (SÜSS MicroTec AG, Garching, Germany). The column was then immersed in RA6
developer for 15 s and was post–baked at 90 ◦C for 3 min. Denton Explorer was used to deposit 10
nm of Titanium as an adhesion layer subsequently 120 nm of platinum was deposited. The column
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was then immersed in acetone for several minutes and then was rinsed with deionized (DI) water.
Figure 2 shows the fabrication process flow of the heaters.

  

Figure 2. (A) 200 nm oxide grown thermally; (B) the top-side is coated with photoresists; (C) 115 nm of
Ti/Pt deposited using E-beam evaporator; (D) wire bonded the heaters to the package.

2.2.2. Stage Assembly

A flexible stage was designed to reduce the conductive loss and improve the convective loss by
exposing one side to a natural convention and the other side to a forced convection, controlled by an
axial fan. Two probes were used to apply a constant power to the heater while another two probes
concurrently measured the temperature of the sensor at different locations on the chip. A 6 digit Agilent
meter was employed for measuring the resistance change of the platinum sensors. The schematic of
the experimental apparatus and the location of the fan relative to the column are presented in Figure 3.

 

Figure 3. Experimental setup.

3. Results and Discussions

3.1. Computational Modeling

The simulation method was carried out through a transient response, using the room temperature
as the initial condition. Figure 4 presents the structure of the column and the calculated temperature
field when 6 W power was applied and the force convection heat transfer coefficient was at 150 W/m2K.
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Figure 4. (A) Temperature distribution with 6 W of electrical power dissipated in the heating element
on the GC silicon column and surrounding air at ambient temperature of 20 ◦C and (B) sensors location;
(C) temperature profile.

After validation of the model, three heater and temperature sensor designs were investigated.
Figure 5 shows the three different heater size and temperature sensor designs. Table 2 provides the
dimensions and calculated resistance value of the heaters for each design. The simulation method
depicted in Figure 6 shows design b as the best heater design, which provides the largest temperature
gradient on the chip.

 

Figure 5. Mask designs of the radial heater and the temperature sensor: (a) Design a; (b) Design b;
(c) Design c.

Table 2. The dimensions of the three heater designs and the theoretically calculated the
platinum resistance.

Design Radius 1 Radius 2 Length (mm) Track Resistance (Ω)

Design a
0.001 0.00175 6.28 6.97

0.00225 0.003 14.14 15.68
0.0035 0.00425 21.99 24.40

Design b
0.00075 0.00125 4.71 7.84
0.00175 0.00225 10.99 18.30
0.00275 0.00325 17.28 28.75

Design c
0.001 0.002 6.28 5.22
0.003 0.004 18.85 15.68
0.005 0.006 31.42 26.14
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Figure 6. Simulated transient response of temperature over time after applying 6 W of electrical
dissipation to the heater, for the three designs.

3.2. Heater Characterization

To validate the simulation data, the electrical properties of a thin film of platinum were
characterized. The experiment was carried out by placing the column on a temperature controlled
probing station while the change in resistance of the sensor was measured using a digital multimeter.
The measurement was performed in a temperature range from 30 to 80 ◦C and a thermocouple
(with accuracy of 0.1 ◦C) was used to measure the temperature. The Temperature Coefficient of
Resistance (TCR) and the base line resistance of the thin film of platinum were calculated by plotting
(Figure 7) the measured resistance of the sensor against temperature of the thermocouple and fitting it
to the following equation:

R = R0α(T − T0) + R0 (7)

where R0 is the base resistance at the base temperature To, α was calculated by dividing the slope of
the linear fit with R0, which is the intercept on the y axis. Hence, α = 2.54 × 10−3 and R0 = 18.16 Ω.
The TCR values of the thin film platinum were 65% smaller than bulk platinum due to impurities in
the platinum and also the surface roughness quality of the platinum film [16].

 
Figure 7. Temperature calibration data for the heater where each data point was obtained by subjecting
the column to a uniform temperature on a heated plate.

3.3. Coefficient of Convection Characterization

The convective heat transfer coefficient is critical factor affecting the temperature gradient
generated in the column. At a higher convective coefficient a larger temperature gradient is produced
at the cost of increasing the power consumption. To obtain a value for the coefficient of convective
heat transfer, a model of the column heating geometry was simulated with different heat transfer
coefficients of convection, and compared to the experimental data collected with the fan operating at
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12 V. Figure 8 shows the convective heat transfer coefficient produced by the fan and was measured to
be 125 W/m2 based on the distance from the column, which agrees with previously reported data [19].

 

Figure 8. Plot of simulated average temperature transient response of the resistor film with 2 W
electrical power applied to the heater compared to experimentally measured temperature on the
micro-GC column with convection heat transfer coefficient in air as a parameter.

3.4. Experimental Setup

To test the effectiveness of the heater, the heat transfer performance on the chip was quantified by
measuring the resistance change of the platinum sensors at different locations and using temperature
profiles using infrared thermography. Here, the 700 μm thick column is heated by resistive heating
and cooled by an axial flow fan. A fixed current of 0.6 A is applied to the center of the platinum
heater, resulting in heating of the column by joule resistive heating. A 12 V DC fan was employed
by placing it at a 20 mm distance from the chip to generate sufficient convective heat transfer in
order to cool the column. A thermal image of the GC column was captured using a Ti27 infrared
digital camera (Fluke, Everett, WA, USA) with an InSb detector. Furthermore, the temperature of
the column at different locations was measured using temperature sensors embedded on the column.
A calibration of the temperature sensors were carried out prior to the tests to ensure an accurate
temperature measurement.

Figure 9 shows the transient response of the heater in response to an applied current of 0.6 A.
Here the temperature is measured at three different locations on the column. The total power applied
to the chip was calculated to be 10 W, which is sufficient to generate a temperature gradient of 40 ◦C in
less than 40 s.

Figure 9. Transient response of heater design b with a 0.5 A applied constant current.

A transient simulation of the heater temperature was performed and the results were compared
with the experimental data collected for the 26 by 26 mm column. The simulation data was modified
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based on the TCR and thermal resistivity of the platinum heater. The simulation response shows a
strong agreement between the measured temperatures and the simulation data.

There was a small discrepancy between the experimental and simulation data as a result of the
impinging airflow produced by the fan, which results in variation in the local heat transfer coefficient
across the column.

The fan to column distance was fixed at 20 mm [19], and the fan was blowing air axially and
perpendicular to the surface of the column. The applied power results in the joule heating of the
silicon, and the temperature was measured at three different locations on the chip. Figure 10 shows
the transient response of the GC column with an embedded heater at two different power levels (I2R0),
where I is the high current value and R0 is the base resistance. As expected, the transient heating
time constant increases with power and provided a larger temperature gradient from the center to the
edge of the column. We expected significant improvement in column performance when the gradient
produced results in a temperature different of more than 40 degrees.

Temperature distribution across the silicon column was further investigated using an infrared
camera, to confirm the temperature gradients produced at different levels of heat transfer by force
convection. Silicon was assumed to diffuse and gray with an emissivity of 0.65 for temperature
estimates. Figure 11 shows the IR image of the temperature distribution on the column.

 

Figure 10. Transient response of the heater at two different power levels.

 

Figure 11. Temperature distribution in Kelvin, estimated from IR thermal imaging with an applied
voltage of 13 V applied to heater b with forced convection present.

3.5. Column Performance Evaluation

To evaluate the focusing of the peaks band, the 3 meter GC column was operated in isothermal,
temperature gradient (TG), and temperature gradient programmed mode. A simple mixture of
hydrocarbons (hexane, octane, and decane) was prepared to test the device over an appreciable
range of volatilities.
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The column was connected to an Agilent 6890 GC-FID (Agilent Technologies, Santa Clara, CA,
USA) and the chromatograms of the three compounds were obtained by injecting 1 μL of the mixture
sample (split ratio of 400:1, Pressure 16 psi, and 60 ◦C center temperature. Figure 12A displays the
chromatogram obtained for the isothermal run. The peak widths and shapes of hexane (C6) and octane
(C8) are acceptable for the length of the chromatographic column, however the peak shape and peak
asymmetry of decane (C10) are in clear need of improvement. These runs were performed in triplicate,
and the results are consistent within acceptable ranges of statistical variations typically observed in
conventional chromatography (5% coefficient of variation or less for retention times, peak area, and
peak asymmetry).

Figure 12B shows a chromatogram obtained for a run in which the device was operated
isothermally at 60 ◦C in the thermal gradient mode. The application of the axial thermal gradient is
observed to reduce the residence time of the analytes through the system, which results in a reduction
in the retention times for all 3 compounds. But more importantly, the peak widths of the analytes are
reduced as well, due to the reduction of the peak broadening that typically occurs as the compounds
are travelling through the column. Table 3 shows that the peak focusing is significant (from 10%–20%
for the compounds in the test sample) and compound specific. It is also observed that for the decane
peak the severe tailing that was occurring at isothermal conditions (Figure 12A) has been corrected,
and the peak asymmetry has improved substantially. These series of runs were also run in triplicate,
and chromatograms were consistent within acceptable statistical ranges. The chromatogram shown
in Figure 12B, thus, demonstrates the utility of the negative thermal gradient in the improvement of
chromatographic resolution.

 

Figure 12. Chromatograph achieved using the 3 meter column at pressure 16 psi and inlet temperature of
240 ◦C with OV-1 stationary phase using (A) 60 ◦C isothermal temperature (B) temperature gradient with
center temperature of 60 ◦C (C) Temperature gradient programmed at 250 ◦C/min from 60 to 110 ◦C.
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Table 3. Peak focusing calculated for Temperature gradient GC (TGGC) and Temperature programmed
gradient GC (TPGGC).

Peak TGGC TPGGC

C6 11.19% 19.15%
C8 20.60% 67.94%
C10 12.41% 69.03%

Figure 12C shows a chromatogram obtained for a run in which the device was operated in a
multidimensional temperature programming mode, meaning that there is a temperature program in
time (ranging between 60 and 110 ◦C at 4.2 ◦C/s) that is superimposed on the temperature program
in distance (the negative thermal gradient that was applied in Figure 12B). The combined effect of
these two temperature program regimes is a further reduction in retention times that is accompanied
with additional peak focusing. Once again, these improvements are compound specific, but significant
enhancement is observed for all compounds in the mixture. For a late eluting compound like decane,
the impact of both temperature programs is particularly salient. The fast temperature program in time
is responsible for the sharp reduction in retention time, and the temperature programming in distance
is responsible for the reduction in the peak width, which enhances the peak height due to the fact that
the peak area is unchanged. This combined effect is quite advantageous for separations on columns
whose length is markedly shorter than those used in conventional chromatography, because it provides
a tool to enhance the chromatographic resolution. Overall, the decane peak’s retention time has been
reduced by over a factor of 2, and its peak height has been enhanced by over a factor of 2 between
the conditions used in Figure 12A,C. Similar optimization of bi-dimensional temperature programs
were tested for compound mixtures containing a wider variety of chemical functional groups (such as
alcohols, ketones, and fatty acid methyl esters), and similar observations were obtained.

4. Conclusions/Outlook

In this work, we investigated the effects of temperature gradients as a function of time and
position, T(t,x), along the length of a micro-GC column. Three different heater designs were evaluated
through numerical modeling using COMSOL Multiphysics. A detailed geometry of the GC column
with thin film resistive heaters was used as a basis for the simulation, to investigate the heating and
cooling rate, power consumption, and temperature distribution of the new axial heating method
for the all silicon micro-GC column. The best geometry with the maximum temperature gradient
was selected for microfabrication and evaluated experimentally. The temperature distribution was
evaluated using several embedded temperature sensors and IR imaging. The effectiveness of the heater
was investigated by separating a mixture of compounds using a 3 meter micro-GC column. The results
with a 30 ◦C gradient from the center to the edge of the column demonstrate enhanced separations
for a test mixture of three hydrocarbons that span a range of boiling points of over 100 ◦C. The dual
temperature programming (in time and space) produced improvements in peak focusing that result
in significant increases in peak height. This novel temperature programming method demonstrates
that the performance of micro-GC columns can be improved using thermal programing techniques to
increase analytical performance.
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Abstract: Dry eye is a problem in tearing quality and/or quantity and it afflicts millions of
persons worldwide. An autologous serum eye-drop is a good candidate for dry eye treatment;
however, the eye-drop preparation procedures take a long time and are relatively troublesome.
Here we use spiral microchannels to demonstrate a strategy for the preparation of autologous serum
eye-drops, which provide benefits for all dry eye patients; 100% and 90% removal efficiencies are
achieved for 10 μm microbeads and whole human blood cells, respectively. Since our strategy allows
researchers to integrate other functional microchannels into one device, such a microfluidic device
will be able to offer a new one-step preparation system for autologous serum eye-drops.

Keywords: dry eye; autologous serum eye-drops; spiral microchannel

Dry eye is a problem in tearing quality and/or quantity, mainly due to overusing personal
computers, tablets, and smartphones, air-drying, and wearing contact lenses. Nowadays, the number
of persons suffering from dry eyes may well be over a hundred million worldwide and it increases
daily. Dry eyes may be seen as a lack of tears on the corneal epithelial layer induced by corneal damage,
and it is also a symptom of problems such as meibomian gland dysfunction and Sjögren’s syndrome.
Since the reasons for dry eyes are not straightforward, commercially available eye-drops are generally
insufficient to treat dry eyes completely; they only can lubricate the front surface of the eye.

Autologous serum eye-drops are a good candidate for dry eye treatment since they contain
epidermal growth factor (EGF), vitamin A, and so on, which is essential for cell differentiation and
division [1–3]. Treatment using the autologous serum eye-drops is based on the concept that dry
eye worsening is not due to drying out the front surface of the eye, but rather to poorly supplying
essential components to the cornea; therefore, the autologous serum eye-drops can treat dry eyes
comprehensively, by not only lubricating the front surface of the eye but also promoting cornea
regrowth by the EGF [4]. Autologous serum eye-drops have two features. One is that users can
reduce the chance of infection because the person’s own blood is utilized, and the other is that the
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eye-drops can be stored for up to three months at ´80 ˝C. The autologous serum eye-drops are
prepared as follows: first, a patient’s blood is collected in a heparin-unmodified blood collection
tube; secondly, the collected blood is centrifuged at 3000 rpm for 10 min; thirdly, the supernatant is
filtered through a 0.45-μm-pore-size filter; and finally, the filtered serum is diluted to reach a target
concentration using saline. However, the preparation is relatively troublesome and takes a long time
due to the centrifugation, filtration, and dilution steps.

Here we demonstrated a strategy for the preparation of autologous serum eye-drops using a
microfluidic technique. Microfluidics has shown great promise for significantly improving diagnostics,
as well as biological and medical research studies [5]. Microfluidics has been variously used for passive
blood cells separation approaches [6], such as hydrodynamic separation [7–17], sedimentation-based
separation [18–21], and filtration-based separation [22–33]. Considering the desire for high throughput
and the need for a further dilution process, we fabricated a spiral microchannel (Figure 1a) to realize
inertial migration, one of the hydrodynamic separation techniques [34]. In curving microchannels,
particles experience a combination of inertial lift force and Dean drag force; inertial lift force acts to
focus microbeads at an equilibrium position between the channel wall and centerline [35,36], and Dean
drag force acts to entrain microbeads as two counter-rotating vortices with flow directed toward the
outer bend at the midline of the channel and inwards at the channel edges [37,38]. A ratio of these
forces (inertial lift, FL/Dean drag, FD) would be a key parameter to determining the equilibrium
positions of the microbeads [39,40]. An inertial force ratio, R = FL/FD « a3 « 1/H3, where a is the
particle diameter and H is the channel height, is obtained by dividing the dimensional scaling of the
inertial lift force with the scaling of the Dean drag force [13,40,41]. This force ratio shows that particles
with a larger diameter migrate to inertial equilibrium positions, and particles in a channel of larger
height do not migrate to inertial equilibrium positions but remain entrained in the channel vortices. We
demonstrated the focusing of 10-μm-diameter microbeads (2.65%, Polyscience, Inc., Warrington, UK)
at the equilibrium position close to the inner wall of the spiral microchannel (Figure 1b). Using the
spiral microchannel, we performed blood cell removal for the microfluidic autologous serum eye-drops
preparation as a potential dry eye treatment.

Figure 1. A spiral microfluidic device. (a) Photograph of a spiral microfluidic device; scale bar, 10 mm.
Microchannels are highlighted by Trypan blue dye solution. Channel width and height are 707 and
70.7 μm, respectively. Distance between two adjacent microchannels is 303 μm; (b) A magnified
micrograph of part of a spiral microchannel, enclosed by the red dotted box in Figure 1a; scale bar,
100 μm. Ten-fold diluted microbeads (10 μm diameter) in phosphate buffered saline were focused at an
equilibrium position close to the inner wall of the microchannel.

For the fabrication of microfluidic devices with a spiral microchannel, we used
poly(dimethylsiloxane) (PDMS; silpot 184, Dow Corning Toray Co., Ltd., Tokyo, Japan) replication
techniques from an SU-8 mold (SU-8 3050, Nippon Kayaku Co., Ltd., Tokyo, Japan). First, photo-curable
SU-8 resin was spin-coated on Si substrates (Silicon Technology Co., Ltd., Tokyo, Japan) and pre-baked
at 95 ˝C for 20 min. The thickness of the SU-8 resin was controlled by spinner rotation speed and time.
The SU-8 microchannel was patterned by a mask aligner (MJB4, SÜSS MicroTec AG., Munich, Germany)
through emulsion photomasks (Topic Co., Ltd., Kawaguchi, Japan). In addition, the patterned
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SU-8 resin was post-baked at 95 ˝C for more than 4 min and developed using a SU-8 developer
(Nippon Kayaku Co., Ltd.). The developed SU-8 mold was finished by putting it into a vacuum
chamber under a trichloro(1H, 1H, 2H, 2H-perfluorooctyl)silane atmosphere for 3 h. PDMS was poured
into the silanized SU-8 mold and cured at 80 ˝C for 2 h. After peeling off the cured PDMS, via holes
were made for one inlet and two outlets. The PDMS with the via holes and glass slides were bonded to
each other after plasma treatment (SDP-1012, Meiwafosis Co., Ltd., Tokyo, Japan). Removal efficiency
(collection efficiency) was calculated by dividing the number of introduced microbeads or blood cells
by collected ones. In addition, the number of microbeads or blood cells was calculated using collected
sample volume and concentrations, which are estimated from a calibration curve (optical density
vs. concentrations).

The spiral microchannels showed 100% removal efficiency for 10-μm-diameter microbeads, which
is a model material for blood cells (Figure 2). The features of the spiral microchannels, such as the aspect
ratio, the number of microchannel spirals, and flow rates, should be candidate parameters governing
removal efficiency. Since maximum channel velocity, which is determined by the cross-sectional
area of the microchannel, is known to affect removal efficiency [34,40–42], we supposed that the
cross-sectional area should be 50,000 μm2. By changing the aspect ratio from 0.1 to 1.0 under other
fixed conditions, we concluded that the aspect ratio from 0.1 to 0.2 was suitable for 10 μm particle
removal; in particular, the 0.1 ratio gave a 99% removal efficiency (1% collection efficiency) at the outer
outlet (Figure 2a). This meant that a smaller aspect ratio had higher removal efficiency, which was in
good agreement with the behavior predicted by the inertial force ratio: particles in a smaller height
channel migrated to inertial equilibrium positions. Next, we considered the effect of the number of
microchannel spirals, ranging from 0.5 to 7.5 spirals, on removal efficiency (Figure 2b). Figure 2c
showed that the removal efficiency increased with an increase of the number of microchannel spirals,
leading to 99% removal efficiency (1% collection efficiency) at one outer outlet in 7.5 spirals. From the
above results, we used the spiral microchannel with a 0.1 aspect ratio and 7.5 spirals to examine
influence of flow rates on removal efficiency (Figure 2d). As we increased the flow rate from 100 to
5000 μL/min, the removal efficiency drastically improved, and finally we achieved 100% removal
efficiency (0% collection efficiency) at the flow rate of 5000 μL/min.

Finally, we introduced whole human blood into the spiral microchannels and achieved 90%
removal efficiency of blood cells at the outer outlet (10% collection efficiency) (Figure 3). After sampling
and centrifugation of whole human blood, we mixed blood cells and blood plasma to be 50% hematocrit,
and then we diluted the blood sample using phosphate buffered saline to reach target hematocrit
values. As for the 10 μm microbeads, the removal efficiency of blood cells increased as the flow rate
increased; however, we could not attain 100% efficiency due to the disc shape of the red blood cells
which had an 8 μm diameter and 2.5 μm thickness (Figure 3a). Considering the inertial force ratio,
it made sense that removal efficiency was degraded for the smaller particle diameter. It is well known
that the inertial lift force drops with a decrease in the Reynolds number [34–36], and as we expected,
the viscosity of the blood samples affected removal efficiency, and the removal efficiency at the outer
outlet increased to 90% (10% collection efficiency) as the concentration decreased (Figure 3b). Figure 3c
shows photographs of collected blood samples at the inner and outer outlets; hemolyzed blood was
not observed. We confirmed that hemolyzed blood was not observed at any of the concentrations
used (Figure 3b). From these results, we concluded that inertial force in the spiral microchannels at the
concentrations used had no hemolyzing property.
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Figure 2. Collection efficiency of 10 μm particles. Cross-sectional area was 50,000 μm2. Ten-fold
diluted microbeads (10 μm diameter) in phosphate buffered saline were used. Error bars are the
standard deviation for a series of measurements (N = 3). (a) Collection efficiency vs. aspect ratio
of spiral microchannels. The aspect ratio is the ratio of channel height to width. The number of
microchannel spirals was 7.5, and flow rate was 1000 μL/min; (b) Photographs of fabricated spiral
microchannels with 0.5 to 7.5 circles. One circle is one spiral. The microchannels are highlighted by
Trypan blue dye solution; (c) Collection efficiency vs. number of microchannel spirals. The aspect ratio
of the microchannels was 0.1, and flow rate was 1000 μL/min; (d) Collection efficiency vs. flow rate.
The aspect ratio of the microchannels was 0.1, and the number of microchannel spirals was 7.5.

To achieve the 100% removal efficiency of blood cells, we can propose two methods: increasing
the inertial lift force and decreasing the Dean drag force. Both ways lead to increasing the inertial
force ratio. For increasing the inertial lift force, we should increase the Reynolds number by increasing
the flow rates [36,43,44]. In this approach, we could apply 10,000 μL/min for a maximum flow rate
due to a deformability issue of PDMS. Since Si, glass or polymethyl methacrylate (PMMA) are much
harder materials than PDMS, these microchannels can be good candidates for applying more than
10,000 μL/min. Note that we should confirm the hemolysis issue of blood cells when we apply more
than 10,000 μL/min. For decreasing the Dean drag force, we should decrease the Dean number by
reducing the channel height or increasing the curvature ratio [38–40]. In this approach, we used the
microchannels with a 0.1 aspect ratio and 7.5 spirals due to a roof collapse issue of PDMS and a
size issue of glass slides. Si, glass or polymethyl methacrylate (PMMA) microchannels would also
help researchers to avoid the roof collapse issue and reduce the aspect ratio, and a larger size of the
glass slides would allow researchers to avoid the size issue and increase the number of microchannel
spirals. Note that we should confirm a clogging issue of blood cells when we use lower aspect
ratio microchannels.
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Figure 3. Collection efficiency of whole human blood cells. Cross-sectional area was 50,000 μm2,
the aspect ratio was 0.1, and the number of microchannel spirals was 7.5. (a) Collection efficiency vs.
flow rate. Initial hematocrit of blood samples was 0.25%; (b) Collection efficiency vs. whole blood
concentration. Flow rate was 5000 μm/min; (c) Photographs of collected samples from inner and outer
outlets after centrifugation. Flow rate was 5000 μm/min, and initial hematocrit of blood samples was
0.25%. Hemolyzed blood was not observed.

In summary, we have demonstrated a strategy for the preparation of autologous serum eye-drops
based on spiral microchannels, which enables passive blood cell removal. The spiral microchannels
achieved complete removal of 10 μm microbeads as a model sample, and 90% removal of whole human
blood cells. While the current removal efficiency is not yet enough to make autologous serum eye drops,
flow rates with more than 10,000 μL/min (up to a flow rate without hemolysis), which can increase the
inertial lift force, and lower aspect ratio microchannels (down to an aspect ratio without clogging) over
eight spirals, which can decrease the Dean drag force, have the potential for application in preparation
devices for blood cell removal, with the eventual goal of realizing the dry eye treatment. Since the
present strategy allows researchers to make a further integration with a separation microchannel for
platelets and clotting factors and a dilution microchannel, such microfluidic devices can offer a new
path for the development of a one-step preparation system for autologous serum eye-drops.
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Abstract: In this study, we developed a method for fabricating a microfluidic device with integrated
large-scale all-glass valves and constructed an actuator system to control each of the valves on the
device. Such a microfluidic device has advantages that allow its use in various fields, including
physical, chemical, and biochemical analyses and syntheses. However, it is inefficient and difficult
to integrate the large-scale all-glass valves in a microfluidic device using conventional glass
fabrication methods, especially for the through-hole fabrication step. Therefore, we have developed
a fabrication method for the large-scale integration of all-glass valves in a microfluidic device that
contains 110 individually controllable diaphragm valve units on a 30 mm ˆ 70 mm glass slide.
This prototype device was fabricated by first sandwiching a 0.4-mm-thick glass slide that contained
110 1.5-mm-diameter shallow chambers, each with two 50-μm-diameter through-holes, between an
ultra-thin glass sheet (4 μm thick) and another 0.7-mm-thick glass slide that contained etched channels.
After the fusion bonding of these three layers, the large-scale microfluidic device was obtained with
integrated all-glass valves consisting of 110 individual diaphragm valve units. We demonstrated its
use as a pump capable of generating a flow rate of approximately 0.06–5.33 μL/min. The maximum
frequency of flow switching was approximately 12 Hz.

Keywords: all-glass valves; large-scale integration; microfluidic device

1. Introduction

An on-chip microfluidic valve is an indispensable component for miniaturization in chemistry
or biology to produce a “lab-on-a-chip” or a micro-total analysis system (μ-TAS). Compared with
conventional methods in chemistry or biology, the lab-on-a-chip or μ-TAS has the ability to reduce both
the consumption of expensive reagents and the required operating time, satisfy limited installation
space requirements, and enhance efficiencies of analysis and synthesis [1]. The integration of a large
number of valves in the lab-on-a-chip or μ-TAS increases the flexibility of dynamic flow control,
and increases the number of samples that can be handled in simultaneous analysis and synthesis
processes [2,3]. Various applications can be achieved using different numbers of valves, as shown
in Figure 1, such as generating flow on the microfluidic device (pump) [4], controlling the flow
rate and flow direction in a channel (switch) [5,6], regulating the velocity of a local flow on the
chip (regulator) [7], or manipulating and trapping particles and cells (sorter) [8,9]. Based on the
extensive development of soft lithography technology, monolithic membrane valves were first used
to realize a large-scale integration on a microfluidic device because they are reliable, lightweight,
and small-sized [3]. At present, several different materials are used to fabricate on-chip monolithic
membrane valves independently. They are silicon [10], polymers (electroactive polymer [11],
polydimethylsiloxane (PDMS) [2,3,6,12–14], plastic [15], hydrogel [16], and glass [17,18]. Among these
materials, because PDMS is the most biocompatible, has a simple fabrication process, and is easy to
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use, it is widely used for large integrated on-chip microfluidic devices. However, PDMS has several
disadvantages. For example, many chemicals commonly used in organic synthesis readily cause
PDMS devices to swell [19]. Moreover, pure PDMS devices are not suitable for observation using high
magnitude objective lenses with a high numerical aperture (NA) that require a working distance less
than 0.19 mm. This kind of observation requires a thin fluidic device (thickness from surface to channel
ď0.19 mm). Pure PDMS devices of this thickness will be hard to handle, easy to deform, cannot have a
high pressure applied for high throughput application, and it is impossible to integrate a large number
of valves. The reason is that the bonding strength of PDMS sheets [20] is lower than that of thermal
fusion-bonded glass sheets [21] and the fracture toughness of PDMS [22] also is clearly lower than that
of glass [23]. In addition, PDMS adsorbs hydrophobic molecules and can release them into the liquid,
which can be a problem for some biological studies [24].

Figure 1. Conceptual illustration of a large-scale integrated device with all-glass monolithic membrane
valves. The many valves have numerous possible functions, such as pumping, flow switching, flow
rate regulation, and particle or cell sorting.

On the other hand, glass is used for integration in chemical and biochemical analyses because of
its chemical stability in the presence of organic solvents and gases. In cases where a traditional
polymer such as PDMS or PDMS-glass was not used, numerous applications that utilized the
advantages of glass have been reported [25–28]. However, the fabrication of all-glass monolithic
membrane valves is difficult, particularly the fabrication of the important flexible membrane unit.
Therefore, one study used a hybrid glass valve structure with Teflon films as the membranes for
chemically inert microfluidic valves and pumps [18]. Unfortunately, Teflon has some disadvantages,
such as poor optical transparency and auto fluorescence. These disadvantages dramatically decrease
the signal-to-noise ratio and lower the quality of fluorescent images [29]. Recently, a few all-glass
valves [17] and peristaltic pumps [4] have been reported using an ultra-thin and flexible glass,
which solved the disadvantage posed by the fragility of glass. In the end, to provide the advantages
of a large-scale integrated valve system, the integration of hundreds or thousands of valves is
required [13,14].

In previous work [4,17], only a few valves were fabricated (just four) due to the limitation of the
fabrication technology, which prevented exploitation of the advantages of large-scale integration of
all-glass valves. The primary reason for fabricating a limited number of glass valves in these studies
was the difficulty of fabricating hundreds of micro-through-holes in the small area of a thin glass
slide. Usually, through-glass through-holes can be produced using deep wet, dry, or deep neutral
loop discharge plasma (Deep NLD) etching [30–32], blasting [33,34] laser drilling [35], electrochemical
discharge [36,37], and mechanical drilling [38]. Most of these methods, however, are risky, difficult,
and inefficient to use for the fabrication of a large number of micro-through-holes on a single glass
slide. For example, in the wet etching process, shape control of the channel is difficult; in the dry
etching process, fabrication of high-aspect micro-through-holes is difficult and complex. The methods
of sandblasting, laser drilling, and mechanical drilling are relatively slow processes and risk of causing
cracks on the substrate due to mechanical and thermal effects. Additionally, mechanical drilling has
a limitation on the drilling diameter (>100 μm), a risk of tool breakage during the drilling process,
and the possibility of thermal deformation of the drilled hole. The method of electrochemical discharge
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requires a special tool and has a limitation on the pitch. In this study we selected the focused electrical
discharging method (FEDM) [39] for the fabrication of a large number of through-glass through-holes,
because it is a relatively low-risk, efficient, tool-free, and high-speed method. A summary of these
glass fabrication techniques and their general capabilities is given in Table 1.

Table 1. Overview of the glass (micro)machining fabrication techniques and their general capabilities.

Methods Minimum Fabricated
Hole Size (μm) Aspect Ratio Drilling Rate

(μm/min)
Cutting Tool

Needed
Risk of Defects or

Cracks Being Generated
Pre-process

Quired Ref.

Focused electrical
discharging method >20 Approx. 10 24,000,000 No No No [39]

Wet etching 1 Approx. 0.7 15 No Yes Yes [30]

Dry etching 0.5 <10 Approx. 1.2 No Yes Yes [31]

Deep NLD etching a >1 >8 0.75 No Yes Yes [32]

Powder blasting >20 <3 0.4 Yes Yes Yes [33,34]

Mechanical drilling >100 >40 1520 Yes Yes Yes [38]

Laser drilling >100 >5 120,000 No Yes No [35]

Electrochemical
discharge method >50 >7 100–4000 Yes No No [36,37]

a Deep NDL etching: Deep neutral loop discharge plasma etching.

Selecting and fabricating actuators is another important issue that requires control of a
large number of integrated valves in a microfluidic device. There are several types of valve
actuators that have been used in previous research, including those using air or fluid pressure [6,
40], hydrogel [41], manual manipulation [42], piezoelectric actuators (piezo units) [4,8,43], and
magnetic micro-actuators [44]. Among these types of actuators, because it is reliable and has small
dimensions, the piezoelectric actuator is considered to be a promising method for controlling valves.
Moreover, the piezoelectric actuator enables different valve states, because the voltage controls
the position of pins in the piezoelectric units, and it is relatively easy to increase the number of
piezoelectric units.

Overall, the aim of this study was to fabricate a large-scale integrated microfluidic device with
all-glass valves and an actuator system for independently controlling each glass valve.

2. Experimental Section

2.1. Design of a Prototype

The fundamental design and principle of a large-scale integrated microfluidic device with all-glass
monolithic membrane valves are shown in Figure 2. The chip has a four-layer-bonded structure, as
shown in Figure 2a.

Layer 1 is a glass chip layer (0.7 mm in thickness) with channels (Figure 2b). Layer 2 is a glass chip
layer (0.4 mm in thickness) with 110 diaphragm-type valves. Each valve unit contains a 50-μm-diameter
inlet and a 50-μm-diameter outlet through-hole in a shallow circular chamber, as shown in Figure 2b.
The distance between the two holes is 300 μm. The depth of the chamber is 50 μm, and the diameter is
1.5 mm. Layer 3 consists of 10 ultra-thin glass sheets (0.004 mm in thickness) for sealing the chamber.
Layer 4 is a thin polydimethylsiloxane (PDMS) sheet (0.2 mm in thickness) with 110 through-holes each
with a diameter of 1.5 mm. The purpose of this layer is to avoid the stress concentration on the glass
when the surface of the glass microfluidic device is in tight contact with the hard piezoelectric head.

The four layers are bonded together (Figure 2c) to form the complete microfluidic device.
The details of a single valve unit are shown in Figure 2d. As shown in Figure 2e, the ultra-thin
glass sheet seals the shallow circular chamber and leaves a gap of 50 μm when the valve is open
(on state). Then, fluid can flow across the valve unit though the gap. If pressure is applied to the
ultra-thin glass sheet on the chamber, the glass sheet moves against the valve layer, and closes the
valves (off state). A total of 110 monolithic membrane valves are placed in an 11 ˆ 10 array (Figure 2c).
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Figure 2. Schematic illustrations of fundamental design and principle of large-scale integrated
microfluidic device with all-glass valves. (a) Schematic illustration of the layer structure of the device;
(b) Details of layer 1 and layer 2; (c) Four-layer-bonded image of the device; (d) Cut-away and
assembled illustrations of a single all-glass valve. The ultra-thin glass sheet seals the chambers on
the valve layer, and the chamber gap is 50 μm when the valve is open. (e) On: Initial state of the
valve. Off: Applying pressure to the ultra-thin glass sheet pulls the sheet to the valve layer and closes
the valve.

2.2. Material Preparation

Ultra-thin glass sheet (OA-10G, 4 mm ˆ 10 mm, 0.004 mm in thickness; non-alkali glass)
(Nippon Electric Glass, Otsu, Japan) was used in this study. The glass was flexible, with a bending
curvature of 0.5 mm and a fracture toughness of over 400 MPa [23]. The same type of glass
(OA-10G, with a thickness of 0.4 mm for the valve layer and a thickness of 0.7 mm for the channel
layer; Nippon Electric Glass) was cut into a 30 mm ˆ 70 mm rectangular shape using a dicing saw.
The PDMS layer, which had 110 through-holes (diameter of 1.5 mm), was fabricated using a soft
lithography process [45]. The desired PDMS thickness was obtained by spin coating [46].

2.3. Fabrication of Microchip

Two methods were used to fabricate the channel layer (layer 1) and valve layer (layer 2).
To fabricate layer 1, we used standard photolithography and a conventional glass fabrication
method [47]. The fundamental microchip fabrication process using hydrogen fluoride (HF) (49%, 4 min)
in a wet etching method has been described in detail elsewhere [4,17]. To fabricate layer 2, it would
have been extremely difficult and inefficient to fabricate several hundred micro-scale through-holes
by mechanical drilling, as described in previous research. Therefore, a shallow chamber (1.5 mm in
diameter, 50 μm in depth) with through-holes (0.05 mm in diameter, 350 μm in depth) of inlet and
outlet ports were fabricated using the conventional wet etching method (HF, 25%, 20 min) [4,17] and
FEDM [39,48], respectively.

The FEDM consisted of two steps: a focused and controlled electrical discharge created a locally
molten region of glass, which finally induced a dielectric breakdown together with an internal high
pressure and ejection of glass [39]. Compared to conventional electro-discharge machining [36,37,49],
this method uses no cutting tools and is capable of drilling small through-holes (down to 0.02 mm)
with a fine pitch (down to 0.05 mm) and high aspect ratio (>10) on numerous types of glass, including
fused silica, soda-lime glass, alkali-free glass, and alkali-containing glass. The fabrication process for a
single through-hole (0.05 mm diameter, 0.35 mm depth) requires less than 1 ms. The whole fabrication
process is low risk, simple, and effective.
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2.4. Design of Actuator and Software

In our previous research, a small number of computer-controlled piezoelectric units customized
by the KGS Corporation were used [4]. This time we increased the number of individual piezoelectric
units to 110. An actuator system was constructed to control these 110 individual piezoelectric units
(Figure 3). This system consisted of three main parts: a PC (with a graphic user interface (GUI) installed),
a custom circuit board-based controller (provides power and control signals), and a piezoelectric head
containing 110 piezoelectric units (Figure 3a and system flow was shown in Figure S1. We could first
design one or numerous graphic patterns to describe the locations and activating time sequence of
the valves that we wanted to be opened and those that needed to be closed, as shown in Figure 3b.
Here, a white dot indicates the open state for a valve, and the others are closed. Next, we arranged
these graphic patterns in a time sequence table to determine the timing using a specific valve pattern
(Figure 3c). Each line in the table contains one graphic pattern of the activated valve position, valve
operation time interval, and sequence parameters. In Figure 3d, the white pins are piezoelectric units
with a diameter of 1 mm, and the pitches of these pins are 4.8 mm (horizontal) and 2.4 mm (vertical).
The force generated by each pin was 0.2 N. All 110 pins were used, and all the units had similar response
times, forces, and strokes. The position control property of the piezoelectric unit was investigated
(Figure S2). The pattern and time sequence were translated into a control signal for the piezoelectric
head via a customized circuit-board-based controller. This piezoelectric head (in Figure 3e) can receive
commands and power. The word “ImPACT” in Figure 3f is an image captured from a demonstration of
the piezoelectric units operated using an alphabet pattern sequence.

Figure 3. Piezoelectric actuator system for individual control of the all-glass valve. (a) The actuator
system consists of three parts: a PC (with an installed graphic user interface (GUI)), a customized
circuit board-based controller (with power and control signals), and a piezoelectric head; (b) Graphical
pattern of activated valve locations; (c) Time-sequence-editing by the GUI; (d) Piezoelectric head
with 110 piezoelectric units in an 11 ˆ 10 array; (e) Fully assembled image of piezoelectric head,
microfluidic device, and acrylic mounting jig; (f) Captured image from the demonstration of a word
pattern displayed by the piezoelectric units.
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2.5. Types of Experiments

To confirm the function of our system and device, we conducted experiments testing single valve
action and peristaltic pumping (including the investigation of dependence of activated number of
valves, operation time interval of valve, and on-chip flow rate). Then, experiments on channel selection
were performed. In addition, using same method, particle manipulation was tested. To extend the
possible using of our device to applications such as cell sorting and high-resolution imaging, the
investigation of limitation of flow switching frequency of the device, and the fabrication of a thinner
version (channel layer: 0.19 mm) were carried out. Finally, we theoretically calculated the limitation of
sample viscosity that could be used in our device based on the fusion bonding strength of glass-glass.

2.6. Experimental Set-Up

To set up our prototype glass device with the piezoelectric units, a jig made of acrylic resin from
a previous study was used. The set-up is shown in Figure 3e. Fluid was controlled using a syringe
pump (Fusion 200; Chemyx, Stafford, TX, USA). Micro-tracking particles were used to visualize the
fluid flow, as described elsewhere [4]. Fluorescent spherical polystyrene particles (Fluoro Spheres;
Molecular Probes, Invitrogen, Carlsbad, CA, USA) with diameters of 1, 2, and 20 μm were dispersed
in the fluid (diluted 100ˆ, 1000ˆ, and 1000ˆ with distilled water, respectively). Before introducing
particles, organic solvents (in the order of acetone, propanol, and ethanol) were first introduced to
clean the all-glass valve microchip.

In an experiment demonstrating the pump mode, the channel was observed using an
optical zoom microscope (EMZ-C 0.5-4X; Kyowa Optical, Nagano, Japan), with a 2.5ˆ extender
(EMZ; Kyowa Optical). In experiments demonstrating the particle manipulation mode and flow
switching mode, the fluid in the microchannel was observed using a fluorescent microscope (IX-71;
Olympus, Tokyo, Japan), an objective 2ˆ lens (Olympus) with a numerical aperture (NA) of 0.08, and a
GFP filter (Olympus). The microscope was focused on the center of the microchannel, and the image
was recorded using interfaced software (cellSens; Olympus) through a CCD camera (DP72; Olympus).
All of the experiments were carried out at room temperature.

3. Results and Discussion

3.1. Prototype Microchip

A prototype microfluidic device was made by the following two steps. First, we aligned and
bonded layer 1 and layer 2 together using the previously described thermal fusion bonding process [4].
Then, utilizing the same process, 10 ultra-thin glass sheets were also tightly bonded to the valve layer.
They covered the chambers to prevent leakage and created a 50-μm gap in each chamber. The prototype
large-scale integrated microfluidic device with all-glass monolithic membrane valves is shown in
Figure 4a. The channel–valve connection was confirmed by loading colored medium (Figure 4b).

After loading the color medium, we cleaned and cut the prototype device in half along the valve
unit, as shown in Figure 4c. Details of the chamber and through-holes are shown in Figure 4d. Figure 4e
shows the top view of the chamber and through-holes before the ultra-thin glass sheet bonding process,
which was obtained using a scanning electron microscope (SEM). Figure 4f,g shows SEM cross-sectional
views of a through-hole and channel taken after the ultra-thin glass sheet bonding. The profile of
the through-hole appears to have the typical shape of a micro-drilled glass hole as a result of the
electrochemical discharge [36]. The diameter of the entrance (chamber side) and exit (channel side) is
approximately 0.04 mm, and the average diameter of the hole is approximately 0.045 mm.
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Figure 4. Photographs and valve profile images of prototype. (a) Photograph of a large-scale integrated
microfluidic device with 110 all-glass monolithic membrane valves; (b) Image of valves with colored
medium loaded; (c) Image of chip after the ultra-thin glass sheets were bonded and cut in half for
observation. The black scale bar is 5 mm; (d) Image of single valve unit from top side. The white scale
bar is 0.2 mm; (e) SEM image of valve unit before ultra-thin glass sheet bonding; (f) Cross-sectional view
showing the details of the valve after glass sheet bonding. The white scale bar is 0.2 mm. The location
of the cross-sectional view is shown in (d) with the red dotted line; (g) Enlarged cross-sectional view of
single through-hole structure. The white scale bar is 0.05 mm.

3.2. Confirmation of Single Valve Action

The prototype microfluidic device was set on an actuator jig as shown in Figure 3e for the
experiment of single valve action. First, a colored medium was fed into the channels and valve units to
confirm that there was no leakage or clogging. A dispersion of 1-μm-diameter particles was introduced
into the microchannel at a flow rate of 0.1 μL/min, which was the minimum proper flow rate to trace
the particle movement and cancel the back-flow. The motion of the particles was directly observed in a
video recorded at the outlet and inlet ports of the valves in different locations on the chip (Figure 5a).
The valves repeatedly performed open and close actions at 0.5- and 1-s intervals (for valve A, it was
0.5 s; for B, C, it was 1 s). The motion of the 1-μm-diameter particles from the inlet to outlet of a valve
was directly measured from sequential video frames containing microscopic video images recorded at
1-s intervals (Figure 5b and Videos S1–S3).

Figure 5. Confirmation of valve action by observing motion of flow containing 1-μm-diameter particles.
(a) Valves in different positions were selected to demonstrate the on and off functions of the valves;
(b) The motion of the flow containing 1-μm-diameter particles shows that the flow moved through the
valve when it was open, and stopped when the valve was closed. The white scale bar is 0.2 mm.

The constant motion of the particles in the normal flow direction was observed, corresponding
to the valve opening, and the particles stopped when the valve closed. Although back-flow at the
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inlet was caused by compression of the valve chamber during the motion of valve closing, this result
demonstrated the on/off function of the valve.

3.3. Confirmation of a Large Number of Valve Actions: Experiment Demonstrating the Peristaltic Pump Mode

The prototype microfluidic device and experimental set-up are shown in Figure 6a,b, respectively.

Figure 6. Pump demonstration experiment using different numbers of valves. (a) The fabricated
prototype of the all-glass microfluidic device containing 110 valves; (b) Experimental set-up of the
microfluidic device with the piezoelectric head containing 110 piezoelectric units; (c) The numbers of
valves used to demonstrate the pump function; (d,e) Plots showing the dependence of the flow velocity
in the channel or the flow rate, and the number of valve lines.

3.3.1. Dependence of Activated Number of Valves and on-Chip Flow Rate

The function of a peristaltic pump could be achieved by opening and closing several valves in
a controlled sequence. The number of valves activated and the valve operation time intervals were
the main parameters controlling the on-chip flow rate. Six patterns were designed for the number of
activated valves, positions, and sequence (Figure 6c). The valve operation time interval was set at 0.1 s.
The motion of the valves working in a peristaltic pump mode is shown in Video S4.

Because the velocity obtained for the 1-μm-diameter particles in the outlet ports was too fast
to be observed and measured, in this demonstration experiment, the fluid velocity was measured
using bubble flow through the outlet ports. First, the peristaltic pumping was started using 11 lines
(110 valves) and this was decreased to a single line of valves (10 valves), as shown in Figure 6c.
The generated on-chip flow carried a bubble to the outlet ports. The displacement and velocity of the
bubble moving toward the outlets were directly measured from sequential video frames of the video
recording taken through the microscope lens. The velocity results are shown in Figure 6d, and the
calculated flow rates are shown in Figure 6e. The flow rate was proportional to the number of valves
activated and it was possible to precisely control the flow rate using the correct number of valve
units. In this demonstration, the maximum flow rate was 5.33 μL/min (11 lines, 110 valves), and the
minimum flow rate was 0.06 μL/min (single line, 10 valves). The actuator system is capable of offering
a very large flow rate for applications such as cell culturing [4] and dynamic medium changes [50].
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3.3.2. Dependency of Valve Operation Time Interval and on-Chip Flow Rate

In our previous research, we reported the minimum time interval for a peristaltic pump to be
0.02 s [4]. In this study, we investigated the relations between the channel flow velocity, flow rate,
and operation time interval (down to 0.1 s) of the valves (Figure 7a).

Figure 7. Relationship between valve operation time interval and on-chip flow rate. (a) The valve
operation time interval indicates the time to start the action of the next line of valves; (b) The relation
between the velocity and valve operation time interval; (c) The relation between the flow rate and valve
operation time interval.

The results are shown in Figure 7b. The flow rate was inversely proportional to the operation
time interval, and the maximum flow rate was about 1.14–5.33 μL/min. This is sufficient to cover most
on-chip applications such as cell culturing (>0.1 μL/min), analyses, and syntheses (several microliters
per minute).

3.4. Demonstration of Channel Selection

An important function of most large-scale integrated valve systems is selecting the medium
for a target channel or chamber. In this demonstration experiment, because of the limitation of
our observation system, channel selection between three different channels was performed by
observing the motion of specific bubbles. Figure 8a indicates the position of the valve units used in
this demonstration.

The channels were selected from left to right side in the order of A, B, and C (Figure 8b). Only the
valve on the selected channel was opened and the other valves remained closed. For convenience
of observation, we have marked three bubbles in the channel as 1, 2, and 3. Images of the initial
positions of the valves and bubbles in the channel are shown in Figure 8c (before). The resulting images
after the channel selection process are shown in Figure 8c (after). When the channel was selected,
the bubbles flowed toward the open channel (Video S5). Then, when another channel was selected,
and the current channel was turned off, the bubbles moved to another open channel. The motion of
the bubbles clearly indicated the changing flow direction and verified the channel selection function.
In addition, the manipulation of particles was also demonstrated using this method (Figure S3 and
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Video S6). In the experiment, a 20-μm-particle was transported to different valves. It was then captured,
released, captured again and passed through a single selected valve.

Figure 8. Demonstration experiment of channel selection using valves. (a) Photo of the microfluidic
device prototype; (b) The location of the observed area and valve units used; (c) Results of the channel
selection demonstration. B ď C before: initial state of valve A, off; B, off; C, on; positions of bubbles 1,
2, and 3 in the flow. B ď C after: B was turned on, and A and C were turned off; the flow containing
bubbles flowed to B. A ě C before: initial state of valve A, on; B: off, C, off; the positions of bubbles 1,
2, and 3 in the flow. A ě C after: C was turned on, and A and B were turned off; the flow containing
bubbles flowed to C. A ď B before: initial state of valve A, off; B, on; C, off; the positions of bubbles 1,
2, and 3 in the flow. A ď B after: A was turned on, and B and C were turned off; the flow containing
bubbles flowed to A. The white scale bar is 1.5 mm.

3.5. Dependency on Frequency of Flow Switching

Switching the direction of the flow is an important application for studies such as high-speed
fractionation, sorting, or manipulation [51]. In most cases, because of the density of the fluid on the
micro-scale, switching the flow direction is obviously slower than switching the valves themselves.
Although important factors for the flow direction switching speed include the channel dimensions,
density of the flow medium, and physical properties of the particles, in this experiment, we mainly
investigated the relationship between the valve switching speed and flow direction. The sequence of
this experiment is shown in Figure 9a. Two valve units were involved (Figure 9b).

We observed that the switching of the flow direction occurred immediately after the switching
of the valve (Figure 9c; Video S7). The delay between these two switching actions was observed and
plotted using the video frames (Figure 9d). A maximum switching frequency of 12 Hz was observed
with a valve switching frequency of 25 Hz. In the case of a valve switching frequency of 50 Hz,
the motion of the particles could not be observed because of the limitation of our camera. However,
12 Hz is satisfactory for applications such as a micro-mixer and cell aggregation in micro bubbles
(Video S8).
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Figure 9. Dependency on frequency of flow switching. (a) Switching sequence of the valve units
employed in this experiment, and estimated switching sequence of flow direction; (b) The employed
valve units and direction measurement location in the channel between these employed valve units;
(c) The motion of numerous 1-μm-diameter particles was observed in this location; (d) The delay
between the two switching actions was observed and plotted. A maximum frequency of flow switching
of 12 Hz was observed for a valve switching frequency of 25 Hz.

3.6. Thin Microfluidic Device with Integrated Large-Scale All-Glass Valves

In applications such as sorting of small cells, bacteria and proteins, observation and imaging
identification using a high magnitude objective lens with a high numerical aperture (NA) and a working
distance of less than 0.19 mm [52] is required. Conventional methods to achieve the above applications
in a static environment or a low through-put case used a hybrid structure such as the PDMS-cover
glass [52,53] or PDMS-polymer-cover glass [54]. However, as mentioned in the Introduction section,
PDMS has a lower fracture toughness and bonding strength than glass, which makes PDMS unsuitable
for thin fluidic devices such as valve devices. On the other hand, glass qualifies for the above uses.
Here we fabricated a thin glass valve chip (Figure 10a) (total thickness was 0.59 mm, channel layer
for observation was 0.19 mm thick) which is impossible to make with PDMS. Figure 10b shows
a conventional 110-valve chip (thickness: 1.1 mm), a thin version of the valve chip (thickness:
0.59 mm), and a cover glass (thickness: 0.17 mm). The function of the thin version all-glass valve chip
was confirmed.
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Figure 10. Comparison and confirmation of the thin version all-glass valve chip. (a) Thin version of the
all-glass valve chip; (b) Photos of a conventional all-glass valve chip (left), thin version of the all-glass
valve chip (middle), and a cover glass (right); (c) Valve actions of the thin version of the all-glass valve
chip were confirmed. The off/on action of the valve in the red dotted circle of (a) was captured from
Video S9. The white scale bar is 0.1 mm.

3.7. Sample Limitation for the Microfluidic Device with Integrated Large-Scale All-Glass Valves

Although in chemical term almost all kinds of samples are suited to glass devices, for a
microfluidic device with integrated large-scale all-glass valves, there is a viscosity limitation for
samples. Because the fusion bonding strength of glass–glass is typically from 20 to 30 MPa [21],
the application of a larger pressure to the glass device may cause the bond to be broken. In addition,
for safety of use, we chose a pressure of 10 MPa to calculate the limitation of sample viscosity.
The equation (Hagen–Poiseuille equation) was as follows [55]:

ΔP “ 128μLQ
πDh

4 (1)

where ΔP is pressure loss (minimum required applied pressure), L is the length of the channel, μ is
the dynamic viscosity of liquid at 25 ˝C, Q is volumetric flow rate, Dh is the hydraulic diameter of the
channel, and μ is the mathematical constant pi. In this paper, the maximum length of the channel was
used (60 mm), the hydraulic diameter Dh of the channel used was the through-hole diameter of the
valve (50 μm) which was the narrowest part of the channel. π was 3.1415926. In the case of using the
maximum flow rate of our system which was 5.33 μL/min, we calculated the dynamic viscosity μ of
liquid to be 0.288 Pa¨ s from Equation (1). For comparison the viscosity of water is 0.001 Pa¨ s, and that
for olive oil is 0.1 Pa¨ s.

4. Conclusions

In this study, we designed and fabricated a large-scale integrated microfluidic device with all-glass
valves and constructed an actuator system for independently controlling every single valve on the
microchip. We used FEDM to fabricate 220 50-μm-through-holes in 110 1.5-mm-diameter shallow
chambers fabricated by wet etching on a hard glass slide as valve chambers. Then, we used ten
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ultra-thin glass sheets and a channel etched slide to seal these valve chambers. This resulted in
a large-scale integrated microchip with 110 individually controllable diaphragm all-glass valves.
These valve units enable effective sample manipulation. In addition, a thin version of the all-glass
valve integrated microfluidic device was fabricated to prove the potential for high-resolution imaging
use. Although, in this paper we mainly investigated the properties of the system, we demonstrated that
the microchip could be used as a pump capable of generating a maximum flow rate of approximately
5.33 μL/min and as a channel selector capable of working at a maximum switching frequency of
12 Hz. With these conditions, the next step of fabricating a high-throughput larger scale all-glass
valve integrated device for specific applications to exploit the device advantages has become possible.
We believe that the novel fabrication technology and control method for the all-glass valve array device
reported in this paper can contribute to integrated lab-on-a-chip systems and open new opportunities
in chemical and biological fields.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-666X/7/5/83/s1,
Figure S1: System architecture of computer-controlled piezoelectric units customized by the KGS Corporation.
Figure S2: Dependence between applied voltage and length of piezoelectric unit. (a) Heads of piezoelectric units.
The white dots indicate individual piezoelectric units; (b) Side views of the length of a piezoelectric unit when
different voltages were applied; (c) Graph showing that the length of the piezoelectric unit was proportional to
the applied voltage in the range of 0–5 V. Figure S3: Manipulation of a 20-μm-diameter particle using a sequence
of valve operations. Captured images from video S6. (a) Introducing a 20-μm-diameter particle to the channel
in the center; (b) Initial status of valve A, off; B, on; C, off; positions of the particle in the center channel and
moving toward valve B; (c) A was turned on, and B and C were off; the flow was toward A and included the
particle; (d) C was turned on, and B and A were off; the flow was toward C and included the particle; (e) B was
turned on, and A and C were off; the flow was toward B and included the particle; (f) A was turned on, and
B and C were off; the flow was toward A and included the particle; (g) C was turned on, and B and A were
off; the flow was toward C and included the particle; (h) The particle was captured by valve C in front of the
inlet port; (i) The particle was released by valve C and flowed to A; (j) The particle was captured by valve C
in the chamber; (k) Released, The particle was released to outlet port of valve C and flowed past valve C to
the next valve. Video S1: Confirmation of valve action by observing motion of flow containing 1-μm-diameter
particles at position A (Figure 5a). Video S2: Confirmation of valve action by observing motion of flow containing
1-μm-diameter particles in position B (Figure 5a). Video S3: Confirmation of valve action by observing motion of
flow containing 1-μm-diameter particles in position C (Figure 5a). Video S4: Pump demonstration using 11-lines
(110) of valves. Video S5: Demonstration of channel selection using different valves. Video S6: Manipulation of a
20-μm-diameter particle using valve operations in sequence. Video S7: Video of frequency of flow switching at
different valve interval times: 20, 40, 80, 160, 320, 640, and 1280 ms. Video S8: Video showing shaking of a bubble.
Video S9: Confirmation of valve action in the thin all-glass valve device by observing motion of flow containing
1-μm-diameter particles at position A (Figure 10c).
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Abstract: In this paper, we propose a balloon pump with floating valves to control the discharge
flow rates of sample solutions. Because the floating valves were made from a photoreactive resin,
the shapes of the floating valves could be controlled by employing different exposure patterns
without any change in the pump configurations. Owing to the simple preparation process of the
pump, we succeeded in changing the discharge flow rates in accordance with the number and length
of the floating valves. Because our methods could be used to easily prepare balloon pumps with
arbitrary discharge properties, we achieved several microfluidic operations by the integration of the
balloon pumps with microfluidic devices. Therefore, we believe that the balloon pump with floating
valves will be a useful driving component for portable microfluidic systems.

Keywords: microfluidic device; portable device; optofluidic lithography

1. Introduction

Microfluidic devices have been extensively developed to enable their application in chemical,
biological, and biomedical processes because of their rapid processing and high sensitivity by
minimizing the sample size [1,2]. Recently, integrated systems comprising microfluidic devices
and liquid feed devices have garnered attention for use in point-of-care diagnostic testing and
scientific studies without employing expensive and bulky equipment [3,4]. In such systems, the
liquid feed devices with driving sources enable the precise and continuous control of samples [5–10];
however, the use of these devices result in low application possibilities for in situ use of the systems
because the driving sources have low portability and need external components (e.g., electric sources)
for their operation.

To solve the abovementioned problem, portable microfluidic systems based on osmotic
pressure [11,12], capillary flow [13], negative pressure generated using a vacuumed chamber [14,15],
surface tension of droplets [16], and finger power [17–20] have been developed to generate flow in
microfluidic channels without the use of external components. Although these microfluidic systems
allow in situ use as portable devices, they do not provide continuous liquid delivery and closed
channels and/or inlets for preventing the evaporation and contamination of liquids. As an improved
microfluidic system that can solve the abovementioned issues, Gong et al. integrated a balloon pump
with a syringe to manipulate samples in a closed system [21]. When samples are infused via the
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syringe, the balloon pump allows the storage of liquids inside it by inflating the balloon and facilitates
the transport of liquids by deflating the balloon. Therefore, the balloon pump provides continuous
liquid delivery and ensures the conservation of independent environments, thereby making it an
attractive candidate for use as a portable microfluidic system. However, the discharge liquid flow rates
cannot be easily regulated in the balloon pump because the flow rates depend on the deflation pressure
of the balloon. To change the flow rates, the balloon pump needs to be redesigned to incorporate
additional components such as microchannels that work as flow resistors using specialized equipment
for microfabrication.

In this study, we develop a balloon pump with floating valves to change the flow rates of
liquids (Figure 1). The advantages of the balloon pumps are: (i) fabrication of floating valves without
specialized equipment for microfabrication; (ii) changeable discharge flow properties by conditions
of the floating valves; and (iii) liquid delivery without any additional manipulation. As a fabrication
technique for floating valves, we apply optofluidic lithography to a photoreactive resin in microfluidic
channels made from polydimethylsiloxane (PDMS) [22]. By mounting an exposure system to a
microscope, we can prepare the floating valves in the balloon pump without use of any microfabrication
techniques. Using this method, we can control the length and width of the floating valves by changing
the exposure pattern. Furthermore, we can vary the shapes of the floating valves in the PDMS
microchannels by changing the oxygen concentration in the balloon pump because the oxygen absorbed
in the PDMS channels inhibits the polymerization of the photoreactive resin [23]. By controlling the
floating valve dimensions, we can easily prepare flow resistors with arbitrary properties and hence
control the properties of liquid discharge. The floating valves are placed in the microchannels and create
narrow gaps with the walls of the microchannels. Because the narrow gaps can act as flow resistors and
decrease the flow rates [24,25], the balloon pump can change the discharge flow rates according to the
dimensions of the floating valves. Consequently, as a demonstration of microfluidic operations using
the proposed balloon pump, we present the manipulation of microsized beads in dynamic microarray
devices [26] and the formation of laminar flows. Because these microfluidic operations need flow
control, the demonstration indicates the potential of the balloon pumps for portable microfluidic
systems to easily generate controlled flows without the use of external driving elements.

 

Figure 1. Conceptual illustration of a balloon pump with a floating valve.

2. Experimental

2.1. Materials

For the fabrication of the balloon pump, we used PDMS and a curing agent (Sylgard 184
Silicone Elastomer, Dow Corning Toray Co., Ltd., Tokyo, Japan), a photoreactive acrylate resin
(R11, 25–50 μm layers, EnvisionTEC, Dearborn, MI, USA), parylene (parylene-C, Specialty Coating
Systems, Inc., Indianapolis, IN, USA), and SU-8 (SU-8 50, MicroChem Corp., Westborough, MA,
USA). The materials used for manufacturing the floating valves were polyethylene glycol
diacrylate (PEGDA) (Sigma-Aldrich, St. Louis, MO, USA, average Mn = 700) and phenylbis
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((2,4,6-trimethylbenzoyl)phosphine oxide) (Sigma-Aldrich). To demonstrate the microfluidic operations
of the balloon pump with the floating valves, we used 100 μm beads (PS-Red-Particles, microParticles
GmbH, Berlin, Germany), Tween 20 (Kanto Chemical Co., Inc., Tokyo, Japan), and blue ink (Pilot Corp.,
Tokyo, Japan).

2.2. Device Design and Fabrication

Figure 1 shows a schematic illustration of the balloon pump with the floating valves. The balloon
pump works as a pneumatically driven pump because of the inflation and deflation of the balloon
membrane. In addition, the floating valves work as flow resistors by the formation of narrow flow
paths with the channel walls. By adjusting the width and length of the flow paths, we can control the
discharge characteristics of the balloon pump.

To fabricate the balloon pump, we integrated a balloon layer, an intermediate layer, and a microchannel
layer, all made from PDMS. We shaped these three layers by molding. The molds for the balloon layer and
intermediate layer were made by carrying out stereolighography on a photoreactive acrylate resin using
a modeling machine (Perfactory, EnvisionTEC). After the fabrication of the molds, we exposed them to
ultraviolet (UV) light for over 60 s using a laser machine (UV-LED, Keyence Corp., Osaka, Japan) to ensure
complete curing. Then, we coated them with a 2 μm parylene layer using a chemical vapor deposition
machine (Parylene Deposition System 2010, Specialty Coating Systems, Inc.) to avoid direct contacts
between PDMS and the surface of the resin mold that cause non-solidification of PDMS. The mold for
the microchannel layer was made from SU-8 by standard soft lithography techniques. After spin-coating
SU-8 on a silicon wafer to form a layer with a height of 60 μm, we fabricated the SU-8 mold by UV light
exposure through a photomask (Clean Surface Technology Co., Ltd., Kanagawa, Japan) designed using a
mask exposure machine (D-Light DL-1000, NanoSystem Solutions, Inc., Okinawa, Japan).

We filled the three molds with a PDMS-curing agent mixture in the ratio of 10:1 (w/w).
After peeling the cured PDMS layers from the molds manually without using any organic solvents,
we coated a specific surface of the intermediate layer with pre-cured PDMS using a pipette and heated
it for 55 min at 60 ˝C to fabricate a semi-cured PDMS layer. Finally, we bonded all layers by heating
them again for 90 min at 75 ˝C (Figure 2a).

 

Figure 2. Process flow of the preparation of a balloon pump with a floating valve: (a) fabrication
of the balloon pump by the integration of polydimethylsiloxane (PDMS) layers; (b) solidification of
polyethylene glycol diacrylate (PEGDA) using UV light in a microchannel; (c) washing of uncured
PEGDA using ethanol and water; and (d) discharge of the liquid from the balloon pump after the liquid
is infused via a check valve.
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Next, we constructed the floating valves in the microchannel of the balloon pump.
First, we prepared PEGDA with 1% (w/v) of phenylbis as the photoreactive resin for the floating
valves. The photoreactive resin was introduced into the microchannel via an outlet while ensuring
that the resin did not touch the balloon membrane. Then, we exposed the resin to UV light in the
required shapes of the valves using a microscope (IX71, Olympus Corp., Tokyo, Japan) equipped with
a digital micromirror device (DMD) (Figure 2b). Using the DMD, we were able to make the floating
valves in arbitrary two-dimensional extruded shapes by changing the exposure patterns, and we
were able to fabricate multiple floating valves in one microchannel by changing the exposure area.
After the exposure process, we washed the microchannel by infusing ethanol and water via an inlet
and aspirating them from an outlet to remove the non-cured resin (Figure 2c). The fabricated valves
did not stick to the wall of the microchannel because the oxygen layers on the PDMS surface worked
as a PEGDA polymerization inhibitor; therefore, liquids could pass though the gaps between the
microchannel wall and floating valve. In the fabrication process of the floating valves, the length of
the valve in the flow direction was longer than that of the exposure pattern because of the flow of the
photoreactive resin in the microchannel. To make up for the difference between the two lengths, we
adjusted the length of the exposure pattern according to a calibration line (Supplementary Figure S1).
To increase the widths of the floating valves, we degassed the PDMS devices in a vacuum desiccator
(AS ONE Corp., Osaka, Japan), to reduce the thickness of the oxygen layers.

2.3. Setup of the Balloon Pump

We attached a check valve (PU Celsite Port, Toray Medical Co., Ltd., Tokyo, Japan) at the inlet of
the balloon pump to prevent backward flow of liquids. Then, we carefully infused liquids into the
balloon pump via the check valve using a syringe to avoid trapping air bubbles under the balloon
membrane. In case air bubbles were trapped, we infused water again after removal of the previously
loaded water with air bubbles. Because of the actions of the check valve and floating valve, the balloon
pump stored liquids by the inflation of the balloon membrane. Because liquids could pass through the
gaps between the floating valves and channel walls, the pump gradually discharged the liquids by the
deflation of the balloon (Figure 2d).

2.4. Evaluation of the Balloon Pump

To evaluate the behavior of the balloon pumps, we checked their external appearance and their
discharge characteristics. The external appearance of the balloon pumps was obtained by taking
pictures using a digital camera (EOS Kiss X6i, Canon Inc., Tokyo, Japan). For checking the discharge
characteristics of the balloon pumps, we stored water in the pump using a syringe and check valve
and measured the volume of the discharge water at the outlet of the balloon pump using a pipette.

To check the flow regulation properties of the floating valve in the microchannels, we prepared
floating valves in the PDMS microchannels composed of the intermediate layer and microchannel layer;
this system was used to control the input flow pressure using a pressure-driven flow pump (MFCS-100,
Fluigent, Inc., Villejuif, France). In the experiment, we measured the volume of the discharge water at
the outlet of the microchannel using a pipette.

For evaluating the characteristics of the discharge caused by the deflation of the balloon
membrane, we prepared devices composed of the balloon layer and intermediate layer to eliminate
the effects of the microchannel. We controlled the volume of the stored water using a syringe pump
(KDS210, KD Scientific, Holliston, MA, USA) and connected a pressure gauge (GP-M 001, Keyence Corp.)
to an outlet of the device to measure the output pressure of the discharge water.

2.5. Microfluidic Operations Using the Balloon Pump

We integrated laminar flow devices and dynamic microarray devices with the outlet of the balloon
pump. Both devices were prepared by bonding PDMS channels and glass plates. In the case of the
demonstration using laminar flow devices, we connected the balloon pumps containing water and
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water including 10% (v/v) blue ink separately to two inlets of the laminar flow device. The dynamic
microarray devices enabled us to make arrays of microsized beads. For the demonstration using the
dynamic microarray devices, we placed microsized beads at an inlet of the dynamic microarray
device and then connected the balloon pump containing water with 0.5 wt % Tween 20 to the
device. The discharge water from the balloon pump pushed the stored microsized beads to the
dynamic microarray devices. In both the experiments, we used a microscope (IX71, Olympus Corp.)
for observation.

3. Results and Discussion

3.1. Regulation Properties of the Floating Valve

The floating valves moved freely in the microchannel according to the flow direction since the
oxygen layer on the PDMS surface worked as a PEGDA polymerization inhibitor (Figure 3a) (Movie S1).
In this state, by designing an appropriate exposure pattern using the DMD, we succeeded in controlling
the shape of the floating valve (Figure 3b). In addition, by shrinking the oxygen layer on the PDMS
channel surface using a degassed balloon pump, larger floating valves were fabricated in the channels
(Figure 3b). These results show that our fabrication method can change the configuration of the balloon
pump easily without any change in the fabrication tools such as photomasks and molds.

 

Figure 3. (a) Images of the floating valve in motion according to the flow direction (scale bars: 100 μm);
(b) images of the floating valves with different shapes controlled by the exposure pattern and degassing
time (scale bars: 100 μm); (c–e) changes in the regulation properties of the floating valves with varying
input pressure of liquids when the (c) length, (d) number (length: 600 μm), and (e) degassing time of
the floating valves were changed; and (f) summary of the regulation properties of the floating valves
fabricated under different conditions at 100 kPa input pressure.
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To evaluate the floating valves, we checked their flow regulation properties in the microchannel
against the input flow pressure using the pressure-driven pump. Using the floating valves with various
shapes, we could change the discharge flow rates under the same input flow pressure by controlling
the length and number of the valves (Figure 3c,d): when the number or length of the valves increased,
the discharge flow rates decreased. The results indicate that the formation of long gaps between the
valves and channel walls can result in small flow rates because an increase in the length and number
of the valves causes the gap to be long. We believe that the gaps caused the flow path to become
narrow and regulated the flow speed because of a loss in the flow pressure. In addition, these results
showed that slopes of discharge flow rates increased according to increase of the input flow pressures
differently from expected principle of Hagen-Poiseuille flow. We think that extension of the PDMS
microchannels by applied pressures caused accelerated increase of the discharge flow rates because we
observed that applied pressure deformed the microchannels (Movie S1). Furthermore, we managed to
decrease the discharge flow rates by changing the degassing time of the PDMS devices (Figure 3e).
The use of degassed PDMS devices for a longer period (up to 90 min) caused the floating valves to
generate flows with lower flow rates since the gaps between the valves and channel walls became
narrower. However, degassing for over 120 min caused clogging of the microchannel because of
the dissipation of the oxygen layer on the PDMS surface. From these results, we confirmed that the
configuration changes of the floating valves allowed us to easily control the discharge characteristics
at the same input flow pressure (Figure 3f). Because various microchannels with an extensive range of
lengths were necessary to facilitate the control of the discharge characteristics (Figure S2), the floating
valves were appropriate to control the flow rates of the balloon pumps without requiring any design
changes of the microchannels.

3.2. Discharge Characteristics of the Balloon Pump

For the evaluation of the balloon pump, we investigated the inflation and deflation properties of
the balloon membranes (diameter: 15 mm). First, we checked the maximum amount of stored water
by the inflation of the balloon membrane. We prepared balloon membranes with different thicknesses
and infused water using a syringe until leakage started. From the results, we confirmed that the
balloon pump with a thinner balloon membrane could store more amount of water than that with a
thicker membrane (Figure S3a). On the other hand, when we measured the deflation pressure of the
balloon membrane using the pressure gauge, we found that thick balloon membranes were necessary
to achieve reproducible deflation of the membrane (Figure S3b). These results show that a balloon
membrane with an appropriate thickness is required to satisfy the conditions of a good volume of
stored liquids as well as reproducible deflation. Therefore, we used a balloon membrane with 0.4 mm
thickness in the balloon pumps for further experiments.

Using the balloon pump, we discharged liquids without using any external driving source such
as an electrical source. When we infused water into the balloon pump via the check valve, the balloon
pump stored water in the balloon membrane without any leakage (Figure 4a). To analyze the properties
of the balloon membrane, we clarified the relationship between the volume of the stored water and the
flow pressure applied using a pressure-driven pump (Figure 4b). The results indicate that the input
flow pressure induced by the deflation of the balloon membrane changes according to the volume of the
stored water. Because of the change in the input flow pressure, the discharge flow rates of the balloon
pumps varied in response to the volume of the stored water (Figure 4c). In this state, we analyzed
the regulation characteristics of the floating valves and found that when the number and length of
the floating valves increased, the discharge flow rates of the balloon pumps decreased. This result
shows that the floating valve works as a flow regulator in the balloon pumps. However, we observed
that the balloon pumps with the floating valves fabricated in degassed PDMS devices did not deliver
water because the input flow pressure of the balloon pumps was not sufficiently more than the loss of
pressure around the floating valves. Furthermore, the balloon pump enabled the delivery of water over
10 h, and discharged properties of the balloon pump followed basic balloon principles [21] (Figure 4d).

126



Micromachines 2016, 7, 39

Based on these results, we believe that balloon pumps with floating valves can be used as portable
pumps for liquid delivery.

 

Figure 4. (a) Images of the inflation of the balloon membrane when storing water (scale bars: 1 cm);
(b) relationship between the maximum volume of stored water and the applied input pressure;
(c,d) plots of the discharge flow rates for different floating valves according to the (c) volume of
stored water and (d) time after the storage of 0.8 mL of water.

3.3. Microfluidic Operations Using the Balloon Pump

As a demonstration of the microfluidic operations using the balloon pump, we integrated a
laminar flow device and dynamic microarray device with the balloon pumps. We succeeded in forming
laminar flows in the device by the liquid delivery of individual balloon pumps. In this state, the
balloon pumps can facilitate changes in the widths of the laminar flows by altering the combination of
the balloon pumps because we can control the discharge flow rates from the balloon pumps according
to the type of the floating valves and the volume of the stored liquids (Figure 5a). Because the balloon
pumps provide liquid delivery for more than a few hours, they could also achieve the formation of
laminar flows for over 2 h (Figure 5b). In this regard, role of diffusion increased after 2 h because
flow rates are substantially smaller due to basic balloon principles. Because some microfluidic devices
need the formation of laminar flows for several tens of minutes to prepare fiber-shaped samples [27],
the balloon pumps can be used in seamless in situ sample fabrication.

Furthermore, when microbeads were placed at the inlet of the dynamic microarray device,
the discharge water from the balloon pump delivered the microbeads to the device channels. As a
result, we achieved the induction of the microbeads into the trapping area in order and the formation of
an array of microbeads (Figure 5c). In addition, the speeds of microbead delivery in the channel were
controlled by the type of the floating valves in the balloon pumps (Movie S2). Because the dynamic
microarray device allows the use of various types of beads such as polymer capsules with microbes
and collagen beads with cells by controlling the speed of sample delivery [28,29], we infer that the
balloon pump is a useful tool for the in situ array formation of various bead-shaped samples in the
dynamic microarray devices.

127



Micromachines 2016, 7, 39

 

Figure 5. (a) Laminar flows formed by using balloon pumps with various floating valves and volumes
of stored liquids; (b) continuous formation of the laminar flows; and (c) formation of an array of
microbeads in the dynamic microarray device using the balloon pump with four 600 μm width floating
valves and 0.3 mL of stored water. Scale bar: (a,b) 100 μm; and (c) 500 μm.

4. Conclusions

In this study, by combining a balloon membrane, microchannels, and floating valves, we
developed balloon pumps for in situ liquid delivery without the use of external sources. The advantages
of the balloon pumps are as follows: (i) easy preparation of various types of floating valves because of
photopolymerization using a DMD system; (ii) changeable discharge flow properties by adjusting the
number and width of the floating valves; and (iii) liquid delivery without any additional manipulation.
Thus, the balloon pumps can be used for in situ microfluidic operations instead of conventional pumps.
In addition, the balloon pump provides adjustability of discharge flow properties to users who mount
a DMD system to a microscope because the users can change dimensions of the floating valves by
exposure condition. Therefore, we believe that the balloon pump with the floating valves will be a
useful tool for manipulating liquids and samples in microfluidic devices for point-of-care analyses.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-666X/7/3/39/s1,
Figure S1: Relationship between the lengths of the exposure area and fabricated floating valves, Figure S2: Plots of
the discharge flow rate via microchannels with different lengths at various input pressures, Figure S3: Influence of
change of balloon membrane thickness, Movie S1: Motion of the floating valve according to the flow direction.
Movie S2: Formation of an array of microbeads in the dynamic microarray device using the balloon pumps under
various conditions.
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Abstract: We report a convenient method to create a three-dimensional micro-rotational fluidic
platform for biological applications in the direction of a vertical plane (out-of-plane) without contact
in an open space. Unlike our previous complex fluidic manipulation system, this method uses a
micro-rotational flow generated near a single orifice when the solution is pushed from the orifice
by using a single pump. The three-dimensional fluidic platform shows good potential for fluidic
biological applications such as culturing, stimulating, sorting, and manipulating cells. The pattern
and velocity of the micro-rotational flow can be controlled by tuning the parameters such as the flow
rate and the liquid-air interface height. We found that bio-objects captured by the micro-rotational
flow showed self-rotational motion and orbital motion. Furthermore, the path length and position,
velocity, and pattern of the orbital motion of the bio-object could be controlled. To demonstrate our
method, we used embryoid body cells. As a result, the orbital motion had a maximum length of
2.4 mm, a maximum acceleration of 0.63 m/s2, a frequency of approximately 0.45 Hz, a maximum
velocity of 15.4 mm/s, and a maximum rotation speed of 600 rpm. The capability to have bio-objects
rotate or move orbitally in three dimensions without contact opens up new research opportunities in
three-dimensional microfluidic technology.

Keywords: three-dimensional microfluidic platform; micro-rotational flow; non-contact; open space

1. Introduction

With the development of integrated microfluidic technology, the methodology of biological
and chemical experiments has become more space saving, more efficient, and requires the
use of smaller amounts of reagents and cells. Most of the conventional applications using
integrated microfluidic technology are based on a two-dimensional microfluidic system or platform.
However, a three-dimensional microfluidic system has been shown to have certain advantages over
two-dimensional flow in such fields as tissue engineering and cell differentiation mainly because
it requires to create a growth environment that mimics the native tissue as closely as possible [1,2].
Cells cultured in three-dimensional systems enable a larger cell structure and a longer-term incubation
owing to the delivery of nutrients to the entire cell structure and tissues [3,4]. However, no use
of a three-dimensional culturing system has been reported yet without a scaffold [5], hydrogel [6],
specifically designed channel [7,8], additional particle [9] or chamber structure [10]. In the field of cell
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differentiation, the shear stress generated by the three-dimensional flow can aid in the formation of
three-dimensional vascular tubes by increasing the organization of endothelial cells, resulting in a
cell response to flow changes according to specific flow parameters [11–13] However, in most cases,
a stimulation system applies the fluid stimulation on only one side of the cells which means their
functionality, phenotype and responses to environmental cues might be altered [14]. In some cases,
such as when red blood cells in a vessel are exposed to an alternative flow environment of either a
high flow rate (artery, m/s) and a low flow rate (capillary, μm/s) environment, such a large difference
in flow rate may induce different phenomena of cell differentiation.

Size-based cell sorting by micro-rotational flow in a closed channel has been previously reported
and it is considered to be a high-throughput sorting method [15]. Cells of a specific size can be captured
in the micro-rotational flow and the others will flow out. We considered that a three-dimensional
micro-rotation flow sorting system in which flow style, acceleration rate, and velocity features are
controllable is more efficient and capable of capturing cells in a wider range, and the open environment
of sorting makes it easy to retrieve the sorted sample.

For cell manipulation, conventional manipulation systems [16–20] require a complex channel or
supportive structure to guide the flow. In addition, fabrication and construction of conventional
systems require specific skills in micro-photolithography and use of a complex control system.
For example, in our previous work, we reported a three-dimensional microfluidic manipulation
system consisting of nine high-specification pumps, a multiple-layer structure microfluidic chip with
nine orifices, a control system with a D/A board, a computer and a self-made complex controller [21].
The system functioned by using a self-made control algorithm [22]. However, for practical use in the
biological field, a more convenient system requiring no extra chip design, multiple components or
complex control system to realize the purposes of capturing, moving and rotating cells is desired.

In this study, we significantly simplified our previous system and we developed a method for
creating a three-dimensional micro-rotational fluidic environment by using only a single orifice in a
microfluidic chip and a conventional syringe pump. The micro-rotational environment is stable and
has a good potential for applications such as culturing, stimulating, sorting, and manipulating cells.

2. Methods and Materials

2.1. Principles

The concept of our method is based on micro-rotational flow that is generated in an open space.
The micro-rotational flow caused by sudden changes in geometries when the fluid flows through has
been well documented. Figure 1 shows a schematic representation of cells in a three-dimensional
micro-rotational flow. When pushing out solution from a micro-orifice of a microchip to an expansion
area, a micro-rotational flow composed of a three-dimensional stable vortex occurs between the
air–liquid interface and the surface of the microchip.

In this paper, we consider that formation of micro-rotational flow depends on two main factors:
flow velocity and the height of the air–liquid interface. A cell captured by this flow preforms
self-rotational motion or orbital motion. By tuning the flow rate, it is potentially possible to rotate the
cell that is in a high rate flow, or to achieve a controllable orbital motion over a wide range of sizes and
species. Target cells can either be more or less dense than the surrounding medium.

To demonstrate this method, estimation of the force necessary for capturing and rotating is
required. In our previous research [21], we proved calculation model to estimate driving force for
manipulating object and ignored the lift force because object not floating in solution. In this paper,
we considered and modified a model of a solid object in vortex flow. When moving uniformly upstream,
a rotating sphere in the range of Reynolds number (Re) < 100, the motion of an individual object obeys
Newton’s second law and the force situation is estimated as follows:

FI “ FH ` FL ` FB ` FG ` Fadd (1)
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where FI is the total external force exerted on the object in the vortex flow stream, and FH , FL,FB, FG,
and Fadd are the hydrodynamic force, lift force, buoyancy force, gravity force, and added mass force,
respectively, as shown in Figure 2.

 
Figure 1. Conceptual illustration of the motion of a cell captured by micro-rotational flow. A cell in
the center of the micro-rotational flow performs self-rotational motion. A cell along the rotation flow
performs orbital motion.

Figure 2. Schematic diagram showing the forces acting on a cell in an assumed equilibrium position
of rotational motion and in orbital motion. The cell is captured and moved to the center of the
micro-rotational flow in the polydimethylsiloxane (PDMS) chamber. The cell continuously rotates in
the zone, where it is exposed to several forces.

The micro-rotational flow exploits a property of fluid itself on its vertical direction.
The hydrodynamic force and lift force applied on the fluid–cell interface generate a centripetal force to
capture and rotate the cell at the middle of the micro-rotational flow or in length-controlled orbital
motion. The hydrodynamic force in the operating area can be expressed by:

FH “ 1
2
ρ f CDSpVf ´ vq2 (2)
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In Equation (2), ρ f is the density of liquid, CD is the hydrodynamic force coefficient, S is the
projected section of the cell, Vf is the relative velocity between the flow and the rotating object, and v
is the object velocity, which was assumed to be 0 m/s in this study. Because the Reynolds number
is generally small in a micro-scale device, the hydrodynamic force coefficient can be approximately
calculated as follows, when the Reynolds number (Re) is 2 ˆ 105 or less. Moreover, in a previous
study [23], it was found that the drag coefficient CD (Equation (3)) was not significantly influenced by
the rotation of the object.

CD « 24
Re

` 6
1 ` ?

Re
` 0.4 (3)

A cell in a shear field experiences a lift force that is perpendicular to the direction of flow. The shear
lift originates from the inertia effects in the viscous flow around the cell. The lift force present on a cell
can be described as:

FL “ 1
2

ρ f CLSVf
2 (4)

In Equation (4), CL is the lift force coefficient estimated as 1.4 [24] when Re is 100 or less.
The gravity force of the cell in the solution is expressed as:

FG “ 4
3

πr3gρo (5)

In Equation (5), r is the radius of the cells, g is gravity force, and ρo is the density of cells.
The buoyancy force of the cell in the solution is expressed as:

FB “ 4
3

πr3gρ f (6)

In a microfluidic environment, added mass force is the inertia added to an object because an
accelerating or decelerating body must move some volume of surrounding fluid as it moves through it:

Fadd “ 2
3

πr3gρ f (7)

Continuous rotation of a cell requires stability of the rotation position and rotation speed. To satisfy
this requirement, the centripetal force for a rotating cell also needs to balance the hydrodynamic force,
lift force, gravity force, buoyancy force, and added mass force. In that situation, an equilibrium
situation of a rotating embryoid body (EB) in vertical rotation is established so that the sum of each
force present on the cell, FI , is zero. Therefore, Equation (1) can be expressed as:

p1
2

ρ f CdSpVf ´ vq2q `
ˆ

4
3

πr3gρ f

˙
“

ˆ
´4

3
πr3gρo

˙
`

ˆ
1
2

ρ f ClSpVf ´ vq2
˙

`
ˆ

2
3

πr3ρ f

˙
(8)

This formulation indicates that at the conditions of the specific radius of a cell (diameter of
250 μm), the density of medium solution, velocity of the flow, and lift force coefficient, the bio-object
can be rotated. The steady relative velocity between the stream and rotating object Vf is calculated to
be 0.002217 m/s with a cell rotation speed of 50 rpm. The aim of the calculation is to determine the
critical equilibrium velocity condition to estimate the flow rate from the computational fluid dynamics
(CFD) software (Ansys, 14.0, Ansys, Inc., Canonsburg, PA, USA) and use it in an experiment. In order
to make a bio-object rotate, we calculated the flow rate used in the experiment from Equation (8).

2.2. Material

For demonstration of the self-rotational and orbital motions, we focused on iPS (induced pluripotent
stem) cells and embryonic stem (ES) cells. After comparing the different uses and culture conditions [25],
we chose ES cells. ES cells are obtained from the inner cell mass of the blastocyst of a developing
embryo [26]. Because ES cells are pluripotent cells, they can become any type of cell [27]. They
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are also self-renewable and can be used for tissue regeneration and cellular replacement therapies.
Control and manipulation of the numerous differentiation pathways in ES cells have been a topic
investigated by numerous researchers [28–31]. Because an embryoid body (EB) cell is usually large,
heavy, and distinct from other bio-objects when exposed to mechanical strain, possibly altering
gene expression, most present three-dimensional microfluidic platforms for EBs have been a closed
environment; however, retrieving these EBs from the closed environment or cancelling the limitation from
around the device structure (such as chamber size limitation) is difficult. Therefore, we demonstrated our
method as an option of the three-dimensional microfluidic platform for EB research.

The EBs were generated using a standard protocol, as previously described [32]. First, mouse R1 ES
cells (American Type Culture Collection, Manassas, VA, USA) were thawed on mitomycin C-inactivated
mouse embryonic fibroblasts (MEFs; Millipore, Darmstadt, Germany) and cultured on gelatin-coated
dishes in ES medium Dulbecco’s modified Eagle’s medium (DMEM; Sigma–Aldrich, St. Louis,
MO, USA) supplemented with 10% fetal bovine serum (FBS; Biological Industries, Cromwell, CT,
USA), 1000 units/mL leukemia inhibitory factor (LIF; ESGRO, Millipore, Darmstadt, Germany),
1 mM sodium pyruvate (Invitrogen, Thermo Fisher Scientific K.K., Yokohama, Japan), 0.1 mM
2-mercaptoethanol (Sigma–Aldrich), 0.1 mM non-essential amino acids (Invitrogen), 100 units/mL
penicillin, and 100 μg/mL streptomycin (Invitrogen)) at 37 ˝C and 5% CO2. After ES cells were
dissociated to the single cell suspension using 0.25% Trypsin-EDTA (Gibco, Thermo Fisher Scientific
K.K., Yokohama, Japan), one hundred cells were seeded into a non-adherent 96-well U-bottom plate
(PrimeSurface; Sumitomo Bakelite, Tokyo, Japan) in DMEM with 10% FBS for 2 days.

2.3. Experimental Device and Rotational and Orbital Motion

The microfluidic chip (Figure 3A) described in our previous work was used in this study [21].
It was a two-layer fusion-bonded glass structure chip; the center of the chip is shown in Figure 3B.
Layer one (orifice layer) contained eight orifices (orifice diameter, 100 μm) fabricated in a circle (circle
diameter, 500 μm) and one orifice fabricated in the middle of the circle by a mechanical drill. In layer
two (channel layer), eight channels (each contained three types of channel) were fabricated with a
mechanical end mill; one had a width of 500 μm and length of 30 mm, one had a width of 200 μm
and length of 1 mm and the last one, a width of 100 μm and length of 250 μm. The two layers were
aligned and fusion-bonded to complete the chip assembly. The design details are shown in Figure 3D.
In our previous study [21], to achieve the linear motion of an object for a wide range of sizes, and to
control the direction of the object, multiple orifices in different positions were used. In addition,
at least two orifices and pumps were required to manipulate the object. This kind of control required a
complex system design and was not suitable for practical use in biological applications. In this paper,
we only activated one orifice and one pump for generation of the micro-rotational flow (Figure 3B).
A polydimethylsiloxane (PDMS) chamber was placed on the microfluidic chip, and its topside was
open. The actual diameter of the PDMS chamber was 15.7 mm, and its total volume was approximately
600 μL (Figure 3E). The initial height of air-liquid (L) was 1.5 mm (Figure 3F). The experiment was
completed before the chamber overflowed, and therefore no outlet port was used.

Experimental images were taken by charge-coupled devices (CCDs, Lu075C, Lumenera, Ottawa,
ON, Canada) with zoom lenses (KCM-Z, Tokina, Tokyo, Japan) placed at the top and side of the PDMS
chamber (Figure S1), the reflection by the air-liquid interface and the surface wave clearly influence
the quality of these images. In the near future, we plan to consider use of a semi-closed or a closed
chamber to solve the problems of the reflection and surface wave to achieve better image quality.

The demonstrations of self-rotational motion and orbital motion of the EB were conducted using
different processes. In the demonstration of rotational motion, use of an improper flow rate may
pull the EBs away from the orifices. Therefore, we initially used the flow rate estimated from the
equilibrium position in the CFD simulation. In the demonstration of orbital motion, we used a flow
rate that was lower or higher than the one used in the equilibrium position of rotational motion.
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We observed orbital motion of the EB within a Φ2.5-mm area from the center of the microfluidic chip
when the height of the air-liquid interface was L = 1.5 mm, as shown in Figure 3F.

Figure 3. Microfluidic chip used in this study. (A) Schematic diagram of the microfluidic chip design.
Although there are eight inlets (and channels), we did not use seven of them (indicted by red arrows),
the inlet and channel we used are indicted by the green arrow; (B) the orifices in the center area of
the microfluidic chip. Each channel was filled with colored solution. The white scale bar is 500 μm;
(C) schematic diagram of the layer structure of the chip. Layer one had nine orifices, layer two had
eight channels; (D) there were two channel widths: 100 and 500 μm. The channel depth was 100 μm for
all. The diameter of orifice was 100 μm; (E) the chamber around the orifices was filled with Dulbecco’s
modified Eagle’s medium (DMEM). The designed chamber diameter was 20 mm and the actual size
was 15.7 mm); and (F) cross-sectional view of the chamber. The air–liquid interface height (L) was
1.5 mm.

2.4. CFD Simulation

In order to provide theoretical guidance and understand the field of micro-rotational flow,
we conducted the CFD simulation using ANSYS Fluent software (Ansys 14.0, Ansys, Inc.). The goal of
the simulation was to reveal the velocity distribution, the micro-rotational flow pattern, and velocity of
the particles. A three-dimensional two-phase model was applied to calculate the micro-rotational flow
pattern in the PDMS chamber. To simplify the simulation, only flow from the inlet in the liquid domain
was considered, and velocity of flow at the orifice Vein was used. The simulation domain we used was
15.7 mm (diameter) ˆ 1.5 mm (depth). The bottom surfaces were set as free convective boundaries at
room temperature of 25 ˝C.
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3. Results

3.1. Experimental Confirmation of the Generation of Micro-Rotational Flow

Because our system was an open space environment, the velocity of flow from orifice Vein
dispersed significantly, and it was not equal to the relative velocity between the stream and rotating
object Vf . Therefore, to experimentally confirm the velocity property of the three-dimensional rotation
flow, an experiment was conducted using Fluoro Spheres (20 μm in diameter; Molecular Probes,
Invitrogen, Carlsbad, CA, USA). The results showed that the velocity of the flow clearly decreased
when being pushed from the orifice. In the maximum velocity area (Figure 4A), the velocity was the
same as that calculated from the flow rate; however, in the area of the center of the micro-rotational
flow, the velocity was much lower. In addition, flow visualization (Figure 4B) showed the area of
the micro-rotational flow was several millimeters from the activated orifice. The velocity measured
from the maximum and average velocity areas is shown in Figure 4C. To reach the Vf which was
calculated to be 0.002217 m/s, a flow rate approximately around 45–85 μL/min was required according
to Figure 4C. The flow velocity from the orifice Vein was calculated to be 0.095–0.18 m/s.

 

Figure 4. Velocity property of the rotational flow. (A) The areas of different velocities; (B) visualized
area of micro-rotational flow using Fluoro Spheres; and (C) velocity comparison between the maximum
velocity area and the average velocity area.

3.2. Confirmation of the Generation of Micro-Rotational Flow by CFD Simulation

The cross-sectional view of the simulation results is given in Figure 5B. Figure 5C shows
details of the simulated micro-rotational flow in the white dashed line in Figure 5B. The generation
of micro-rotational flow with velocity larger than Vf was confirmed at a flow rate condition of
71.63 μL/min.

The streamlines indicated that the object in the micro-rotational flow could be exposed to shear
velocity. In this situation, a lift force was generated on the object due to the significant difference in
velocity and pressure exerted by the stream on opposite sides of the object. When the lift force was
powerful enough to balance the hydrodynamic force in the tangential direction and in the direction
of the other forces such as the gravity force, added mass force, and buoyancy force, the equilibrium
position of the object was obtained. In addition, the velocity of the area near the orifice was clearly
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faster than the area far from the orifice, and the different flow velocity led to the different rotation
speed of the object that was captured.

 

Figure 5. Simulation domain and results. (A) The simulation domain contained two phases (air and
liquid); (B) cross-sectional view of the simulation results; and (C) enlarged view of the generated
micro-rotational flow.

For the calculated conditions, the diameter of the low velocity core of the micro-rotational flow
was from 200 to several hundred micrometers; therefore, the object diameter was set to be several
hundred micrometers for the experiment.

3.3. Self-Rotational Motion of the EB

The results of the self-rotational motion experiment are shown in Figure 6A,B and Video S1.
When the rotation of the EB started, the experiment to examine the relationship between the flow rate
and rotation speed was conducted. At the estimated flow rate of 71.63 μL/min, the rotation speed of
the EB was 66 rpm. The reason for the difference in the rotation speed between the estimated and the
experimental results was considered to be due to the density change of the DMEM culture medium
caused by evaporation, resulting in a loss of flow rate in the pumping system.

The result shown in Figure 6C indicated that the speed of rotation was directly proportional to
the flow rate. However, increasing the flow rate to over 109.2 μL/min or decreasing it below 57.4
μL/min induced the self-rotational motion of the EB to become orbital motion. The reason was
considered to be that the excessive flow rate caused a significant increase in the lift force, so that
the EB was pulled into the stream from the orifice and flowed to the edge of the rotational flow,
turning into a slow long-distance orbital motion. In the case of an insufficient flow rate, the lift force
was decreased by the change in flow rate, and the force balance was no longer maintained in the
equilibrium position. Figure 7A, from Video S2, shows an image at the moment that the rotation
shifted to the fast short-distance orbital motion. Moreover, we used two cotton fibers (1.54 g/cm3)
(diameter of 10 μm, length 200 μm) to demonstrate the system was capable of rotating different objects
and also to indicate the possibility that it was capable of manipulating multiple objects. (Figure 7B and
Video S3).
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Figure 6. Self-rotational motion of the embryoid body (EB) in DMEM solution. (A,B) Images from
the video footage of EB self-rotation seen from a side and (C) the dependence between flow rate and
rotation speed.

Figure 7. Turning point of rotation. (A) The moment that the rotation of the EB became orbital motion;
and (B) objects of different sizes and species can also be rotated. The scale bar is 500 μm.

3.4. Orbital Motion

The results of the experimental demonstration of the orbital motion of the EB (diameter, 200
μm) are shown in Figure 8 (taken from Video S4). At the estimated flow rates of 36.2 μL/min, 72.5
μL/min, and 108.7 μL/min, the expected distances on the x-axis were calculated by the simulation
as 419, 837, and 997 μm, respectively. The experimental results are shown in Figure 8B–D, and the
distance (in length) is shown in Figure 9; distances of 422.8, 495.8, 734.5 μm were obtained. The reason
for the difference between theoretical and experimental values was considered to be the loss of flow
rate in the pumping system.
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Figure 8. Trajectories of the EB in orbital motion. (A) The orbital motion was close to the center area;
and (B–D) images of trajectories obtained under different flow rates of 36.2, 72.5, and 108.7 μL/min.

 

Figure 9. The length on the x-axis of trajectories obtained at different flow rates.

In addition, orbital motion in our system was a variable velocity motion. The acceleration, which
is relative to the shear force, is important for the function of the force stimulator for a bio-object.
Therefore, the orbital motion experiment of the EB was conducted at the flow rate of 154.9 μL/min,
which is the maximum output of our system.

The trajectory obtained by an imaging process from the recorded video (Video S5) of the orbital
motion is shown in Figure 10A, and the relationship between the acceleration in the vertical direction
and flow rate is shown in Figure 10B. The maximum acceleration was approximately 0.63 m/s2, and the
frequency was approximately 0.45 Hz. The maximum speed of the EB was approximately 15.4 mm/s.
As shown in Figure 11, cyclic variations in acceleration also induced cyclic variations in the shear force
due to velocity. The frequency and acceleration were controllable, which means that the proposed
system could function as the force stimulator for the bio-object.
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Figure 10. Acceleration of the EB in orbital motion. (A) The length on the x-axis of trajectories obtained
by the imaging process; and (B) the acceleration was obtained while the EB was in orbital motion.

Figure 11. Velocity of the EB in orbital motion. The velocity was obtained from the video recording of
the EB in orbital motion.

4. Discussion

The use of three-dimensional rotational flow enables various possible applications in a microfluidic
system. Most of these applications are difficult to obtain with a two-dimensional microfluidic system.

4.1. Self-Rotational Motion

The method proposed in this paper is different from other methods based on the use of electric
fields, optical forces, surface acoustic wave force, magnetic force, and mechanical tools. We achieved
the self-rotational motion of an EB by controlling the micro-rotational flow, and we could determine
the relationship between the rotation speed and flow rate. In addition, by regulating the height of the
air-liquid interface, the position of rotation was also controllable. Compared with the conventional
methods that rotate cells using a complex system, a closed space, and have size and species limitations
for the manipulation target, our present method is convenient, conducted in an open space, and allows
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for a wider size range of the manipulation target (μm–mm). For example, we achieved the rotation
speed of 600 rpm of the EB (Video S6) or the orbital motion of the 20 μm diameter EB (Video S7).

4.2. Three-Dimensional Culturing Mode

Three-dimensional culturing of a cell or a small amount of cells was possible if the cell had
a slow orbital motion or self-rotational motion at a lower rotation speed. Rotating the object cells
ensured the supply of nutrition to every part of the cell or the whole cell aggregate. Three-dimensional
aggregates of different kinds of cells also can be made and cultured in our system without mechanical
agitation. However, unlike other methods using a complex scaffold, microchannel, or micro-chamber,
our method is capable of capturing, achieving the short/long-term, fast/slow rotational and orbital
motions of an object in a wider size range of the manipulation target (μm–mm) (Video S8).

4.3. Three-Dimensional Flow Stimulation Mode: High-Speed Rotation and Acceleration of Flow

This method also showed the potential for practical high-speed rotational motion or orbital
motion of a cell. For example, with high-speed rotation, this method can provide the controlled
shear stress, which is produced by the steep velocity gradient present in the micro-rotational flow,
to the whole bio-object. The effect of shear stress on endothelial cells was reported previously [33].
This method offers a powerful tool capable of presenting shear stress on not only the suspended cells
but also on non-suspended bio-objects. Furthermore, unlike other methods that make time-consuming
observations of physical changes of cells [34] induced from the free high shear stresses at the
bio-object–fluid interface, our system can observe the changes in real time, which may offer new
opportunities to study stress-induced signaling events for cells.

4.4. Three-Dimensional Cell Sorting Mode

Chen et al. [35] have reported the two-dimensional orbit motion of cells for different purposes
In the present study, the three-dimensional orbital motion of a cell showed a greater rotational flow
area than the two-dimensional orbital motion. We found that objects of different sizes and densities
performed different motions at the same flow rate (Videos S1 and S9). For example, larger and heavier
objects performed self-rotational motion, while smaller and lighter objects performed orbital motion at
the same flow rate (Video S1). Thus, by regulating the flow rate, the size of a cell to be rotated in a fixed
position can be selected, and the rotating object can be collected easily (on stopping the flow, the object
sinks to the surface of the microchip). An orifice is capable of rotating several objects, and increasing
the number of orifices can achieve high-throughput three-dimensional cell size sorting.

4.5. Three-Dimensional Manipulation

Compared with other conventional methods using hydrodynamic force [16–19], our method is
capable of capturing bio-objects up to several millimeters in size. The capturing process is fast (less than
1 s), and the rotation and moving of the bio-object is simple and effective. Furthermore, the process
requires no complex equipment or tools, relying simply on an orifice and a pump.

4.6. Comparison with Other Methods used in above Applications

In our evaluated applications, all the operations were conducted using rotational flow. The flow
velocity is the most important factor that generates a possible negative influence on the cells. We do
not have direct evidence to prove our system has less negative influence because we cannot clarify
the reason for the difference between EB cells in a normal situation and after self-rotational motion or
orbital motion. However, if we compare the velocity applied on cells in other methods, we can assume
our system is bio-friendly and suited for these applications.

As shown in Table 1, in the culturing mode, velocities from 0.127–3 mm/s were previously used;
in this paper, we applied velocities up to 2.217 mm/s (slow orbital and rotational motion) on the EBs.
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The presently applied velocities are clearly lower than those used in previous research, indicating
our method does not have a bigger negative influence on cells compared with previous methods.
In addition, we observed the EB cells after we had rotated them for 10 min, orbitally moved them for
10 min, and then cultured them for 12 h. For comparison, we prepared EB cells by the same process of
culturing them on a glass bottom dish coated with gelatin under the same conditions (Figure S2A,B).
There were no significant differences in shape, and no dark zone appeared in the EBs we rotated
(Figure S2C,D).

Table 1. Comparison of environment situation and applied velocity (For embryoid bodies having
diameters of 200–300 μm).

Applications
Environment Situation Applied Velocity (mm/s)

Other Methods This Paper Other Methods * This Paper

EB Culturing Closed Open 0.127 [28]–3 [29] Up to 2.217
EB Stimulation Closed Open 0.833–3 [30] Up to 15.4

EB Sorting Closed Open 0.383 [31] Up to 15.4
EB Manipulation Closed Open 0.383 [31] Up to 2.217

* Velocity was calculated from the flow rate and microfluidic chip dimensions that were used in other
previous methods

In the stimulating mode, larger flow velocities increase the effects of fluidic shear stress; however,
previous methods were unable to use a flow velocity of more than 3 mm/s due to the risk of EBs being
flushed away [30]. In our system, a maximum speed of 15 mm/s can be applied without losing the
target EB.

In the sorting and manipulating modes, the flow velocity generating the drag force is normally
used; however, in a closed space, velocity-induced pressure effects are not ignorable because our
open space system has a lower pressure than a closed system. During the processes, only the force
required to cancel the calculated gravity will be applied on the EBs; therefore our method has a smaller
pressure effect.

Overall, our system is capable of providing most of the functions that other methods are capable
of providing, as well as having a wider range of applied velocities and a smaller pressure effect in an
open space.

5. Conclusions

We here reported a convenient method of three-dimensional micro-rotational flow generation.
This method has potential for such biological applications as culturing, stimulating, sorting,
and manipulating different kinds of cells. A controllable micro-rotational flow was generated near
an orifice when the solution was pushing from the orifice. The size, velocity, and position of the
micro-rotational flow core could be controlled by tuning the parameters such as the flow rate and the
liquid-air interface height. A bio-object captured by the micro-rotational flow performed self-rotational
motion or orbital motion. In addition, speed and position of rotation, velocity, frequency, and length
of orbital motion of cells in the micro-rotational flow could also be controlled. As a typical biological
target, EB cells were used to demonstrate our method. We obtained the maximum distance of
orbital motion of 2.4 mm, maximum acceleration of 0.63 m/s2, frequency of approximately 0.45 Hz,
velocity of 15.4 mm/s, and maximum rotation speed of 600 rpm. The capability to have objects rotate
or be in orbital motion in three dimensions without contact opens up new research opportunities in
three-dimensional microfluidic technology.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2072-666X/7/8/140/s1.
Figure S1: Schematic drawing to show how the image was taken from two sides. There was a CCD camera
on the top and another on one side. The side camera was at an angle of 19.5˝ to the center part of the chip;
Figure S2: Images of EBs taken after preparation and culturing—(A) the EBs were prepared from ES cells; (B) after
culturing for 48 h, the ES cells were aggregated as EBs on a 96-well U-bottom plate; (C) EBs were removed from
the U-bottom plate, and cultured on a gelatin glass bottom dish for 12 h. The image was taken by phase-contrast
microscopy; and (D) EBs after rotating for 10 min, orbitally moving them for 10 min, and then culturing them for
12 h. The image was taken by bright field microscopy. Video S1: Self-rotation of EB; Video S2: Rotation speed
of an EB at 60 rpm as it changes to orbital motion; Video S3: A single object and two objects were rotated in the
micro-rotational flow; Video S4: Short orbital motion of an EB performed in low flow rate; Video S5: Long orbital
motion of an EB performed in high flow rate; Video S6: Rotation speed control of an EB; Video S7: Self-rotational
motion and orbital motion of an EB (diameter, 20 μm); Video S8: Processes of capturing and performing short and
long orbital motions of an EB; Video S9: Different size objects performing orbital motions of different lengths.
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Abstract: This paper presents a simple three-dimensional (3D) fabrication method based on
soft lithography techniques and laminated object manufacturing. The method can create 3D
structures that have undercuts with general machines for mass production and laboratory scale
prototyping. The minimum layer thickness of the method is at least 4 μm and bonding strength
between layers is over 330 kPa. The performance reaches conventional fabrication techniques
used for two-dimensionally (2D)-designed microfluidic devices. We fabricated some 3D structures,
i.e., fractal structures, spiral structures, and a channel-in-channel structure, in microfluidic channels
and demonstrated 3D microfluidics. The fabrication method can be achieved with a simple black
light for bio-molecule detection; thus, it is useful for not only lab-scale rapid prototyping, but also for
commercial manufacturing.

Keywords: 3D microfluidics; microfabrication

1. Introduction

Research in the field of microfluidics is moving from understanding two-dimensionally
(2D)-designed flow to three-dimensionally (3D)-designed flow. 2D flow, which is planar flow with no
vertical flow, has been studied since the 1990s, and various 2D-designed microfluidic devices such as
multiple branching channels [1–3], zigzag shaped channels [3,4], Tesla mixers [5], and deterministic
lateral displacement devices [6–8] have been developed. These channels have no changes in their
cross-sectional shape and are fabricated by simple soft lithography or an etching process. In some
fairly recent reports, Dean flow which is 3D flow formed in a 2D curved microchannel has been
applied for particle separation [9,10] and liquid mixing [11,12]. To generate more complex 3D flows in
microchannels, 3D-designed structures with configuration changes in a vertical direction have been
developed since about 2000. The chaotic mixer reported in 2002 has structures that are grooves similar
to rifling in a gun barrel; the structures can generate a 3D twisting flow in the mixer channel [13,14].
The microfluidic baker’s transformation (MBT) device that has 2D-designed structures with vertical
changes also generate a 3D flow in a microchannel [15,16]. These 3D structures achieved a highly
efficient solution mixing in microfluidic channels. However, their configurations were limited by the

Micromachines 2016, 7, 82 146 www.mdpi.com/journal/micromachines



Micromachines 2016, 7, 82

demolding process to shapes without undercuts such as cuboids or pyramids. Most reports have
used 2D or 3D structures without undercuts for microfluidic devices in spite of the research shift from
understanding 2D flow to 3D flow due to the difficulties and particularities of the fabrication processes
of realizing complex 3D structures unlimited by the demolding process.

To fabricate complex 3D structures with undercuts, 3D microfabrication techniques are
required. The complex 3D structures can be fabricated using additive manufacturing such as
microstereolithography [17,18] or lamination [19,20]. Microstereolithography employs a liquid
UV-curable polymer, an UV laser, and an XYZ stage to build thin layers which are part of a 3D
structure. The UV laser patterns the cross sections of a 3D structure on a thin layer with a curing
UV-curable polymer. Subsequently, the XYZ stage moves down to the next layer. These two processes
are repeated over and over for creating a 3D structure. Although microstereolithography can achieve
complex 3D structures, there are some problems: (i) it needs special equipment; (ii) a large amount
of UV-curable polymer compared with microstructure is required; and (iii) the method limits the
fabrication speed and working area because of the laser scanning method. These are critical issues for
the progress of the technology from the basic research phase to the market-related development phase.

Lamination of many thin layers of substrates is a widely used method thanks to the use of
conventional fabrication techniques and machines [20–23]. Although this method is possible for the
mass production of micro 3D structures, two drawbacks have to be solved. One is that some materials
require a cumbersome bonding process to build up layers with chemical, thermal, or both processes.
The other is the difficulty of controlling the layer thickness. The layer thickness of the lamination
method is not thin enough for creating 3D structures in microfluidic channels.

Many 3D printers based on microstereolithography or lamination techniques have been launched
in the last five years. These technologies allow us to create microfluidic devices and peripherals. Some
groups have reported 3D-printed microfluidic devices [24–26], and others have applied 3D printers
for bioprinting [27,28]. The Lewis group fabricated microfluidic print-heads for 3D printing [29].
3D printers can save labor for the first stage device fabrication and reduce fabrication limitation in
the field of microfluidics. On the other hand, although 3D printing is a powerful technique for rapid
prototyping, personalized manufacturing, and distributed manufacturing, it is still less efficient than
injection molding and other conventional techniques from the viewpoint of mass production.

In recent years, thiol-ene reaction has attracted a lot of attention as an alternative to
poly(methyl methacrylate) (PMMA) or poly(dimethylsiloxane) (PDMS) [30–34]. The thiol-ene
reaction-based materials polymerize rapidly, have solvent resistance, have good mechanical properties,
and have the possible application of 3D fabrication. We also applied the reaction to fabricate a
thermo-pneumatic pump that is composed of several layers [35]. Carlborg et al. reported a new
thiol-ene reaction-based microfabrication [36]. They characterize mechanical and chemical properties
of microfluidic devices based on the thiol-ene reaction and demonstrate a potential to bridge the gap
between rapid prototyping and mass production. However, their fabrication technique is limited to
2D-designed microfluidic channels. In this study, we propose a simple rapid prototyping method based
on soft lithography without any support material for high throughput 3D fabrication. The method is a
combination of injection-molding and lamination, which uses double-sided molding with PDMS
molds and a UV-curable adhesive based on thiol-ene reaction. It can be done by conventional
equipment for soft lithography and requires no cumbersome bonding and washing processes for
multilayer lamination.

2. Materials and Methods

2.1. Device Fabrication

The fabrication process is schematically depicted in Figure 1. There are two main procedures
in the fabrication method: the fabrication of PDMS molds by soft lithography and the lamination of
thin sheets. The PDMS molds are used for making thin sheets of a commercial UV-curable adhesive,
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Norland Optical Adhesive 81 (NOA 81). NOA 81 can be cured rapidly by UV irradiation within a few
minutes or even seconds. However, the reaction is inhibited by oxygen, and PDMS has high oxygen
permeability and UV transmittance. The NOA 81 in the PDMS molds is cured by UV irradiation,
while surfaces of NOA 81 sheets in contact with PDMS remains uncured [31,33]. The uncured surfaces
work as bonding layers, which are helpful in piling up thin layers to 3D structures.

 

Figure 1. Schematic cross-sectional illustrations of the 3D fabrication process by conventional
photolithography with NOA 81. (a) Fabricated PDMS molds by soft lithography. The numbers indicate
layer order and #0 is a mold for a lid. (b) Injection of uncured NOA 81 to the spaces between PDMS
molds by capillary force. (c) UV irradiation for partially curing NOA 81. (d) Lamination of NOA 81
sheets. NOA sheets are aligned after one side of PDMS molds are peeled off. The sheets are bonded by
UV irradiation. The alignment and UV bonding processes are repeated.

The sliced images of objective structures along the Z-axis were drawn on overhead projector
(OHP) films that were used as photomasks. The master molds were made with negative photoresist
SU-8 series (Microchem, Tokyo, Japan) to make PDMS molds. Two components of the PDMS kit
(Sylgard 184, Dow Corning, Tokyo, Japan) were mixed at a weight ratio of base:curing agent = 10:1.
The prepolymer was poured into the SU-8 master molds. Concavities and convexities of the PDMS
molds were opposite to those of conventional PDMS microfluidic channels; channels in SU-8 molds
were concaves, and channels in PDMS molds were convexes (Figure 1a).

The PDMS molds of the objective 3D structure were divided into pairs to make interspaces.
The upper PDMS molds were attached to supporting glass plates such as a cover glass or a glass slide
for preventing the upper PDMS molds from dead load deflection. The interspaces were filled with
NOA 81 (Norland Products Inc., Cranbury, NJ, USA) by capillary force (Figure 1b). Uncured NOA 81
were polymerized by UV irradiation for 90 s with a simple black light (AS ONE Co., Osaka, Japan)
that illuminates 1.65 mW/cm2 at 365 nm. As mentioned above, the polymerized NOA 81 sheets with a
cross-sectional shape of the objective 3D structure have uncured surfaces (Figure 1c). The NOA sheets
were bonded via UV irradiation for 30 s after one side of the PDMS molds were peeled off (Figure 1d).
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The lamination process was repeated until the top layer. Thin films were aligned with a positioning
stage (TR6047-S1, Chuo Precision Industrial Co. Ltd., Tokyo, Japan) under a stereomicroscope (SZ61,
Olympus, Tokyo, Japan). The devices with 3D structures were exposed to UV light for 20 min for
complete polymerization, because NOA 81 requires 2 J/cm2 to fully cure, according to the product
data sheet. Three kinds of 3D structures—Menger sponges, spiral structures, and a channel in channel
structure—were fabricated by using this method.

2.2. Bond Strength Measurement

Bond strength between NOA 81 sheets was measured by a tensile adhesion test with glass slides
bonded by NOA 81 sheets. Two PDMS molds without any pattern were put on two glass slides, and
uncured NOA 81 was injected into the spaces between the molds and the glass slides. Two glass slides
with NOA 81 were exposed to UV light for 90 s. The NOA 81 sheets were cut into 1 ˆ 1 cm2 with a
utility knife after the PDMS molds were peeled off from glass slides. The two glass slides were bonded
with the NOA 81 by UV exposure for 20 min. A weight was hung on a glass slide, and the load was
made heavier to reach the point at which the bonding between NOA 81 sheets broke.

2.3. Flow Visualization

The 3D microstructures and 3D fluidics in the channels were observed with a scanning electron
microscope (SEM, TM-1000, Hitachi, Tokyo, Japan) and a laser confocal microscope (TCS-STED-CW,
Leica Microsystems, Wetzlar, Germany). Aqueous solutions of 0.5 mM fluorescein sodium salt
(Sigma-Aldrich, Tokyo, Japan) and 0.1 mM rhodamine B (Sigma-Aldrich, Tokyo, Japan) were used to
visualize the 3D flow and observed with a 442-nm excitation laser and a 10ˆ/0.40 lens (HCX PL
APO CS, Leica Microsystems GmbH, Wetslar, Germany). Stacks of each confocal X-Y scan of
1024 ˆ 1024 pixels were collected with a step of 0.49 μm in the Z direction. Z-series images were
loaded in to the imaging software (LAS AF, Leica Microsystems GmbH, Wetslar, Germany) and made
into vertical cross-sectional images.

3. Results and Discussion

3.1. Characterization of The Method

Pneumatic valve-like structures, which have a membrane clamped with 35-μm-deep and
50-μm-deep chambers, were fabricated to confirm the minimum layer thickness (Figure 2a). Figure 2b,c
shows the SEM images of cross-sectional shapes of the membranes. SU-8 3025 was used to make a
PDMS mold for a thicker membrane, and SU-8 3005 was used for a thinner membrane. The layer
thickness can be controlled by changing the thickness of the SU-8 master molds, and the minimum
layer thickness was 4 μm. This performance is higher than that of the high-end commercialized 3D
printer with a minimum layer resolution of around 10 μm [26,37–41].

As for the bond strength, two pieces of NOA 81 sheets could maintain the bond against a load of
3.4 kg for a few minutes. The bond between NOA 81 sheets was broken upon loading 3.5 kg. The bond
strength with a bonding area of 1 cm2 against a load of 3.4 kg was about 330 kPa. The average
bond strength of the conventional bonding method was from 100 to 500 kPa [42–45]. The bonding
between NOA 81 sheets by our method has enough bond strength for using it as a material in
microfluidic devices.

The Menger sponge is one of the fractals that are geometric configurations with a self-similar
pattern [46]. The basic structure is a cube with holes on every surface in the center. The 20 basic
structures are arranged in a way that they form the same configuration. The higher level Menger
sponges are made by the Menger sponges of the same regulation one level lower. In this paper,
level-1 and level-2 Menger sponges were fabricated. Figure 2d–f shows SEM images of 90-μm
level-1 and 810-μm level-2 Menger sponges. They are composed of 30-μm cubes and 270-μm level-1
Menger sponges, respectively. The alignment accuracy is less than 10% of the minimum structure
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size; however, the accuracy can improve by using bonding aligner. Their unique structure with many
undercuts can be observed.

Figure 2. Structures for characterization. (a) A schematic illustration of a structure for layer thickness
characterization. A red dotted box shows a region for close-up views in (b,c). (b) An SEM image of a
membrane made by a PDMS mold with a thickness of 50 μm and (c) a membrane made by a PDMS
mold with a thickness of 4 μm. (d) 90-μm level-1 Menger sponges; (e) A close up image of the level-1
Menger sponge. (f) 810-μm level-2 Menger sponges from oblique view points.

3.2. Spiral Structure

The spiral stair-like structure has a deforming wall in a channel, as shown in Figure 3a. This wall
consists of five layers, and its cross sections change their shape to rotate 180˝ around a central
longitudinal axis of a channel. Figure 3b,c is the top-down view of the spiral structure taken with a SEM
and cross-sectional shapes taken with a confocal microscope, respectively. The structure, consisting
of five thin NOA 81 films (black parts), shows the changing cross-sectional shapes: a horizontal wall
appears at 200 μm from the channel end, changes to a vertical wall at the point of 1000 μm, and
the vertical wall keeps rotating until it becomes horizontal at 1800 μm. The thickness of the NOA
81 sheets made with two molds were 119 ˘ 2.03 μm measured with a digital micrometer (CLM1-15QM,
Mitsutoyo Corporation, Kanagawa, Japan) when the sheets were made in 60-μm-high SU-8 molds.
The change of the structure shape can be smoother by a redesign of the structure (Movie S1) and an
increase in lamination layers.

Figure 3. Diagrams of a spiral structure. (a) A conceptual image of the structure. (b) A SEM image of
the structure from top-down view. (c) Confocal images of vertical cross sections at every 200 μm in
the flow direction of the microchannel filled with fluorescein solution. White dotted lines represent
cross-sectional shapes of a five-layer structure. Scale bar is 100 μm.
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The spiral structures were embedded in a Y-junction microfluidic channel to visualize the flow
in the microchannel (Figure 4a). One cycle of the structure was 2 mm in length and there were five
cycles in the channel. Fluorescein solution and water were introduced into the channel with syringe
pumps (KD Scientific, Holliston, MA, USA) and the flow in the channel was observed with the confocal
microscope. The fluids were mixed with the structure and the flow in the channel is similar to the flow
in a chaotic microfluidic mixer [13,14] or a spiral type mixer [18] (Figure 4b,c). The two kinds of liquids
were rotated by the change in cross-section structure and they generated a vertical multilayer flow.
The multilayer spiral structure has a potential to make and control the 3D flow.

 

Figure 4. Confocal microscope images of a flow in the spiral structure channel. (a) Overhead view of
the Y-shaped channel with the 5 spiral structures; (b) Confocal microscope images of vertical cross
sections of the microchannel at every 200 μm in the flow direction and (c) at blanks. The channel was
filled with a fluorescein solution (green) and water (dark). Scale bars are 100 μm.

We also made a ten-layer spiral structure in a microfluidic channel, which has two five-layer spiral
structures in the channel (Figure 5). Although the lower layer cannot be visualized clearly due to light
scattering at the vertical shape of the structure, the double screw structure was observed. The structure
has an extruded structure from side to side and from top to bottom, which cannot be fabricated by
conventional soft lithography. When the channel was pressurized to introduce a fluorescent reagent
with the syringe pump (flow rate: 1 mL/min), there was no liquid leakage from the channel. The same
PDMS molds can make another type of ten-layer structure made of the upper and lower five-layer
3D structures.

Figure 5. Confocal microscope images of a ten-layer spiral structure at every 200 μm in the flow
direction of the microchannel. Scale bar is 100 μm.
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3.3. 3D Sheath Device

A 3D sheath device was also made via the fabrication method. The 3D sheath device has a
channel with a smaller channel in it, and the channels are connected to different inlets (Figure 6a).
The smaller channel is merged with a larger channel to make a sheath flow (Figure 6b,c). The larger
channel dimension is 500-μm-wide and 250-μm-deep, and the smaller one is 100-μm-wide and
50-μm-deep. A flow in the merged channel was observed with the confocal microscope at 5 mm
from the merged point while a fluorescein solution and rhodamine solution were introduced into
the channels from the two inlets with the flow rate of fluorescein as 90 μL/min and rhodamine as
450 μL/min. The fluorescein solution was stably sheathed by the rhodamine solution at least 5 mm in
length. The sheathed flow broadened due to decreasing flow rates—fluorescein as 40 μL/min and
rhodamine as 210 μL/min.

 
Figure 6. Cross-sectional images of a 3D sheath device. (a) Conceptual image of the 3D sheath device.
(b) A SEM image of a cross section of the device at position (i) in Figure 6a, and (c) at position (ii) in
Figure 6c. (d) A confocal microscope image of the 3D sheath at position (iii) with the flow rate of
fluorescein as 90 μL/min and rhodamine as 450 μL/min. (e) Fluorescein as 40 μL/min and rhodamine
as 210 μL/min. Scale bars are 100 μm.

4. Conclusions

In this paper, we demonstrated a 3D microfabrication method with simple instruments for soft
lithography: a black light for detection of biomolecules and a stereomicroscope. The method does
not require any robotic action or sacrificial materials [47,48]. The method exhibited enough bond
strength for microfluidic devices and thin layer thickness with a high layer resolution. The Menger
sponge-like structures, and some 3D microfluidic devices were achieved without limitation by the
demolding process needed in conventional molding fabrication. This method still has some problems
about the positioning accuracy for manual procedures, which can be solved by instruments and
automation techniques for mass production. 3D structures in microfluidic channels grow in importance
as approaches to control flow [49,50], produce microlens arrays [51], produce 3D cell culture systems
and mimic organs [52–55], and develop multifactor separation [56]. Our fabrication method can meet
the requirements of new 3D structures in a lab scale and allow for the commercialization of previously
studied prototype devices.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-666X/7/5/82/s1.
Movie S1: The smooth shape change of the five-layer screw structure in a vertical cross section.
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Abstract: Arrayed three-dimensional (3D) micro-sized tissues with encapsulated cells (microtissues)
have been fabricated by a droplet microfluidic chip. The extracellular matrix (ECM) is a polymerized
collagen network. One or multiple breast cancer cells were embedded within the microtissues, which
were stored in arrayed microchambers on the same chip without ECM droplet shrinkage over 48 h.
The migration trajectory of the cells was recorded by optical microscopy. The migration speed was
calculated in the range of 3–6 μm/h. Interestingly, cells in devices filled with a continuous collagen
network migrated faster than those where only droplets were arrayed in the chambers. This is likely
due to differences in the length scales of the ECM network, as cells embedded in thin collagen slabs
also migrate slower than those in thick collagen slabs. In addition to migration, this technical platform
can be potentially used to study cancer cell-stromal cell interactions and ECM remodeling in 3D
tumor-mimicking environments.

Keywords: cell motility; autocrine; paracrine; 3D micro-sized tissue; microfluidic droplet device

1. Introduction

It is very difficult to uncover how cells respond to the extracellular matrix (ECM) and how
cells communicate using traditional cell culture systems. Traditional cell culture systems offer only
two-dimensional (2D) substrates and lack the ability to isolate single cells or groups of cells [1,2].

An ideal platform for high throughput studies of cell-ECM interactions and cell-cell
communication must have the following characteristics: (1) The platform is capable of realizing the
encapsulation of cells in an ECM similar to that in the body, and the ECM should be three-dimensional
(3D). (2) The platform can realize the isolation of single cells or groups of cells in order to control
the cell-cell communication. This implies confining cells by providing barriers between the cell
environment and the surroundings. (3) The platform must allow one to build microenvironments that
are sufficiently small such as microtissues. Cells often communicate through the secretion of soluble
molecules, so volumes between 10- to 1000-fold larger than the cell are appropriate to ensure that
the secreted molecule concentration is sufficiently high. (4) Lastly, the platform is capable of rapidly
generating a large number of cell-encapsulated microtissues in parallel in a cost-effective manner for
high throughput studies.

Micromachines 2016, 7, 84 156 www.mdpi.com/journal/micromachines
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2. Design, Operational Principle and Fabrication of the Droplet Microfluidic Device

Toward this goal, a droplet microfluidic chip for generating arrayed cell-encapsulated microtissues
has been developed [3–5]. A schematic of a chip is given in Figure 1a. Filtered silicone oil is used as
the continuous flow phase and the carrier fluid. Along the flowing direction of the fluids, as illustrated
in Figure 1a, this device consists of a T-shape droplet generator, a liquid-droplet merger, a serpentine
control channel (c-channel), and the droplet storage chambers (chambers). The droplet generator forms
cell-laden collagen droplets. The c-channel is designed to prevent any air bubbles or non-uniform
droplets from entering and occupying the chambers at the beginning of the operation of the device [6,7].
Once the uniform droplet generation is established, the c-channel is closed, and the outlet of the
chambers is open. As a result, the droplets will flow toward the chambers, thereby entering and
occupying them one by one. It should be noted that while this type of chip has been used for other
applications [6], it is for the first time to be used to generate 3D microtissues and study the migration
of the cells.

Figure 1. (a) Sketch of the droplet microfluidic chip for generating 3D microtissues (not to scale):
Each storage chamber (a cylinder with a radius of 60 μm and height of 50 μm) has one 3D microtissue
containing single or multiple cells; (b) Photo of a fabricated chip with 75 storage chambers.

A large scale of arrayed 3D microtissues, formed by polymerized collagen and cells, can be
manufactured and stored in microchambers on the chip. To the best of our knowledge, this is the first
demonstration of the fabrication of 3D microtissues using a droplet microfluidic chip to study cell
migration in 3D microenvironments for an extended period of time.

The chip is fabricated using a soft lithography process [6,7]. Briefly, a 50-μm-thick SU-8 mold of the
device is formed on a silicon substrate using conventional optical lithography. Polydimethylsiloxane
(PDMS) is then casted on the mold, followed by 1.5 h of curing at the temperature of 65 ˝C.
Finally, the PDMS microfluidic layer is peeled off from the mold, and then is bonded with a glass
substrate after oxygen plasma treatment for 10 s. The input and output holes are made in the PDMS
layer for the delivery of the samples to the chip, followed by assembling input and output tubing
(Upchurch Scientific, Inc., Oak Harbor, DC, USA), and being connected with syringes controlled by
several syringe pumps (KD Scientific, Inc., Holliston, MA, USA). A photo of a fabricated chip is shown
in Figure 1b.

3. Materials and Methods

Breast cancer MDA-MB-231 cells were subcultured in Dulbecco’s modified Eagle’s medium with
10% fetal bovine serum, 2% Glutamax, and 1% penicillin/streptomycin. Imaging media was the same
except it lacked phenol red and was supplemented with 12 mM HEPES. On the day the chambers were
loaded, cells were trypsinized and suspended in 2 mg/mL collagen solution (rat tail-CORNING-354249)
neutralized with imaging media at a cell density of 2 ˆ 106 cells/mL. Chips were either loaded with a
continuous collagen phase or with droplets in the storage chambers. Cells were allowed to spread
over 24 h. Phase contrast images were then taken every 0.5–2 min over 4–8 h. Slabs of collagen were
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generated between two microscope slides with 60 μm (thin) or 360 μm (thick) spacers. Cells were
prepared and imaged in the same way as for the devices with the exception that 3 ˆ 105 cells/mL
were used.

In order to mitigate or even eliminate the droplet shrinking issue due to evaporation, the fabricated
chip was firstly soaked in PBS buffer solution (pH-7.4) in incubator (FISHER SCIENTIFIC-ISOTEMP
3530) overnight before use to ensure that PDMS was saturated with PBS. Silicone oil (SIGMA-ALDRICH)
was used as the fluid carrier. Harvard syringe pump (70–4500) was connected with syringes for flowing
the oil and the collagen/cells. In the experiments, the cell loading in the collagen droplets was based
on Poisson distribution without any attempt to control the loading process. In addition, no surfactant
was used to facilitate the droplet stability. During the collagen droplet generation and storage process,
the collagen flowing input tube and syringe were submerged into a cold water tank (0~2 ˝C) to
avoid fast polymerization since the polymerization rate is highly depended on temperature. After the
droplets were stored in the chambers, the device was flipped over every minute within 10 min until
the collagen was fully polymerized in the storage chamber, and to make sure the cells were in the
middle of the storage chamber (along the z-axis), thereby ensuring the cells to stay in the 3D-matrix.
For the experiments, the droplet microtissues remain surrounded by silicone oil. Experiments on the
cell behaviors after the oil is replaced by cell culture media are in progress.

Confocal reflectance microscope (LEICA LAS-AF, Weltzlar, Germany) was used to image the
3D-matrix system. Standard incubator (FISHER SCINTIFIC-ISOTEMP 3530, FISHER SCINTIFIC,
Waltham, MA, USA) was used to incubate the chip overnight in order to make cells accommodate
to 3D-matrix system for cells’ optimum behavior. OLYMPUS IX73 (OLYMPUS, Tokyo, Japan) with
camera DP73 (OLYMPUS, Tokyo, Japan) was used to track the cell migration.

During the cell tracking process, the chip was submerged into a glass petri dish filled with
PBS buffer at 37 ˝C to prevent drying problem. A heating stage (HARVARD APPARATUS-c-11842,
HARVARD APPARATUS, Holliston, MA, USA) was applied to supply continuous heat. Finally, image
J (National Institutes of Health, Bethesda, MD, USA) with a cell tracker model was used to track
and plot the cell migration diagram. Experiments found that oxygen depletion was not a problem,
even in our relatively small microtissues with PDMS and media above. Cell death did not occur over
the period of about two days in the chamber, particularly if it was kept under proper pH buffering
and temperature conditions. The oxygen consumption rate (OCR) for cancer cells is no higher than
30 pmol¨ s´1¨ 10´6¨ cells [8]. The volume of each microtissue is ~6.0 ˆ 10´10 L and no more than 10 cells
occupy a microtissue. Consequently, the OCR for one microtissue is 500 nM/s. If no oxygen transfer
occurs, it would take over a day for the cells in each microtissue to decrease the oxygen concentration
from 260 μM, the saturated level of media in equilibrium with air in the incubator, to 200 μM, a value
still well above hypoxic conditions. However, there is oxygen transport across the liquid and PDMS,
and the transport is governed by the following equation at steady state: OCR = (D/h)A(C* ´ C),
where OCR is the oxygen consumption rate (0.3 fmol/s), D is the diffusion coefficient of oxygen in
PDMS or water (3 ˆ 10´5 cm2/s) [9], A is the cross-sectional area of each microtissue (1.2 ˆ 10´4 cm2),
C* is the equilibrium concentration of oxygen in fluid (260 μM), C is the local oxygen concentration
around the cells and h is the height of the PDMS and fluid above the microtissue. At a height of 0.8 cm,
the steady-state oxygen concentration is about 200 μM. While there is little information on whether
cell function is altered at this concentration, it is well above that which is considered hypoxic (<6 μM).
Furthermore, because media is initially at an equilibrium concentration of 260 μM oxygen, it takes time
for the oxygen concentration to reach this steady state. At the time that experiments are conducted,
the oxygen level is 200–210 μM. Consequently, the 0.8 cm of PDMS and media is thin enough to
support the relatively low rate of oxygen consumption within the microtissues.

4. Results and Discussion

The optical image of the fabricated arrayed microtissues inside the storage chambers is given
in Figure 2a. Following the procedure described in Section 2, it has been demonstrated that the
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uniform microtissues can be formed and stored in the storage chambers on the chip routinely.
However, it should be emphasized that care should be taken to avoid the polymerization of the
collagen in the flowing channels on the chip; otherwise, the storage chambers cannot be occupied
by microtissues properly. In Figure 2b, a close-up optical image of a droplet shows a cell inside a
polymerized collagen fiber. In order to show the collagen fiber more clearly, a confocal image in
Figure 2c has been taken on the droplet, showing one cell embedded in the polymerized collagen fiber.

Figure 2. (a) Photo of arrayed microtissues stored in storage chambers; (b) close-up of one microtissue
containing one cell; (c) confocal image of one cell inside polymerized collagen fiber, forming
a microtissue.

In order to confirm that the cell is indeed surrounded by a 3D extracellular matrix (ECM),
which is made up of polymerized collagens, some confocal images of the microtissues have been
taken. A topside view, cross-section view and the stacked images from the bottom to the top of a
microtissue are obtained in Figure 3. Given that the nominal height of the fabricated storage chambers
is ~50 μm, the cell is roughly ~20 μm above the bottom of the microtissue and ~20 μm below the top of
the microtissue. Basically, the cell is embedded inside the collagen fibers. Note that the gap of the cell
from the top and bottom of the microtissue can be readily increased by increasing the height of the
storage chambers.

Figure 3. Confocal images showing one cell inside a 3D microtissue in a storage chamber: (a) topside
view; (b) cross-section view; (c) stacked confocal images of a microtissue showing one cell inside
a 3D microtissue.

159



Micromachines 2016, 7, 84

It has been found that as long as the silicone oil does not directly contact the cells, it will not affect
cell viability. In the experiments, only the cells embedded within the polymerized collagen have been
studied. These cells are not directly exposed to oil. The total time for the cells inside the polymerized
collagen for the experiments was up to 32 h, and no clear effect on cell viability was observed during
this time period, suggesting that the oil does not diffuse into the microtissue droplets.

It has also been observed that the polymer gel structure has some differences at the interior
versus the edges of the microtissue droplets. Interactions with surfaces could potentially nucleate
collagen fiber assembly or simply act as an adherent surface for collagen fibers. The typical time
for the polymerization of the collagen is ~15 min at room temperature, similar to that for collagen
polymerization on a glass cover slip.

The real-time migration videos (in the supplementary) of the cells inside microtissue have been
recorded using an optical microscope. The representative images in Figure 4a,b shows the migration
of three congregated cells inside microtissue in a 7 h period of time, while the representative images
in Figure 4c,d shows the migration of one cell inside a microtissue during the same period of time.
These experiments demonstrate that the chip can provide a platform to study the migration of one
single cell or multiple cells in a microtissue environment. In addition, since the cells are confined in a
small volume (~600 pL), the communication among them may be easily studied.

Figure 4. Representative optical images showing (a,b) the migration of three cells inside 3D microtissue
during a 7 h period at 37 ˝C; (c,d) the migration of one cell inside 3D microtissue during a 7 h period
at 37 ˝C.

Based on the recorded videos (in the supplementary), the cell migration speed has been calculated
under two conditions. The first condition includes chips that are filled with cells embedded in collagen,
generating a continuous collagen network. This increases the volume of the environment, decreasing
the opportunity for the depletion of nutrients or accumulation of waste. Also, cells in different chambers
may communicate. The second condition includes devices that only contain cells embedded in collagen
in droplets within the chambers (Figure 4). These droplets have relatively small volumes and cells in a
particular droplet cannot communicate with cells in other droplets. These conditions were compared
to cell migration in thin (60 μm) and thick (360 μm) slabs of collagen. Representative migration
trajectories are shown in Figure 5a,b. Cells in the continuous collagen gels migrate similarly to those in
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the thin collagen slabs and slower than those in the thick collagen slabs (Figure 5c). Cells in droplets
migrated much slower than any other condition (Figure 5c).

Figure 5. Representative trajectories of cells embedded in collagen (2 mg/mL) in the chip (a) and
embedded in a collagen (2 mg/mL) slab between two coverslips (thick: grey, thin: black); (b) The chip
is either filled with a continuous polymerized collagen network (grey) or droplets of collagen within
the chambers (black); (c) Average cell speed under the different conditions as well as the length scales
associated with each condition. Error bars are 95% confidence intervals.

It is interesting that the chip filled with a continuous collagen network and a thin slab results
in similar migration rates. Collagen stiffness is known to alter migration speeds and the observed
stiffness of flexible networks changes close to stiff interfaces, a so-called wall effect. The similar
z-dimension length scales between these conditions likely generate the similar migration speeds.
Consequently, thicker polymerized collagen networks in the chips are likely needed to observe faster
migration. Finally, the droplet xy-dimensions length scales are much smaller than the other conditions
suggesting that either (1) cells require communication between chambers or (2) small volumes in this
first generation chip inhibit migration. The second generation chips with storage chambers that are
both thicker and larger will allow us to eliminate the wall effects and focus on cell-cell communication
within and between chambers that governs cell migration.

5. Conclusions

Using microfluidic droplet chips, arrayed 3D microtissues were fabricated successfully. One or
multiple breast cancer cells were embedded within the microtissues. The migration trajectory of the
cells was recorded and analyzed. The migration speed inside 3D microtissues was in the range of
3–6 μm/h. It was found that cells in chips filled with a continuous collagen network migrated faster
than those where only isolated droplets were arrayed in the chambers. Besides being used for studying
the cell migration, this technical platform can be also potentially useful for studying cancer cell-stromal
cell interactions and ECM remodeling in 3D tumor-mimicking environments.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-666X/7/5/84/s1.
Video S1: One cell in a microtissue, Video S2: Three cells in a microtissue.
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Abstract: Food and water contamination cause safety and health concerns to both animals
and humans. Conventional methods for monitoring food and water contamination are often
laborious and require highly skilled technicians to perform the measurements, making the quest
for developing simpler and cost-effective techniques for rapid monitoring incessant. Since the
pioneering works of Whitesides’ group from 2007, interest has been strong in the development and
application of microfluidic paper-based analytical devices (μPADs) for food and water analysis,
which allow easy, rapid and cost-effective point-of-need screening of the targets. This paper
reviews recently reported μPADs that incorporate different detection methods such as colorimetric,
electrochemical, fluorescence, chemiluminescence, and electrochemiluminescence techniques for
food and water analysis.

Keywords: μPADs; food analysis; water analysis; point-of-need

1. Introduction

Ensuring the safety and quality of food is an incessant concern. Hamburg’s editorial in Science
entitled “Advancing regulatory science” [1] states the relevance of this matter, and indeed, one of the
key points of food analysis is to ensure food safety [2]. In order to meet this goal, there is a constant
search for new and more practical methods for food monitoring. Food is after all the source of nutrition
and energy of every human. Similarly, water safety and quality is of great importance. With water
being the major constituent of the human body, it is natural that enough water must be consumed to
regulate bodily functions [3]. However, failure to warrant the safety and quality of food and water
brings risks that often lead to illnesses and sometimes fatalities.

The safety of food and water is often affected by several factors, including the presence of
pathogens, pesticides and herbicides, metals and other toxic materials generally borne to the food and
water through agricultural and industrial processes. Another influencing factor is the amount of food
additives used to provide food preservation, coloring and sweetening [4]. Such food additives have
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to be controlled due to the potential risks that these substances pose to human health. Some have
even become prohibited due to their toxicity such as furylfuramide (AF-2), which was used as food
preservative in Japan from 1965 or earlier; it was later banned due to its carcinogenicity in experimental
animals [5].

This review discusses the recent progress in microfluidic paper-based analytical device (μPAD)
technology for food and water safety monitoring, specifically μPAD applications to the detection of
different target compounds and pathogens that are either borne naturally to food and water, or caused
by unmonitored industrial and agricultural processing and waste contamination to both. Lateral-flow
immunoassays (also known as immunochromatographic assays) are excluded as they have been
reviewed elsewhere [6,7]. This review also covers the types of paper substrates that have been utilized
in the μPAD fabrication and the detection methods that were incorporated into the μPAD for specific
target detection for food and water analysis.

2. Paper in Microfluidics

Microfluidics as defined by Whitesides [8] in his article published in Nature in 2006 is the science
and technology of systems that process and manipulate small amounts of fluid up to 10´9 to 10´18 L
using fluidic channels with dimensions ranging from tens to hundreds of micrometers. Microfluidics
has undergone rapid growth with notable impacts to the analytical chemistry community due to a
number of capabilities including its ability to utilize small amounts of samples and reagents and to
perform separation and detection with high resolution and sensitivity, at low cost and rapidly [9].
Some of the early reports on microfluidic fabrication involved the use of glass [10,11], silicon [12,13],
and polymers such as poly(dimethylsiloxane) (PDMS) [14,15] as substrates. Though these microfluidic
devices miniaturize the conventional methods for specific target separation and detection, they have
some drawbacks such as the expense of the substrate materials, and the need for power supply and
fluid transport instruments.

Paper on the other hand is a very promising substrate material for microfluidic device fabrication
for a number of reasons. The properties of paper and the many advantages that it provides as a
low-cost platform for diagnostics have been well-discussed [16–18]: It is easily printed, coated and
impregnated; its cellulose composition is particularly compatible with proteins and biomolecules;
it is environment-compatible as it is easily disposed of by incineration; and it is accessible almost
everywhere. With paper as its main substrate, the cellulose membrane network of the microfluidic
paper-based analytical devices (μPADs) provide instrument-free liquid transport by capillary action, a
high surface area to volume ratio that enhances detection limits for colorimetric assays, and the
ability to store chemical components in their active form within the paper fiber network [19].
Although μPADs lack the high resolution and sensitivity that the silicon, glass or plastic-based devices
offer, the application of μPADs is highly suitable to point-of-need monitoring that requires inexpensive
analysis for constant testing especially in less industrialized countries where complex instrumentation
and analytical laboratories and experts are limited. Hence, μPADs have emerged as an attractive
alternative to highly sophisticated instrumentation in analytical research applications particularly in
food and water monitoring and safety.

To date, much analytical research has focused on the development and application of μPADs
for food and water safety and quality monitoring; including fabrication procedures of the μPADs
and suitable methods of detection for qualitative or quantitative interpretation of measurements.
Fabrication usually entails the selection of a type of paper substrate before subjecting it to fabrication
techniques such as cutting [20–25], inkjet printing [26,27], wax patterning [28,29], wax pencil
drawing [30], wax printing [31–40], screen printing [29,41,42], contact stamping [43–45], and
photolithography [46–48]. Examples of μPADs fabricated using various methods and paper substrates
are shown in Figure 1. Among the various cellulose-based paper substrates that have been used,
Whatman chromatography paper grade 1 was the first type to be utilized in 2007 [17] and it has been
subsequently used in many reported μPAD fabrication and detection methods [28,29,33,37,38,47,49,50].
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Whatman filter paper grade 1, on the other hand, has been the most commonly used paper substrate for
μPAD fabrication in food and water analysis [25,30,32,34–36,41,45,51–54]. Paper substrates that have
been similarly utilized include Whatman chromatography paper 3 MM Chr [20,21], Whatman filter
paper grade 4 [42,55], Whatman RC60 regenerated cellulose membrane filter [56], Millipore MCE
membrane filter [57], Canson paper [58], Fisherbrand P5 filter paper [59], JProLab JP 40 filter paper [44],
Advantec 51B chromatography paper [48], and Ahlstrom 319 paper [39]. Although comparing
the capabilities of each paper substrate is inappropriate when different fabrication methods and
detection methods are employed among the studies, some comparisons of substrates have been made.
Liu et al. [20], for instance, investigated paper substrates including nitrocellulose membrane, filter
paper, quantitative filter paper, qualified filter paper and Whatman 3 mm chromatography paper for
the μPAD chemiluminescence (CL) detection of dichlorvos (DDV) in vegetables. With the filter paper,
quantitative filter paper and qualified filter paper, a high CL signal of the blank sample and poor
repeatability for sample detection were observed due to the non-uniform thickness of the substrates
(from 10 to 250 μm) affecting the optical path length, scattering, assay sensitivity, and volume of fluid
required for an assay. However, Whatman 3 mm chromatography paper, which has high quality, purity
and consistency, provided good repeatability.

    

(a) (b) (c) (d) (e)

  
(f) (g) (h) (i) 

Figure 1. Examples of μPADs fabricated using different methods and paper substrates: (a) Wax
patterning, WCP1. Reprinted with permission from reference [28]. Copyright 2015 American Chemical
Society. (b) Wax printing, WP1. Reprinted with permission from reference [31]. Copyright 2011
American Chemical Society. (c) Wax printing, AP319. Reprinted with permission from reference [39].
Copyright 2015 American Chemical Society. (d) Alkylsilane self-assembling and UV/O3-patterning,
WFP1. Reprinted with permission from reference [52]. Copyright 2013 American Chemical Society.
(e) Wax printing with screen-printed electrodes, WCP1. Reprinted with permission from reference [38].
Copyright 2010 The Royal Society of Chemistry. (f) Polymer screen printing, WFP4. Reprinted
with permission from reference [42]. Copyright 2016 The Royal Society of Chemistry. (g) Contact
stamping, JPFP40. Reprinted with permission from reference [44]. Copyright 2015 The Royal Society of
Chemistry. (h) Contact stamping, WFP1. Reprinted with permission from reference [45]. Copyright 2014
American Chemical Society. (i) Photolithography, CP. Reprinted with permission from reference [46].
Copyright 2013 The Royal Society of Chemistry. WFP1, Whatman No. 1 filter paper; WCP1,
Whatman No. chromatography paper; WP1, Whatman No. 1 paper; AP310, Ahlstrom 319 paper; WFP4,
Whatman No. 4 filter paper; JPFP40, JProLab JP 40 filter paper; CP, chromatography paper.

165



Micromachines 2016, 7, 86

3. Applications to Food and Water Contamination

3.1. Detection of Foodborne and Waterborne Pathogens

Paper-based approaches for food safety monitoring are attractive because simple, low-cost,
and on-site detection of foodborne contaminants is achievable and they are also applicable as
preventive measures. μPADs developed for pathogen detection in food have relied primarily on
enzymatic assay-based optical methods where results are either confirmed visually by the naked
eye or digitally converted and measured using image analysis software. Two of the most commonly
used programs are ImageJ and Adobe Photoshop where RGB (red-green-blue) image intensities are
measured relative to the image pixels or are first converted into CMYK (cyan-magenta-yellow-key)
scale before intensity measurement. In a study reported by Jokerst et al. [32], a μPAD was developed
for the microspot assay of Escherichia coli (E. coli) O157:H7, Listeria monocytogenes (L. monocytogenes)
and Salmonella Typhimurium in ready-to-eat meat samples. The pathogens were collected from foods
by a swab sampling technique and then cultured in media before adding to a chromogen-impregnated
paper-based well device. A color change is observed indicating the presence of an enzyme associated
with the pathogen of interest and detection is achieved. Although the detection limits determined
for each of the live bacterial assays after ImageJ analysis were high (106 colony-forming unit (CFU)
mL´1 for E. coli, 104 CFU mL´1 for Salmonella Typhimurium, and 108 CFU mL´1 for L. monocytogenes),
the developed μPAD was capable of detecting pathogenic bacteria in ready-to-eat meat (bologna) at a
concentration of as low as 101 CFU mL´1 within 12 h or less, which is significantly less time than the
gold standard method (requires several days) for bacterial detection and enumeration. Another method
presented by Jin et al. [33] was based on CL detection of Salmonella via adenosine triphosphate (ATP)
quantification on μPAD. Salmonella was cultured and then lysed after harvesting by the boiling
method. Color change is observed in the μPAD only when ATP is present as an indication of the
presence of Salmonella in the sample. In the presence of ATP, the HRP-tagged DNA that is initially
associated with the ATP aptamer attached to the chemically modified surface of the paper is released
and later it allows the catalytic oxidation of 3-amino-9-ethylcarbazole by HRP/H2O2. The detection
limit for Salmonella was determined to be 2 ˆ 107 CFU mL´1. While no real samples were tested,
the developed μPAD could be applied for food and water monitoring. Park et al. [46] presented another
optical-based technique using a highly angle-dependent and less wavelength-dependent method of
detection through a Mie scattering strategy for Salmonella Typhimurium. Salmonella samples were
pre-mixed with anti-Salmonella conjugated particles to allow immunoagglutination before loading into
the μPAD. At the optimized Mie scatter angle, scatter intensities were analyzed using a smartphone
for quantification. An illustration of the μPAD and the smartphone application used for the pathogen
quantification are shown in Figure 2a,b, respectively. The detection limit of the smartphone-based
μPAD assay was 102 CFU mL´1. A one-step multiplexed fluorescence (FL) strategy for detecting
pathogens was also developed by Zuo et al. [60] using a μPAD that was a hybrid of PDMS and glass.
The paper substrate enabled the integration of the fluorescent aptamer-functionalized graphene oxide
biosensor on the microfluidic device (Figure 2c). While the aptamer is adsorbed on the surface of
the graphene oxide, the FL of the aptamer is quenched. In the presence of the target pathogen, the
pathogen induced the liberation of the aptamer from the graphene oxide layer and thereby restored
the FL of the aptamer for detection. The detection limits for the simultaneous detection of S. aureus and
S. enterica were 800.0 CFU mL´1 and 61.0 CFU mL´1, respectively. Other works on E. coli detection in
water were reported by Burnham et al. [57] and Ma et al. [30]. Burnham et al. specifically demonstrated
the use of bacteriophages as capture and sensing elements for the paper-based detection of the
pathogen. The method was based on the detection of β-galactosidase released from the pathogenic cells
following bacteriophage-mediated lysis. Colorimetric and bioluminescence methods were performed
for E. coli detection using red-β-D-galactopyranoside chromogenic substrate and Beta-Glo® reagent
(Promega Corporation, Madison, WI, USA) to produce the color and bioluminescence, respectively, for
measurement with a detection limit of 4 CFU mL´1 for both methods. Ma et al., on the other hand,
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presented a μPAD for the colorimetric determination of E. coli using AuNP-labeled detection antibodies
via sandwich immunoassay with a silver enhancing step for signal amplification. The detection limit
was 57 CFU mL´1.

 

 
(a) (b)

(c)

Figure 2. Detection methods for pathogens. (a) An image of a single-channel μPAD and (b) the
smartphone application for Salmonella detection on a multi-channel μPAD. Reprinted with permission
from reference [46]. Copyright 2013 The Royal Society of Chemistry. (c) Schematic layout of the
PDMS/paper hybrid μPAD system and illustration of the one-step multiplexed FL detection principle
on the μPAD during aptamer adsorption (Step 1) and liberation (Step 2) from the GO surface and the
restoration of the FL for detection in the presence of the target pathogen. Reprinted with permission
from reference [60]. Copyright 2013 The Royal Society of Chemistry.

3.2. Detection of Pesticides and Herbicides

Pesticides have been used for many years in agriculture and have significantly contributed to
maintaining food quality and production. Simultaneously, however, these materials bring harmful
effects on human health [61,62]. Wang et al. [49] developed a paper-based molecular imprinted
polymer-grafted multi-disk micro-disk plate for CL detection of 2,4-dichlorophenoxyacetic acid (2,4-D).
The MIP approach was proposed as an alternative to immunoassays, which rely on antibodies and
have fundamental drawbacks such as the possible denaturation and instability of the antibodies
during manufacture and transport. An indirect competitive assay was made with tobacco peroxidase
(TOP)-labeled 2,4-D that was molecularly imprinted on the polymer-grafted device. An enzyme
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catalyzed CL emission was achieved from the luminol-TOP-H2O2 CL system with a detection limit
of 1.0 pM. A simple paper-based luminol-H2O2 CL detection of DDV was reported by Liu et al. [20].
Paper chromatography was combined in the μPAD CL assay of DDV in fruits and vegetables and
the separation was achievable in 12 min utilizing 100 μL of developing reagent. The method was
successfully applied to the trace DDV detection on cucumber, tomato and cabbage by a spiking
method with a detection limit of 3.6 ng¨ mL´1. Liu et al. [21] also presented another MIP-based
approach using a paper-based device with a molecularly imprinted polymer for the CL detection of
DDV. The detection limit was 0.8 ng¨ mL´1 and the method was successfully applied to cucumber
and tomato. A paper-based colorimetric approach has also been demonstrated for the detection of
organophosphate and carbamate pesticides. Badawy et al. [58] developed a method that was based on
the inhibition of acetylcholinesterase (AChE) on the degradation of acetylcholine molecules into choline
and acetic acid by organophosphate (methomyl) and carbamate (profenos) pesticides. The degree
of inhibition of the AChE indicates the toxicity of the pesticides; this makes the AChE a standard
bioevaluator for the presence of organophosphates and carbamates [63]. While the method was not
tested on real samples, the method could detect AChE inhibitors within 5 min response time.

With the goal to devise portable and easy measuring techniques and considering the increasing
use of smartphones, the number of μPAD strategies that incorporate mobile or smartphones for target
measurements is increasing. A μPAD sensor and novel smartphone application was developed by
Sicard et al. [34] for the on-site colorimetric detection of organophosphate pesticides (paraoxon and
malathion) based on the inhibition of immobilized AChE by the pesticides. AChE hydrolyzes the
colorless indoxyl acetate substrate and converts it to an indigo-colored product in the absence of
pesticides. The color intensity is reduced with increasing pesticide concentration owing to inhibition of
AChE. The color produced is processed by the image analysis algorithm using a smartphone, allowing
real time monitoring and mapping of water quality. The method is capable of detecting pesticide
concentration of around 10 nM as evidenced by a color change in the μPAD. Another colorimetric
approach was reported by Nouanthavong et al. [42] on the use of nanoceria-coated μPAD for
colorimetric organophosphate pesticide detection via enzyme-inhibition assay with AChE and choline
oxidase. In the presence of the pesticides, AChE activity is inhibited leading to no or less production
of H2O2 and hence less yellow color development of the nanoceria (the color production mechanism
is shown in Figure 3). The assay was able to analyze methyl-paraoxon and chlorpyrifos-oxon with
detection limits of 18 ng¨ mL´1 and 5.3 ng¨ mL´1, respectively. The method was successfully applied
for methyl-paraoxon detection on spiked cabbage and dried green mussel, with ~95% recovery values
for both samples.

Figure 3. Colorimetric detection of pesticides based on the enzyme inhibition properties of the pesticide
on nanoceria substrate. Reprinted with permission from reference [42]. Copyright 2016 The Royal
Society of Chemistry.
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Another pesticide causing a health concern is pentachlorophenol (PCP) [64–66]. PCP is a
xenobiotic that accumulates in the body with carcinogenic and acute toxic effects. Sun et al. [50]
developed a photoelectrochemical (PEC) sensor that utilized the MIP technique on a μPAD to detect
PCP. The paper working electrode of the μPAD was covered with a layer of gold nanoparticles
(AuNPs) and a layer of polypyrrole (Ppy)-functionalized ZnO nanoparticles. The photoelectrochemical
mechanism involves the excitation of electrons from Ppy from its highest occupied molecular orbital
to the lowest unoccupied molecular orbital of ZnO after being irradiated with visible light. Since the
lowest unoccupied molecular orbital of ZnO and Ppy matched well, the transfer of the excited
electrons to ZnO was allowed and the electrons subsequently reached the gold-paper working electrode
(Au-PWE) surface, where photocurrent generation efficiency was improved leading to a sharp increase
of the photocurrent. However, in the presence of the PCP, the steric hindrance toward the diffusion
of the quencher molecules and/or photogenerated holes on the interface of the electrode increased,
thereby leading to a decrease in generated photocurrent. The device was capable of measuring PCP
down to a limit of 4 pg¨ mL´1.

The only paper-based approach applied to herbicide detection that has utilized FL as a method of
detection for methyl viologen is presented by Su et al. [67]. The method was based on the integration
of CdTe Qdots on the paper device and the CdTe quenching effect in the presence of the target methyl
viologen. Presence of a higher methyl viologen concentration in the system gave a darker area on the
μPAD as a result of the quenching of the methyl viologen on the CdTe Qdots. The detection limit of
the CdTe-paper-based visual sensor was 0.16 μmol¨ L´1.

3.3. Detection of Food Additives

In food and beverage industries, wide use is made of food additives such as glucose, fructose
and sucrose, which are specifically used as sweeteners, and other food additives, which are used to
improve or enhance the flavor or color of the food or beverage. Though most of these food additives
are essentially nontoxic, large intakes of them may promote unhealthy nutrition, and some become
toxic above a certain amount. Hence, there is a strong demand for fast, highly sensitive and economical
methods of analysis that can be provided by the easily accessible and portable point-of-need testing
of μPAD technology. Kuek Lawrence et al. [51] reported on an amperometric detection of glucose on
a screen-printed electrode μPAD. The assay involved the use of ferrocene monocarboxylic acid as a
mediator for the catalytic oxidation of glucose on the μPAD by the immobilized glucose oxidase on the
paper. The method was successfully applied to glucose detection in commercially marketed carbonated
beverages with a limit of 0.18 mM. Adkins et al. [35] presented a μPAD that utilized microwire
electrodes as an alternative to screen-printed electrodes for the non-enzymatic electrochemical detection
of glucose, fructose and sucrose in beverage samples. A copper working electrode was used and the
copper electrocatalytically reacted with glucose in the alkaline media, allowing the non-enzymatic
electrochemical detection of the carbohydrates. A variety of commercial beverages were tested
including Coca-Cola™, Orange Powerade™, Strawberry Lemonade Powerade™, Red Bull™ and
Vitamin Water™. The detection limits were 270 nM, 340 nM and 430 nM for glucose, fructose and
sucrose, respectively.

Colletes et al. [43] presented a study that utilized a paraffin-stamped paper substrate for the
detection of glucose in hydrolysis of liquors (detection limit 2.77 mmol¨ L´1) by paper spray mass
spectrometry (PS-MS). PS-MS is a fast, precise, accurate and cost-effective ionization method introduced
by Crooks and co-workers in 2010 that provides complex analyses in a simple and economical way
by mass spectrometry [68]. Although the paraffin-stamped paper substrate is not a μPAD per se,
Colletes et al. explained the potential of the paper substrate for the combination of a microfluidic
paper-based analytical device with mass spectrometry that used paper spray as the ionization method.

Nitrites are food additives used to prevent the growth of microorganisms as well as to inhibit lipid
oxidation that causes rancidity [69]. Nitrite monitoring in food and water is essential due to the ability
of nitrite to readily react with secondary and tertiary amines and produce carcinogenic nitrosamine

169



Micromachines 2016, 7, 86

compounds [70]. Several works on nitrite detection have involved the use of the Griess-color reaction
mechanism to visually detect the presence of nitrite in food. For instance, He et al. [52] described a μPAD
using the Griess-color nitrite assay, where, upon reaction of nitrite with the Griess reagent in the μPAD,
a color developed with intensities depending on the amount of nitrite in the sample. Image processing
was done for quantification showing a dynamic range of 0.156–2.50 mM, and a successful application
to nitrite detection in red cubilose (a traditional nutritious food and medicine in China) was achieved.
Other works presented by Lopez-Ruiz et al. [45], Cardoso et al. [44] and Jayawardane et al. [53] similarly
focused on the colorimetric detection of nitrite in water and food using the Griess method in μPADs.
Lopez-Ruiz et al. presented a strategy using a mobile phone with a customized algorithm for image
analysis and detection. As depicted in Figure 4a, the method allowed a multidetection of the μPAD
sensing areas specific for pH detection simultaneously with nitrite detection in water samples. The
strategy involved capturing the μPAD image upon sample detection with the smartphone camera, and
processing of the image in order to extract the colorimetric information for measurement, wherein,
hue (H) and saturation (S) of the HSV color space were used for the determination of pH and nitrite
concentration, respectively. The colorimetric assay for pH determination was based on the use of
two pH indicators, phenol red and chlorophenol red. A color transition of chlorophenol red from
yellow to purple indicated a pH from 4 to 6, while a color transition of phenol red from yellow
to pink indicated a pH from 6 to 9. The nitrite assay, on the other hand, involved a Griess-color
reaction in which the color formation was quantitatively interpreted showing a detection limit of
0.52 mg¨ L´1. Cardoso et al. similarly reported a μPAD strategy for nitrite detection in ham, sausage and
the preservative water from a bottle of Vienna sausage using the Griess-color assay with a detection
limit of 5.6 μM. The colorimetric analysis was performed by first taking the image of the detection
device using a scanner, and later processing the magenta scale of the image after conversion to the
CMYK using Corel Photo-Paint™ software. Finally, Jayawardane et al. presented their work for nitrite
and nitrate determination in different water samples using two μPADs, each specific for nitrate and
nitrite, respectively. The image of the 2D and 3D μPADs used for detection are shown in Figure 4b.
The nitrite detection simply employed the Griess method for colorimetric measurements after image
scanning and processing using ImageJ software. In the nitrate detection however, a conversion of the
colorimetrically undetected species was first performed to the colorimetrically detected nitrite using
a Zn reduction channel incorporated in the μPAD for nitrate detection. After conversion, the Griess
method was employed and image quantification was performed. The method was successfully applied
to actual analysis of different water samples (tap water, mineral water, and pond water) with detection
limits of 1.0 μM and 19 μM for nitrite and nitrate, respectively.

The addition of colorants to food has become a normal practice to enhance or change food
color and make it more attractive to consumers. However, most of these colorants are potentially
harmful to human health especially after excessive consumption. One μPAD design that has
been developed for detecting colorants was presented in the work of Zhu et al. [22] where a
poly(sodium 4-styrenesulfonate)-functionalized paper substrate was used for the rapid separation,
preconcentration and detection of colorants in drinks with complex components via a surface-enhanced
Raman spectroscopy (SERS) method. Sunset yellow and lemon yellow were both detected in grape
juice and orange juice with detection limits of 10´5 M and 10´4 M, respectively.
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(a) 

(i) (ii) (iii) (iiii) 

(b) 

Figure 4. (a) Griess-color reaction assay-based detection methods for nitrite using a smartphone for
image processing. Reprinted with permission from reference [45]. Copyright 2014 American Chemical
Society. (b) Griess-color reaction assay-based detection methods for nitrite and nitrate using 2D
(i) and 3D (ii–iv) μPADs. Reprinted with permission from reference [53]. Copyright 2014 American
Chemical Society.

3.4. Detection of Heavy Metals

Several μPADs have been developed for the detection of heavy metals in both food and water.
The most common methods of detection integrated with the μPADs were colorimetric-based using
silver or gold nanoparticles and nanoplates, but electrochemical and FL based methods were used as
well. Nie et al. [47] developed a μPAD for the versatile and quantitative electrochemical detection of
biological and inorganic analytes in aqueous solutions. Specifically, for water analysis, lead was
investigated via square wave anodic stripping voltammetry using a μPAD with screen-printed
electrodes as shown in Figure 5a. The measurements relied on the simultaneous plating of bismuth
and lead onto the screen-printed carbon electrodes of the μPAD, which formed alloys, followed by
anodic stripping of the metals from the electrode. The method showed a detection limit of 1.0 ppb
in water medium. Similarly, Shi et al. [54] developed an electrochemical μPAD for Pb(II) and Cd(II)
detection based on square wave anodic stripping voltammetry (SWASV) relying on in situ plating
of bismuth film. The method was capable of detecting lead and cadmium ions simultaneously in
carbonated electrolyte drink (salty soda water as described by the authors) samples with detection
limits of 2.0 ppb and 2.3 ppb for Pb(II) and Cd(II), respectively.

Using silver nanoparticles (AgNP) self-assembled with aminothiol compounds on μPADs,
Ratnarathorn et al. [25] reported on the colorimetric detection of copper in drinking water samples.
In the presence of Cu2+, the modified AgNP solution changed from yellow to orange and then
green-brown due to nanoparticle aggregation. The method was tested on tap water and pond
water samples with a detection limit of 7.8 nM or 0.5 μg¨ L´1. Two other applications of μPAD
with colorimetric detection for Cu(II) were reported by Jayawardane et al. [55] and Chaiyo et al. [36].
In the former work, a polymer inclusion membrane (PIM) containing the chromophore
(1-(21-pyridylazo)-2-naphthol (PAN)) reactive to Cu(II) was incorporated in the μPAD and was used as
the sensing element selective to the metal ion. The original yellow color of the membrane changed to
red/purple as the Cu(II) formed a complex with PAN. The device was applied to Cu(II) determination
in hot tap water samples with a detection limit of 0.6 mg¨ L´1. The latter work by Chaiyo et al.
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on the other hand used silver nanoplates (AgNPls) modified with hexadecyltrimethyl-ammonium
bromide (CTAB) for the colorimetric detection of Cu(II) based on the catalytic etching of the AgNPls
with thiosulfate (S2O3

2´). The violet-red S2O3
2´/CTAB/AgNPl on the detection zone lost its color

with increasing Cu2+ concentration. The method was applied for determination of Cu2+ in drinking
water, ground water, tomato and rice with a detection limit of 1.0 ng¨ mL´1 by visual detection.
Nath et al. [23] presented a sensing system that could detect As3+ ions using gold nanoparticles
chemically conjugated with thioctic acid (TA) and thioguanine (TG) molecules on paper. During
detection, a visible bluish-black color appeared on the paper due to nanoparticle aggregation through
transverse diffusive mixing of the Au–TA–TG with As3+ ions. While no real water sample testing
was performed, the detection limit (1.0 ppb) was lower than the reference standard of World Health
Organization (WHO) for arsenic in drinking water, hence there would be method applicability to
real water sample analysis. Another work presented by the same group used a similar approach
for the detection of Pb2+ and Cu2+ using AuNP that was chemically conjugated with TA and
dansylhydrazine [24]. The detection limit was ď0.0 ppb for both metal ions. Apilux et al. [41] developed
a colorimetric method using AgNPls for the detection of Hg(II) ion levels. A change in color from
pinkish violet to pinkish yellow occurred with the Hg(II) ion detection, a phenomenon that can be
attributed to a change in the surface plasmon resonance of the AgNPls, which is related to the AgNPl
apparent color. At Hg(II) concentration levels above 25 ppm, the color of the AgNPls fades as observed
by the naked eye. With digital imaging and software processing though, the quantitative capability
of the system was improved and showed a detection limit of 0.12 ppm with successful applications
to real sample analysis of drinking water and tap water. Another method via FL detection for the
determination of Hg(II), Ag(I) and neomycin (NEO) for food analysis was presented by Zhang et al. [37].
The method used a Cy5-labeled single-stranded DNA (ssDNA)-functionalized graphene oxide (GO)
sensor that generated FL in the presence of the target analytes, otherwise, the Cy5 was quenched
while adsorbed on the GO surface. The detection limits were 121 nM, 47 nM and 153 nM for Hg(II),
Ag(I) and NEO, respectively.

  
(a) (b) 

Figure 5. Detection methods for metals. (a) Electrochemical device for SWASV analysis of lead in water
with screen-printed carbon working and counter electrodes and Ag/AgCl pseudo-reference electrode.
Reprinted with permission from reference [47]. Copyright 2009 The Royal Society of Chemistry.
(b) Multiplexed colorimetric detection of metals based on B-GAL and CPRG interaction in the presence
of Hg2+, Cu2+, Cr6+ and Ni2+ mixture. Reprinted with permission from reference [31]. Copyright 2011
American Chemical Society.

Hossain et al. [31] presented a multiplexed μPAD that is capable of detecting heavy metals
simultaneously in a single μPAD. As shown in Figure 5b, the μPAD is composed of seven reaction zones,
two of which are for control experiments, one for testing the mixture of metal ions via β-galactosidase

172



Micromachines 2016, 7, 86

(B-GAL) assay, and four using colorimetric reagents specific for Hg(II), Cu(II), Cr(VI) and Ni(II),
respectively. In the B-GAL assay, the chromogenic substrate, chlorophenol red β-galactopyranoside
(CPRG), which is printed on a region upstream to the B-GAL zone, is transported into the detection
zone by the sample solution through capillary action and it is hydrolyzed by the B-GAL enzyme to
form the red-magenta product. In the presence of the metal ions, the red-magenta color produced
upon CPRG hydrolysis is lost to a degree dependent on the concentration of the metal ions in the
sample. For the assays specific for each metal ion, color appearance is observed in the presence
of each metal ion on their respective detection zones, while the absence of any of the metal ions
results in no color change on the respective zones. The detection limit of the device is ~0.5–1.0 ppm.
Li et al. [28] demonstrated the use of a μPAD that enables easy detection of trace metals via
text-reporting of results. Using the color-generating periodic table symbols of the specific trace
metals fabricated on the μPAD as markers, even nonprofessional users can carry out handy detection
and monitoring. The Cu(II) assay was based on the formation of an orange to brown complex by
bathocuproine as the indicator with Cu(II). For the Cr(VI) assay, a magenta to purple complex formed
in the presence of the metal ion with the indicator 1,5-diphenylcarbazide in acidic medium, while
for the Ni(II) assay, a stable pink-magenta colored complex formed between dimethylglyoxime and
Ni(II). The device was capable of colorimetric detection of Cu(II), Cr(VI) and Ni(II) in tap water
with concentrations of ě0.8 mg¨ L´1, >0.5 mg¨ L´1 and ě0.5 mg¨ L´1, respectively. Finally, for μPAD
detection of heavy metals, a colorimetric approach for image processing and quantification based on
an iron-phenanthroline (Fe-phen) assay that has colored response with increasing concentration of iron
was incorporated for the investigation of iron in water samples by Asano et al. [48]. The developed
method allowed a direct analysis of tap and river water samples without pretreatment with a detection
limit of 3.96 μM.

3.5. Detection of Other Food and Water Contaminants

Several methods have also been demonstrated for detecting other food and water contaminants
using μPAD technology. Nie et al. [38] presented an electrochemical technique for ethanol detection
in water for possible food quality control purposes. Electrochemical μPADs and a glucometer
(Figure 6a) were used to amperometrically measure ethanol (LOD 0.1 mM) using ferricyanide as
an electron-transfer mediator and alcohol dehydrogenase/β-NAD+ as detecting components in the
device. An electrochemical μPAD for halide detection in food supplement and water samples via cyclic
voltammetry was also developed by Cuartero et al. [56]. The device utilizes silver elements as working
and counter/reference electrodes as illustrated in Figure 6b. The oxidation of the silver foil working
electrode is induced by an anodic potential scan resulting in a current that is related to the plating rate
of the target halides in the sample as silver halides precipitate. This process is complemented by the
reduction of the silver/silver halide element in the reference/counter electrode upon ion exchange
movement of the Na+ ion (halide counterion) through the permselective membrane to maintain the
neutrality of charges in each paper compartment, and that leads to the release of halide ions into the
solution. The two silver elements are regenerated to their previous states through the application of a
backward potential sweep after the forward scan. The device was found capable of detecting bromide,
iodide and chloride mixtures in food supplement, seawater, mineral water, tap water and river water
samples with a detection limit of around 10´5 M of halide mixtures. Myers et al. [39] developed a
multiplexed μPAD (called a saltPAD) that is capable of making an iodometric titration in a single
printed card. Multiple reagents are stored on every compartment of each detection zone of the saltPAD
and they are allowed to recombine and undergo surface-tension-enabled mixing upon introduction of
the iodized salt sample solution for determination. During the iodometric titration process, triiodide is
formed as excess iodide that reacts with iodate in the presence of acid. The triiodide is then titrated
with thiosulfate that was previously stored in the saltPAD. Using starch as an indicator, the detection
zone produces a blue color if the amount of triiodide exceeds the reducing capacity of the thiosulfate.
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The indicator remains uncolored if the amount of triiodide is smaller than the reducing capacity of the
thiosulfate. The detection limit of the device expressed as mg iodine/kg salt was 0.8 ppm.

 

(a) (b) 

(c) 

Figure 6. Detection methods for other food and water contaminants. (a) Components of the
electrochemical detection system for ethanol using a glucometer as a readout device. Reprinted with
permission from reference [38]. Copyright 2010 The Royal Society of Chemistry. (b) The configuration
of the electrochemical cell for the analysis of halides utilizing silver components as electrodes on
paper-assisted electrochemical detection. Reprinted with permission from reference [56]. Copyright
2015 American Chemical Society. (c) A representative paper-based colorimetric bioassay of BSA based
on the enzymatically generated quinone from tyrosinase and chitosan interaction in the presence
of the phenolic compound. Reprinted with permission from ref [59]. Copyright 2012 American
Chemical Society.

Cyanobacteria in drinking water pose a great threat to public health due to the cyanotoxins
produced and released into water supplies. The most toxic of the cyanotoxins is microcystin-LR
(MC-LR) [71,72]. Ge et al. [40] focused on the development of a method that specifically detects
MC-LR in water using a gold-paper working electrode (Au-PWE) for electrochemical immunoassay.
Differential pulse voltammetric measurements were performed by monitoring the oxidation process
of thionine in the system for the quantification of MC-LR under the catalysis of HRP and peroxidase
mimetics (Fe3O4). The sandwich immunoreaction produced a current proportional to the logarithm of
MC-LR and gave a detection limit of 0.004 μg¨ mL´1. Phenolic compounds are generally produced
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as byproducts from industrial processes that present health risks to humans after consumption of
contaminated food and water. For detection of phenolic compounds, Alkasir et al. [59] developed
a paper sensor that produces different color responses for phenol (reddish-brown), bisphenol A
(blue-green), dopamine (dark-brown), cathecol (orange), and m-cresol (orange) and p-cresol (orange)
resulting from the specific binding of enzymatically generated quinone to chitosan immobilized in
multiple layers on the paper. Figure 6c illustrates an example of the layer-by-layer paper-based
bioassay for bisphenol A. The paper sensor was successfully applied to the analysis of tap and river
water samples with a detection limit of 0.86 (˘0.102) μg¨ L´1 for each of the phenolic compounds.

Finally, the only μPAD detection strategy based on electrochemiluminescence (ECL) detection for
the specific analysis of food has been reported by Mani et al. [29]. The work described a device that
specifically measures the genotoxic activity of a certain compound (benzo[a]-pyrene (B[a]P)) whose
metabolite reacts with DNA and the responses are measured via ECL detection. The measurement
essentially involves two steps, the first of which involves the conversion of the test compound B[a]P to
a metabolite by a microsomal enzyme from rat liver microsomes. The second step is a DNA damage
detection that involves the liberation of ECL light upon oxidation of the guanine in the damaged DNA
by the (bis-2,21-bipyridyl) ruthenium polyvinylpyridine ([Ru(bpy)2(PVP)10]2+ or RuPVP) polymer of
the electrochemical device. The technique was specifically tested on grilled chicken, and the detection
limit was ~150 nM.

4. Conclusions and Future Directions

A review of microfluidic paper-based devices for food and water analysis has been presented.
Table A1 (Appendix A) summarizes uses of microfluidic paper-based devices for detection of different
pathogens, additives and contaminants in food and water that have been reported to date. μPADs in
food and water safety and analysis represent a burgeoning technology that provides fast, economic,
easy-to-use advantages and is highly applicable for point-of-need testing especially in resource limited
environments. While the field of microfluidic paper-based sensors has expanded rapidly, food and
water safety remains an area with many issues still to be addressed. One specific challenge in
food analysis for example is the method of handling and pretreatment of the samples before μPAD
detection. While fluid samples such as water and beverage usually do not require any pretreatment
to the sample before introducing into the device for μPAD detection [22,28,38,48,49,51,53–56,59],
food specimens could be in solid form, and therefore, a suitable pretreatment step is necessary for
target sample collection before introducing into the μPAD for detection. In treating fruits, vegetables
and meat samples for instance, most groups employ an extraction method to collect the target of
interest [29,42], although an elution process [20,21], or boiling method [44], with the use of distilled
water, followed by filtration are simple steps that are possibly performed to collect the target for
μPAD detection. For pathogen collection, the swab sampling technique has also been performed
which requires a significantly reduced enrichment times compared to the gold standard culture
method before sample introduction and colorimetric paper-based detection [32]. While successful,
the enzymatic assay systems point to the potential for exploring the use of specific inducers to
enhance enzyme production as well as using selective enrichment media to inhibit the growth of
competing microorganisms. Despite the current limitations on selectivity and sensitivity using paper
as substrates for detection, the ability of μPADs to detect specific targets such as pathogenic bacteria,
food additives and contaminants has been demonstrated in real food and water samples at levels that
are vital to the safety and health of both animals and humans, therefore demonstrating its significant
impact to the community for food and water safety and quality monitoring. Based on the number
of references reporting the development of μPADs specifically directed to food and water safety and
quality monitoring in the last six years, μPAD technology is still in its early stage and there are wide
opportunities for developments and applications. Particularly exciting is the potential for application
of μPADs for regular monitoring of food crops and drinking water sources, where, contamination is
a risk from mining and industrial processes, and analytical measurements have traditionally been a
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cost limiting factor. From the detection of foodborne and waterborne infectious pathogens to different
organic and inorganic analytes in general, μPADs offer the means to detect different targets using an
inexpensive material like paper as their main substrate for qualitative as well as quantitative on-site
food and water monitoring.
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Abbreviations

The following abbreviations are used in this manuscript:

2,4-D 2,4-dichlorophenoxyacetic acid
Ach acetylcholinesterase
AgNP silver nanoparticle
AgNPl silver nanoplate
ATP adenosine triphosphate
B[a]P benzo[a]pyrene
B-GAL β-galactosidase
BPA bisphenol A
CFU colony-forming unit
CL chemiluminescence
CMYK cyan-magenta-yellow-key
CPRG chlorophenol red β-galactopyranoside
DDV dichlorvos
E. coli Escherichia coli
ECL electrochemiluminescence
FL fluorescence
GO graphene oxide
HRP horseradish peroxidase
L. monocytogenes Listeria monocytogenes
LOD limit of detection
MCE mixed cellulose esters
MC-LR microcystin-LR
MIP molecularly imprinted polymer
NEO neomycin
PCP pentachlorophenol
PDMS poly(dimethylsiloxane)
PEC photoelectrochemical detection
PIM polymer inclusion membrane
Ppy polypyrrole
PS-MS paper spray mass spectrometry
Qdots quantum dots
S. aureus Staphylococcus aureus
S. enterica Salmonella enterica
S. Typhimurium Salmonella Typhimurium
SERS surface-enhanced Raman spectroscopy
SWASV square wave anodic stripping voltammetry
μPAD microfluidic paper-based analytical device
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Abstract: This work demonstrates the fabrication of microfluidic paper-based analytical devices
(μPADs) suitable for the analysis of sub-microliter sample volumes. The wax-printing approach
widely used for the patterning of paper substrates has been adapted to obtain high-resolution
microfluidic structures patterned in filter paper. This has been achieved by replacing the hot plate
heating method conventionally used to melt printed wax features into paper by simple hot lamination.
This patterning technique, in combination with the consideration of device geometry and the influence
of cellulose fiber direction in filter paper, led to a model μPAD design with four microfluidic channels
that can be filled with as low as 0.5 μL of liquid. Finally, the application to a colorimetric model assay
targeting total protein concentrations is shown. Calibration curves for human serum albumin (HSA)
were recorded from sub-microliter samples (0.8 μL), with tolerance against ˘0.1 μL variations in the
applied liquid volume.

Keywords: μPAD; wax printing; inkjet printing; colorimetry; protein assay

1. Introduction

In recent years, microfluidic paper-based analytical devices, commonly referred to as μPADs,
have gained a lot of attention as potential alternative tools for various analytical tasks. The attractive
features of μPADs are to a large extent related to the use of paper as the substrate material and include
low cost, easy disposability, as well as external power-free sample transport driven by capillary forces.
In addition, μPADs are generally easy to fabricate, user-friendly, and offer simple readouts of analytical
assay results. The continuously growing interest in this type of paper-based devices is demonstrated
by the fact that more than 100 research articles including the term “μPADs” have been published
during the 2014–2015 period alone [1]. The advantageous characteristics described above have led
to the application of μPADs especially for biomedical and environmental analysis, as well as for the
monitoring of food and beverage contamination [2–6].

One disadvantage of μPADs in general, however, is that they mostly require larger sample
volumes compared to conventional microfluidic devices based on glass or polymeric substrates [7–9].
This is due to the mostly larger dimensions of microfluidic structures patterned on paper substrates
and the fact that μPADs are generally open systems prone to evaporation of sample fluids during
the slow wicking process in paper microfluidic channels. Although there are many types of practical
applications where this is not an issue, it will pose restrictions on the use of μPADs with samples that
are only available in very small quantities, such as tear fluid [10] or blood plasma obtained from a
finger prick blood sample passed through a blood cell retaining filter [11]. Sample volumes in the
sub-microliter order are not sufficient to wet out the microfluidic structure of μPADs and to reach the
zone where signal creation takes place.
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Since the first report on photolithographically patterned μPADs by the Whitesides group in
2007 [12], a large number of more low cost, simple, and rapid alternative patterning methods for paper
substrates has been developed. Major approaches include wax printing, inkjet printing, flexographic
printing, knife cutting, laser cutting, and stamping [2]. Microfluidic channels with widths down to
the order of 300 μm have been achieved. Among all of these methods, wax printing has evolved
into the most widely used patterning technique, because of its ease and flexibility of computer-based
pattern design (Adobe Illustrator, Microsoft PowerPoint, etc.), small number of process steps (printing
followed by heating), and suitability for mass production at low cost [13,14]. The method relies on the
printing of a solid wax-based ink in a pattern outlining the desired microfluidic structure, followed by
a heating step wherein the wax is melted to penetrate into the paper, finally resulting in the formation
of water impermeable hydrophobic barriers throughout the thickness of the paper.

However, fabricating highly resolved microfluidic structures meeting the requirements for
sub-microliter sample volume assays by this technique remains challenging. One main issue is that the
printed wax does not only vertically penetrate into the paper substrate to form the desired hydrophobic
barriers, but at the same time also undergoes horizontal diffusion, leading to an inevitable blurring of
the originally sharp printed structures [13,15]. This drawback prevents the applicability of the simplest
paper patterning method for the fabrication of μPADs applicable to assays with very small sample
volumes. Although a paper-based device obtained by a craft punch technique suitable for the handling
of sub-microliter sample volumes has been reported, no sample liquid transport in a microfluidic
channel is involved, and samples have to be applied directly to the detection zone [16].

The goal of the present work is the fabrication of μPADs enabling the distribution of a
sub-microliter sample from a single inlet into multiple detection zones. Focus is set on a hot laminator
as the post-print heating method, since one cause of horizontal wax diffusion lies in the use of hot
plates or ovens conventionally chosen to melt the printed wax into the paper substrate. If a laminator
is used in combination with lamination films, the evaporation of sample fluid can be prevented at the
same time. Therefore, this approach is expected to eliminate the two major causes for the requirement
of larger sample volumes with μPAD assays compared to conventional microfluidics mentioned above.
Finally, the closed space produced by lamination of the entire device contributes to a more controlled
sample uptake by the μPAD, increasing the tolerance in the amount of applied sample volume by the
end user. This is important when working with minuscule sample volumes, where precise pipetting
is more challenging. Although the combination of wax printing with a hot laminator has been used
before [15,17], high-resolution μPADs for the analysis of sub-microliter samples, to the best of our
knowledge, have not been investigated.

2. Materials and Methods

2.1. Reagents and Equipment

All reagents were used as received without further purification. Citric acid and tetrabromophenol
blue (TBPB) were purchased from Sigma-Aldrich (St. Louis, MO, USA). The phospholipid
1,2-dioleoyl-sn-glycero-3-phosphocholine was obtained from TCI (Tokyo, Japan), and ethanol (for HPLC
99.5%) from Kanto Chemical (Tokyo, Japan) and N-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid
(HEPES) was purchased from Rikaken (Aichi, Japan). Sodium hydrogen phosphate, sodium chloride,
potassium chloride, calcium chloride, magnesium chloride hexahydrate, and human serum albumin
(HSA) were purchased from Wako Pure Chemical Industries (Osaka, Japan). Whatman No.1 filter paper
(460 mm ˆ 570 mm) was purchased from GE Healthcare Life Sciences (Buckinghamshire, UK). A Xerox
ColorQube 8570 wax printer (Xerox, Norwalk, CT, USA) was used to print microfluidic structures
designed in Adobe Illustrator CC software. The colorimetric assay reagent was deposited onto the
paper devices using an iP2700 inkjet printer (Canon, Tokyo, Japan), where the original ink cartridges
have been cut open and cleaned, and the sponges removed. Hot lamination films (thickness 150 μm)
were obtained from Jointex (Tokyo, Japan). A Silhouette Cameo electronic knife blade cutting device
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(Silhouette, Lehi, UT, USA) in double cutting mode was used to cut sample inlet holes into the top
lamination film layer. Hot lamination was performed on a QHE325 laminator (Meiko Shokai, Tokyo,
Japan). The instrument used only allows for the optimization of substrate thickness and feeding speed.
In all experiments, substrate thickness was set to the maximum available value (the “250 μm” position)
and the “fast” feeding speed (experimentally measured as 39.4 ˘ 0.4 cm/min; n = 8). According to
information provided by the instrument manufacturer, the maximum thickness setting corresponds
to maximum heating temperature, but temperature values are not provided. The hot plate used in
comparison experiments (Nissin NHS-450ND) was obtained from Nissinrika (Tokyo, Japan). A 9000F
MARK II color scanner (Canon, Tokyo, Japan) was used to acquire colorimetric data, and the color intensity
was measured by the Image J color image analysis software (NIH, Bethesda, MD, USA). A DVM2500
digital microscope (Leica, Wetzlar, Germany) was used for measuring the widths of hydrophobic barriers
and microfluidic channels.

2.2. Device Fabrication

In general, identical patterns of wax were printed in alignment on both sides of the filter paper
substrate cut into A4 size before use. An exception are the experiments described in Figure S1 of the
Supplementary Materials, where patterns were only printed on one side of the paper. After printing, the
wax-modified paper substrate was placed between the two layers of the laminate film, with 0.85 mm
diameter holes cut out of the top layer for the sample inlet if required. The aligned devices were
passed through the hot laminator twice in order to melt the printed wax into the paper. Only for
comparison experiments discussed below Figure 1, wax was melted into paper substrates by hot
lamination without laminate film coverage on the top side. In this case, the wax-modified side of the
paper was covered with aluminum foil to prevent the wax from contaminating the rollers of the hot
laminator, while the back side of the paper was in contact with laminate film. Alternatively, the wax
was melted into the paper by placing it on the hot plate at 150 ˝C for 180 s. A solution of 0.5 wt % of
acid yellow was used to visualize the microfluidic structures in all cases.

Figure 1. Comparison of resolution achieved for melting of printed wax into paper substrates by hot
plate or hot lamination. (a) Wax line widths observed directly after printing and after heating with
hot plate (red circles), hot laminator without top side lamination (blue diamonds), and hot laminator
with full lamination (green squares) (mean value ˘ 1σ); (b) Microfluidic channel widths after heating
by hot plate (red circles) or hot laminator with full lamination (green squares) (mean value ˘ 1σ);
(c) Dimensions and photographs of 10 parallel microfluidic channels after lamination or hot plate
(150 ˝C for 15 s) treatment. Channels visualized by application of colored aqueous solution.
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For devices used in HSA assays, the colorimetric reagent TBPB was dissolved in 95% (v/v)
aqueous ethanol at a concentration of 3.3 mM and mixed with citric acid buffer (pH 4.00, 0.10 M) in a
1:1 ratio. This reagent ink was filled into the black ink cartridge of the inkjet printer and deposited
before hot lamination with the printer in black-and-white mode (R, G, and B values set to 0) in
20 printing cycles as a rectangle with a height of 1.4 mm covering all of the detection areas.

2.3. Human Serum Albumin Assay

HSA standard solutions of various concentrations (0, 2, 4, 6, 7, 8, 9, 10 mg/mL) were prepared in
a HEPES buffer (pH 7.40, 10 mM) with a background of 150 mM NaCl, 20 mM KCl, 1.0 mM CaCl2,
0.6 mM MgCl2, and 0.36 mM phospholipid, simulating the composition of human tear fluid [18,19].
The standard solutions (0.7–0.9 μL) were pipetted onto the sample inlet port of the μPADs. After drying,
the devices were scanned, and the color intensities measured. Throughout this work, the mean red (R)
intensities obtained from the four detection areas were used as the quantitative signal.

3. Results and Discussion

3.1. Heating Method of Melting Printed Wax into Paper Substrates

At first, it was experimentally demonstrated in terms of the sharpness and resolution of patterned
features that hot lamination offers advantages over a hot plate in melting printed wax into filter
paper substrates. For this purpose, black wax lines (100–900 μm wide, in increments of 100 μm) were
printed on the top side of the filter paper substrate. Similarly, two parallel lines (400 μm wide) were
printed with various gaps (laminator: 300–2000 μm, hot plate: 1000–2000 μm) for the comparison of
formed hydrophilic channel widths. As previously mentioned, horizontal wax diffusion inevitably
reduces the resolution of printed patterns. However, Figure 1a demonstrates that the line widths after
heating by a hot laminator are smaller than those obtained by hot plate treatment, and are even further
reduced by full lamination (film thickness of 150 μm). Accordingly, decreased horizontal diffusion
by hot lamination compared to plate heating also results in wider hydrophilic channels for patterns
printed with equal line distances (Figure 1b). Patterning of microfluidic structures by hot lamination
results in features with visibly higher resolution, as demonstrated by the 10 parallel microchannels in
Figure 1c. The better resolution is attributed to the pressure applied through the hot rollers during
the heating step from both sides of the paper, which results in not only shorter heating times but also
an enhanced vertical penetration of wax over horizontal diffusion compared to the hot plate-based
method. This assumption is experimentally supported by the fact that wax lines melted into paper
by hot plate treatment result in significantly narrower widths in the case of using compressed filter
paper (for details, please refer to the Supplementary Materials), compared to untreated filter paper
(Figure S1). Figure S1 also demonstrates that shorter heating time is helpful in creating thinner wax
lines. It is postulated that the closer proximity between vertically compressed cellulose fibers leads
to dominant diffusion in the paper thickness direction, while at the same time the horizontal flow of
wax is reduced. The actual significant decrease in thickness associated with the compression of the
paper substrate in the hot laminator is shown in Figure S2. It was further evaluated whether similar
effects could be achieved without the use of a hot laminator by applying pressure during the hot
plate treatment of wax-printed filter paper. Figure S1 shows that, even if heating time is shortened
to 30 s under 22 kg of uniform pressure, a 300-μm printed wax line widens to 869 ˘ 32 μm (n = 5).
This value is much larger than in the case of the full lamination-based method (405 ˘ 47 μm; n = 10)
(Figure 1a). Shortening the heating time further and placing heavier weights on the hot plate would be
detrimental to experimental simplicity. It can be concluded that the conventional hot plate treatment
cannot compete with the presented hot lamination method in terms of achievable resolution.

The horizontal error bars in Figure 1a,b, indicating the standard deviations in line and channel
widths before heating, are an indication of the achievable precision of the wax printing method itself
and of variations in line widths caused by the inherent roughness of the filter paper used.
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3.2. Device Design and Optimization

In order to achieve high-resolution μPADs, which can be used with sample volumes of no more
than 1.0 μL, a variety of factors had to be considered. Besides the more obvious need to create the
narrowest possible reliable hydrophobic barriers and channel widths for decreasing the overall size of
the system, factors such as the influence of cellulose fiber direction and overall device geometry on
sample wicking were evaluated before deciding on an appropriate design model. Throughout this
work, microfluidic structures were created by printing identical patterns on both sides of the filter
paper. This is in contrast to previous reports on wax-printed μPADs, where patterns are printed on
one surface of the substrate and allowed to penetrate throughout the thickness of the paper during
the post-print heating process. The double-sided patterning approach allows the printing of narrower
line features, since wax penetrates into the paper from two directions, reducing the amount of ink
required on each surface of the paper. It should be noted that the printing of identical patterns in full
alignment on opposite paper surfaces calls for careful handling. First, if paper substrates are not precut,
size-reproducible cutting is required, but can be readily achieved by using a paper cutting device.
Second, the absolute position of features printed on the two paper surfaces needs to be fine-tuned in the
graphic software, since actually printed patterns subtly go out of alignment upon printing on both sides
of a paper sheet. Shifts need to be applied particularly perpendicular to the paper feeding direction.
Thus, a trial-and-error approach is initially inevitable to perfectly match wax patterns on both sides of
the paper substrates, since the required shifts are dependent on the position along the paper feeding
direction. Finally, attention must be paid to reversible paper feeding into the printer, which is best
achieved by relying on the manual feed tray, where the paper can be manually placed and fixed.

3.2.1. Influence of Cellulose Fiber Direction

During the general paper fabrication process, cellulose fibers become dominantly aligned parallel
to a specific direction, known as the machine direction (MD), in contrast to the perpendicular cross
direction (CD) [20]. In the context of μPADs and in particular with narrow flow channels, this fiber
direction is expected to affect the sample wicking process. To realize μPADs for the analysis of
sub-microliter samples, the influence of different fiber directions has to be taken into account. For this
reason, the effects of fiber directions were experimentally evaluated by measuring the maximal sample
flow distance of a colored aqueous solution in differently orientated microfluidic channels (Figure 2a).
The corresponding results are shown in Figure 2b.

Figure 2. (a) Schematic representation of the evaluation of the influence of cellulose fiber direction
on sample wicking in patterned filter paper (channel width: 553 ˘ 31 μm (n = 20) after lamination).
The flow distances are measured as indicated by the arrow; (b) Quantitative results averaged for
5 independently fabricated devices (mean value ˘ 1σ). Circled numbers indicate the respective
flow direction.
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Figure 2b clearly demonstrates that significantly longer flow distances are achieved in microfluidic
channels aligned to the machine direction ( 1© in Figure 2b) with parallel orientation of the cellulose
fibers, compared to the cross direction ( 3© in Figure 2b), where flow occurs perpendicular to the
cellulose fiber orientation. Channels arranged in a 45˝ angle to MD or CD ( 2© and 4© in Figure 2b)
showed flow distances approximately between the two extremes. The minor differences observed
for the two 45˝ oriented channels ( 2© and 4©), as well as the relatively large error bars, can be
attributed to the fact that, in spite of the paper-machining-induced general trend of fiber orientation,
random local variations do exist. These results confirm that the cellulose fiber direction in the paper
substrate does affect sample flow distance. To further investigate the influence of fiber direction
on sample fluid transport, the flow velocity of dye solutions has been measured in single channels
of different orientation. As shown in Figure S3, fiber orientation does influence the wicking speed.
Observed flow speeds decrease in the order of MD-oriented ( 3© in Figure S3b), 45˝ rotated ( 2© in Figure
S3b), and CD-oriented ( 1© in Figure S3b) microfluidic channels. These effects have to be taken into
account when designing a μPAD for small sample volumes, where the machine direction is the more
suitable orientation for efficient sample liquid transport. As a consequence, all microfluidic channels
described in the following sections have been patterned along MD, with the exception of circular
shapes, where the cellulose fiber orientation is irrelevant.

3.2.2. Optimization of Flow Channel Barrier Width

One important factor determining the achievable spatial resolution of the microfluidic structure
on a μPAD is the thickness of the hydrophobic barriers that is required to prevent the leaking of
the transported sample liquid. Thinner barriers allow for higher densities of microfluidic channels,
which contributes to an overall size reduction of devices and can therefore work with smaller sample
volumes. The narrowest printed wax line widths resulting in reliable fluid barriers were experimentally
determined. Leaking tests were performed similarly to a previously described method, as schematically
outlined in Figure 3 [15]. Two concentric circles of wax with 1.5-mm and 4.0-mm diameters were
printed on both sides of the filter paper and melted into the paper by hot lamination. While the line
width of the outer circle was kept constant at 500 μm, the value of the inner circle was varied between
200–350 μm in increments of 50 μm.

A barrier is regarded as being functional, if no leaking of liquid from the inner circle occurs.
The performance of a hydrophobic barrier depends on the applied sample volume per area. For this
reason, the current experiment was performed with samples of larger volume per area compared to
those encountered in a final device. Table 1 lists the number of functional barriers obtained among
20 repetitions. The minimally required barrier width resulting in a 100% success rate (20/20) was
determined as 300 μm (value set for printing), corresponding to an actual barrier width of 467 ˘ 33 μm
after passing through the hot laminator.

Figure 3. Schematic of the experimental method used to evaluate the minimally required wax barrier
width. The indicated dimensions (x = 200–350 μm) refer to the values set for wax printing and do not
represent the actual dimensions obtained after hot lamination.
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Table 1. Evaluation of minimally required printed wax barrier width (images converted to grayscale
and contrast adjusted for improved visibility).

Printer Set Wax Barrier Width (μm) 200 250 300 350

Number of functional barriers (n = 20) 13/20 12/20 20/20 20/20

Actual pictures

3.2.3. Optimization of Flow Channel Width

The width and length of the microfluidic channels in a μPAD directly influence the minimal
amount of sample liquid required to fully wet the device. While the channel lengths can be adapted to
the needs arising from specific assays to be performed on a μPAD, their minimal width is determined
by the requirement to achieve reliable fluid transport. To decide on the narrowest channel width
for unhindered wicking of the sample, liquid flow with varying channel widths was experimentally
evaluated as shown in Figure 4. Based on the results described above, flow channels were aligned in
parallel to the cellulose fiber direction of the paper (MD) for this experiment and printed with 300-μm
barrier line widths and channel widths of 300–500 μm on both sides of the filter paper.

Figure 4. Schematic of the experimental method used to evaluate the minimally required width
of microfluidic channels aligned to the cellulose fiber direction in the filter paper. The indicated
dimensions refer to the values set for wax printing and do not represent the actual dimensions obtained
after hot lamination.

A sample volume of 0.6 μL was selected to guarantee a liquid volume sufficient for complete
wetting of the microfluidic paper structure with the widest channels evaluated. Table 2 summarizes the
results of 20 independent trials for each channel width. As in the case of optimizing the hydrophobic
barrier width, a flow channel was only regarded as reliable in the case of a 100% success rate (20/20).
According to Table 2, 400 μm of printed channel width is the narrowest channel value to obtain
unhindered sample transport. This printer set width results in actual microfluidic flow channels of
228 ˘ 30 μm after lamination, which is currently the narrowest value reported by any printing method
for μPADs.

Table 2. Evaluation of narrowest possible printed microfluidic channel width (images converted to
grayscale and contrast adjusted for improved visibility).

Printer Set Channel Width (μm) 300 400 500

Number of functional channels (n = 20) 4/20 20/20 20/20

Actual pictures
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3.2.4. Optimized μPAD Design

Based on the experimental results described above, the following conditions were considered to
be important to obtain a μPAD, in which a single sub-microliter sample is reliably and reproducibly
distributed into multiple detection zones through a network of microfluidic channels: (a) double-sided
wax printing of aligned identical patterns; (b) a symmetric pattern design with all microfluidic
channels aligned parallel to the cellulose fiber direction of the paper; and (c) identical flow distances
from the sample inlet to all detection zones. One possible device design meeting these conditions
is shown in Figure 5. It consists of four detection zones located at the end of microfluidic flow
channels and one single sample inlet. The size of the detection zones has been selected to allow for
the acquisition of colorimetric signals by conventional desktop scanners without having to refer to
microscopic techniques.

Figure 5. Micrographs of a wax-printed microfluidic paper-based analytical device (μPAD): (a) before
and (b) after hot lamination. The scale bars correspond to a length of 1 mm. Dimensions are indicated
before and after hot lamination (values in parentheses). (c) Corresponding photograph.

The minimum amount of aqueous sample liquid required to fully wet all of the four detection
zones of the μPAD was evaluated by applying 0.3–0.6 μL of colored aqueous solution. Table 3 lists the
results of five independent trials for each respective liquid volume. The results demonstrate that a
volume of 0.5 μL is sufficient to reliably fill all of the four detection zones. The experiment also reveals
that lower sample volumes lead to incomplete wetting of detection zones with significant differences
in flow distance. An optimized symmetric pattern design with identical lengths of flow channels
cannot completely eliminate the influence of inherent spatial differences in a filter paper substrate in
terms of cellulose fiber orientation and density. The present required liquid volume of 0.5 μL is to the
best of our knowledge the lowest reported for a paper-based device with a single sample inlet and a
patterned microfluidic structure terminating in multiple detection zones.

Table 3. Evaluation of the minimal sample volume required to completely fill the model μPAD with
multiple detection zones; the scale bars correspond to a length of 1 mm (images converted to grayscale
and contrast adjusted for improved visibility).

Sample Volume (μL) 0.3 0.4 0.5 0.6

Success rate (n = 5) 0/5 1/5 5/5 5/5

Actual pictures
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3.3. Human Serum Albumin (HSA) Assay

3.3.1. Colorimetric Assay with Sub-Microliter Sample Volume

The colorimetric quantification of total protein content, with human serum albumin (HSA) as a
representative protein, was used to demonstrate the analytical performance of an optimized μPAD
design in a simple model assay. The detection relies on the pH-sensitive indicator tetrabromophenol
blue (TBPB), which upon interaction with proteins at acidic pH undergoes a color change from yellow
to blue [21]. A sample matrix simulating the composition of human tear fluid was selected, since it
represents a type of sample typically only available at small volumes. The identical colorimetric reagent
was deposited onto all of the four detection zones of the μPAD before lamination using a conventional
desktop inkjet printer. In order to eliminate any issues caused by a potential misalignment of printed
reagent ink, TBPB solution was printed in a continuous rectangular shape covering all detection zones.
The chosen arrangement enables the simultaneous acquisition of quadruple data points from a single
application of sample liquid. However, in the present model assay, it mainly serves the purpose of
demonstrating the small interchannel variations obtained with a μPAD design optimized for small
sample volumes.

Figure 6a shows a calibration curve obtained for HSA after the single application of 0.8 μL
of sample liquid. A separate μPAD was used for each single HSA concentration. The linear
range of 0–10 mg/mL corresponds to typical total protein concentrations found in human tear
fluid [22]. Figure 6b shows a series of micrographs of the corresponding μPADs. It should be noted,
however, that the colorimetric data analysis has been performed on standard color scanned images
without the use of a microscope.

The mean of the relative standard deviations for the colorimetric signal intensity in the four
detection zones was calculated as 2.40% (Table 4). This value indicates a reasonably low interchannel
variation in sample flow passing through the parallel microfluidic channels.

Figure 6. Colorimetric human serum albumin (HSA) analysis through the application of 0.8 μL of
sample liquid to an optimized μPAD. (a) Calibration curve with data plots and error bars representing
mean red intensities and corresponding standard deviations extracted from the four detection zones
(parameters of regression line shown in Table 4); (b) Micrographs of μPADs after application of 0, 2, 4,
6, 7, 8, 9, and 10 mg/mL HSA (from upper left to lower right). The scale bars correspond to a length of
1 mm (brightness and contrast adjusted for improved visibility).

Table 4. Slope and y-intercept values of linear HSA response curves (0–10 mg/mL) recorded by
application of variable sample volumes.

Sample Volume (μL) Slope y-Intercept R2 Mean of Relative Standard Deviations

0.7 ´4.21 166 0.979 2.08%
0.8 ´4.22 164 0.956 2.40%
0.9 ´4.01 163 0.931 1.78%

Average ´4.15 ˘ 0.12 164 ˘ 1.5 - -
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3.3.2. Sample Volume Variation Tolerance of the Colorimetric Signal

Colorimetric signals obtained in assays performed on μPADs are generally dependent on the
volume of the applied sample liquid. The colorimetric signal is determined by the absolute amount
of analyte transported through the cellulose fiber network to the colorimetric detection zone, rather
than the concentration of the sample alone. When working with sub-microliter samples, the risk of
pipetting-related variations in sample volume inevitably increases. On the other hand, it has been
anticipated that the closed space created by full lamination of the μPAD used in the current study
contributes to controlling the sample volume that can be absorbed by the device. In order to evaluate
the tolerance against small variations in the applied sample liquid volume (˘0.1 μL), HSA response
curves were recorded between 0.7–0.9 μL of applied sample. The resulting data is summarized in
Table 4 and Figure 7.

The results demonstrate an acceptable tolerance against minor variations in the applied
sample volume, since slopes and intercepts of the calibration curve are not significantly different.
However, despite full lamination of the μPADs, the colorimetric signal does remain dependent on
the amount of applied sample, and total volume independence is not achieved. It has to be kept in
mind that paper is a rather heterogeneous material and that, therefore, variations in liquid volumes
adsorbed by the cellulose fiber network are inevitable.

Figure 7. Calibration curves for HSA obtained with variable sample volumes: 0.7 μL (red circles),
0.8 μL (green squares), and 0.9 μL (blue diamonds). Data plots and error bars represent mean red
intensities and corresponding standard deviations extracted from four detection zones (parameters of
regression lines shown in Table 4).

4. Conclusions

The current study has demonstrated the possibility of using the popular wax-printing technology
combined with the most widely used filter paper substrate to obtain miniaturized paper-based
analytical devices with microfluidic structures, enabling the analysis of samples only available in
small volumes. To reach this goal, the consideration of several factors influencing the resolution of
the microfluidic patterning process was necessary. It has been experimentally demonstrated that
replacing the hot plate by simple hot lamination as a heating method for melting printed wax into the
paper substrate is a key factor in achieving increased patterning resolution. This approach does not
significantly alter the costs for device fabrication and is expected to be fully compatible with roll-to-roll
mass-production methods. The device presented is just one possible model. It is clear that other factors
not evaluated here, such as the length of microfluidic channels or the integration of additional reaction
zones required to perform a specific assay, are essential in determining the minimal volume of sample
required in a μPAD. However, we believe that the current work demonstrates that the applicability of
μPADs is not limited to samples available in amounts of several microliters, but can be extended into
the sub-microliter volume range.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2072-666X/7/5/80/s1:
Figure S1: Heating time dependent widths of wax lines measured after hot plate (150 ˝C) treatment under various
conditions for untreated and compressed filter paper. Figure S2: Thickness of filter paper before and after passing
the hot laminator. Figure S3: Cellulose fiber orientation-dependent sample wicking velocities.
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Abstract: Increasing research efforts have been recently devoted to the coupling of microfluidic
chip-integrated ionization sources to mass spectrometry (MS). Considering the limitations of
microfluidic chips coupled with MS such as liquid spreading, dead volume, and manufacturing
troubles, this paper proposed a new three-dimensional (3D) flow focusing (FF)-based microfluidic
ionizing source. This source was fabricated by using the two-layer soft lithography method with
the nozzle placed inside the chip. The proposed FF microfluidic chip can realize two-phase FF with
liquid in air regardless of the viscosity ratio of the continuous and dispersed phases. MS results
indicated that the proposed FF microfluidic chip can work as a typical electrical ionization source
when supplied with high voltage and can serve as a sonic ionization source without high voltage.
The electro-sonic FF ionization microfluidic chip is expected to have various applications, particularly
in the integrated and portable applications of ionization sources coupling with portable MS in
the future.

Keywords: microfluidic chip; ionization; electro-sonic flow focusing; two-phase flow; soft lithography;
mass spectrometry

1. Introduction

Electrospray ionization (ESI) mass spectrometry (MS) is vital to biological analysis because of
its excellent ability to detect a great number of analytes with high sensitivity while also identifying
the structural information of detected species [1–3]. Given the rapid development of miniaturization
technology, microfluidic chips have an important function in metabolomics, proteomics, and other
biochemical analyses owing to their efficient and fast separations [4,5] in integrating complex
sample pretreatment functions and their automatic manipulation of small sample volumes [6–10].
Therefore, the coupling of microfluidic chips with MS has received considerable research interest [11],
particularly the design and improvement of chip-based microfluidic ionization sources coupled with
MS, which has been comprehensively reviewed by a large number of research groups [12–15].

Chip-based ESI sources are generally divided into three types. The first type is the monolithic
source, which involves direct spraying from the edge of a microfluidic chip, and was earlier reported
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by Karger et al. [16] and Ramsey et al. [17]. Although this approach is relatively simple, the ionization
source encountered liquid spreading problems along the edge of the chip, thus resulting in the
formation of a large Taylor cone. Tapered fused-silica capillaries, which served as electrospray tips,
were inserted into the end of the channels in the microfluidic chips to overcome this problem [18].
However, the fabrication process of this approach was complicated. Moreover, large dead volumes
were generated at the interfaces between the capillaries and micro-channels, thus causing a possible
degradation of electrospray performance. In recent years, an increasing number of research efforts
adopted the design of integrating a nozzle in the microfluidic chip during the fabrication process [6,14].
This approach undoubtedly possesses distinct advantages compared with previous methods. Moreover,
this integrated nozzle was also developed from one to multi-nozzles for high-throughput analysis [19,20].
However, all of these microfluidic chip ionization sources have only one channel of liquid for spraying
and a lack air for atomization which is usually used in macro-ionization [21].

Various materials have been employed to fabricate microfluidic chips, such as silicon [22,23],
polymers (SU-8) [24–26], polymethyl methacrylate [27], glass [28–31] and poly (dimethylsiloxane)
(PDMS) [1,6,32,33]. Koster et al. [14] conducted a thorough summary of the materials used for
microfluidic chips. The fabrication process of integrated nozzles on microfluidic chips was generally
easier with polymers than with glass [34,35]. Among these polymers, PDMS was a widely used
material for microfluidic chips because of its chemical inertness, low cost, and rapid fabrication
process by soft lithography [36]. Furthermore, compared with the hydrophilic surface of glass,
the hydrophobic surface of PDMS can effectively prevent the solution from wetting the nozzle;
otherwise, the wetted surface may preclude the operation at nano-ESI flow rates and lead to unstable
electrospray [1,37]. However, forming an excellent electrospray nozzle integrated on the microfluidic
chip was difficult because the PDMS was soft and the tip was too small to cut at the two sides of the
micro-channel front end. A raised layer cutting method by two-layer soft lithography was proposed in
our previous work [38]. Furthermore, the electrospray nozzle was exposed outside and was prone to
damage [1,6,32,33,39,40].

Inspired by flow focusing (FF) technology [41–49], we designed an inner electrospray nozzle
that has a Taylor cone at the front end of the liquid (dispersed phase) channel focused by the air
(continuous phase) inside the microfluidic chip. This water in the air FF regime was first implemented
by using a coaxial capillary tube closed to a small hole in a thin plate [50–54]. However, the fabrication
processes were complicated and coupling such devices with other microfluidic modules was difficult.
For microfluidic FF, two-dimensional (2D) microfluidic FF chips always require dispersed and
continuous phases with low viscosity ratios (approximately 0.1) [55], such as water in oil [41] and air
in water [47]. The high viscosity ratio is also barely implemented because the 2D micro-channel will
form a shear flow and the dispersed phase will not break [56–59]. Alternatively, the three-dimensional
(3D) microfluidic FF chip, in which the dispersed phase was suspended in the continuous phase
without contacting the micro-channel wall, can guarantee the formation of extensional flow. This 3D
microfluidic FF chip is suitable for applications with low viscosity ratios, such as generating submicron
emulsion droplets and cell counting [49,60,61] and high viscosity ratios. Although the 3D microfluidic
FF chip was recently implemented by Trebbin et al. [62] at a high viscosity ratio to produce liquid
jets and droplets, we conceived and designed a similar 3D microfluidic FF chip independently and
differently. Compared with the three-layer structure of Trebbin et al., we fabricated the microfluidic chip
by two soft lithography layers with the nozzle inside the microfluidic chip to simplify the fabrication
and alignment processes and protect the nozzle from damage. Furthermore, the 3D microfluidic FF
chip implemented in the current paper was adopted as an ionization source. MS data were collected to
verify the ionization performances with different applied voltages. In the rest of the paper, we mainly
demonstrated the fabrication process of the proposed microfluidic chip by two-layer soft lithography.
A corresponding 2D microfluidic FF chip was also fabricated, and the spray effects of the 2D and the 3D
microfluidic chips were compared. The jet diameter of the dispersed phase from the 3D microfluidic
chip was measured with the changes of the dispersed phase flow rate and the continuous phase
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pressure. Furthermore, we also show the simple application of the proposed microfluidic chip coupled
with MS. The results indicated that such a microfluidic chip can obtain stable MS signals with and
without high voltage supply. We called this microfluidic chip with an ion source the electro-sonic FF
ionization (ESFFI) microfluidic chip, which has a potential for portable and on-site applications in
the future.

2. Materials and Methods

2.1. Materials and Equipment

HPLC-grade methanol and acetic acid were purchased from Merck KGaA (Darmstadt, Germany).
PDMS elastomer base and curing agent (Sylgard 184) were purchased from Dow Corning
(Midland, MI, USA). SU-8 photoresist was obtained from Microchem Co. (Naton, MA, USA).
All dispersed and continuous phases were supplied to the microfluidic chip through short stainless
steel tubes embedded in the reservoirs using a pneumatic pressure controller (MFCS, Fluigent, Paris,
France). This pneumatic pressure controller allowed almost non-fluctuating flow, which was essential
to form a steady Taylor cone. The high voltage generated by a power supply module (Dongwen High
Voltage Power Supply Co., Ltd, Tianjin, China) was applied on the stainless steel tube of the dispersed
phase. A high-speed camera (ORCA-flash, Hamamatsu, Shizuoka, Japan) mounted on an inverted
optical microscope (Eclipse TE 2000-U, Nikon, Tokyo, Japan) was used to observe the experiments.
An ion trap mass spectrometer (Thermo Fisher Scientific Inc., Waltham, MA, USA) was coupled to the
microfluidic chip, and MS data were collected by the computer.

2.2. ESFFI Microfluidic Chip Design

In most cases, the top and bottom halves of the nozzle tend to separate at the tip, thus seriously
affecting the spray effect. A Taylor cone was generated inside the microfluidic chip in this paper to
avoid this drawback. Moreover, the proposed structure and corresponding fabrication process avoided
the trouble of cutting along the edge of the nozzle outlet. The trumpet-shaped outlet was instead
cut far from the nozzle (Figure 1a), thus greatly improving the craftwork and allowing the rapid
mass production of microfluidic chips. The ESFFI microfluidic chip was designed by using AutoCAD
(Autodesk, Inc., San Rafael, CA, USA). The photo mask and nozzle size of the ESFFI microfluidic
chip are presented in Figure 1. In this paper, two photo masks (patterns illustrated in Figure 1a) were
manufactured by Qingyi Precision Mask Making Co., Ltd (Shenzhen, China). The heights of the liquid
and air channels were approximately 25 and 320 μm, respectively. An air channel higher than the
liquid channel leads to a better focus effect because a higher air channel is beneficial for the dispersed
phase to suspend in the continuous phase without coming into contact with micro-channel walls.

Figure 1. Photo mask and nozzle size of the ESFFI microfluidic chip. (a) Photo mask of the ESFFI
microfluidic chip. (b) Nozzle size of the ESFFI microfluidic chip.
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2.3. Fabrication of the ESFFI Microfluidic Chip

The ESFFI microfluidic chip was fabricated by using standard multilayer soft lithography
techniques [63,64]. The fabrication process is shown in Supplementary Materials Figure S1.
First, a 3 inches silicon wafer template was treated in oxygen plasma (PDC-M, Chengdu Mingheng
Science & Technology Co., Ltd, Chengdu, China) to prevent SU-8 photoresist from spalling.
The negative photoresist (SU-8 2025) was then poured on the silicon wafer. After spinning and
soft-baking, the photoresist was exposed via photo mask A, which served as the liquid channel
layer, providing an orifice and a channel for the dispersed phase. After post-baking and cooling,
a second layer of negative photoresist (SU-8 2100) was applied at the top of the liquid channel
layer without developing uncross-linked photoresist. After spinning and soft-baking, photo mask
B, which was aligned with the liquid channel layer by a UV aligner, was placed on the second layer
photoresist for exposure. This second layer served as the air channel layer with the channels and
orifice for the continuous phase. After post-baking and cooling, the SU-8 photoresist layers were
developed in propylene glycol methyl ether acetate and were then placed on the thermostatic platform
for hard-baking. This SU-8 master mold served as the top layer of our micro-channel structure.
Another SU-8 master mold with patterns of photo mask B only was prepared on another 3 inches
silicon wafer template for the bottom PDMS micro-channel half-devices. This SU-8 master mold only
had an air channel; thus, the fabrication process needed exposure only once. The final structures of the
SU-8 master mold are illustrated in Figure 2.

 

Figure 2. (Top)Top and bottom SU-8 master molds; (Middle) Top and bottom structures of PDMS
under SEM; (Bottom) monolithic microfluidic chip.

The SU-8 master molds were modified with vapor-phase TMCS (Chlorotrimethylsilane) to assist
the release of PDMS membranes. PDMS base monomer and curing agent were mixed at 10:1 and 5:1
weight ratios and then poured on the top and bottom SU-8 master molds, respectively. After degassing
under vacuum, these two half-pieces were cured in an oven at 80 ˝C for 2 h. Subsequently, two PDMS
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slabs were peeled off from the two master molds and the inlet holes were drilled at the top by using a
punch (tip diameter of 0.75 mm). Figure 2 also shows the two PDMS slabs under a scanning electron
microscope (SEM). In general, great attention should be paid in removing the excess PDMS along the
nozzle tips with a razor blade. However, in this paper, a razor blade was only required to cut off the
excess PDMS along the expansion trumpet-shaped outlet far from the nozzle. Both PDMS slabs, which
were treated in oxygen plasma (PDC-M, Chengdu Mingheng Science & Technology Co., Ltd, Chengdu,
China), were then bonded together by using an xyz-manipulator (Beijing Optical Century Instrument
Co., Ltd., Beijing, China). Following assembly, the PDMS microfluidic chip was cured at 80 ˝C for 72 h
to enhance the strength of the bonding and to eliminate the MS background from PDMS. The final
monolithic microfluidic chip is shown in Figure 2.

3. Results and Discussions

For the 2D micro-channel, most research efforts have focused on the low viscosity ratio of the
dispersed phase and continuous phase, such as water in oil [41] and air in water [47]. For comparison,
a corresponding 2D micro-channel was fabricated in this paper and the high viscosity ratio of the
dispersed phase and continuous phase was performed. The spray effect of the 2D microfluidic chip in
Figure 3 shows that the dispersed phase was separated into two layers (arrow pointed). The shear
force caused by the viscosity of the walls prevented the dispersed phase from separation.

Figure 3. Spray effect of the 2D and 3D microfluidic chips. Pressures on the continuous and dispersed
phases were 300 and 210 mbar, respectively. High voltage (2 kV) was added on the dispersed phase.
The arrow pointed to the two layers of the liquid separated by the shear force of the walls.

However, for the 3D microfluidic FF chip proposed in this paper, the dispersed phase was
suspended in the continuous phase without contacting the micro-channel walls, thus allowing this
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phase to separate at the high viscosity ratio. Figure 3 shows the perfect spray effect of the 3D
microfluidic chip, in which a steady thin liquid jet was smoothly emitted from the Taylor cone inside
the microfluidic chip and extended over several millimeters out of the microfluidic chip; this effect was
similar to the liquid jet from the macrostructure device [54] and microfluidic chip [62] for FF. Under this
circumstance, dead volume and liquid spreading problems, which often occur in microfluidic chips
for MS, were successfully settled. Figure 4 shows the details of the jet diameters with the changes of
the dispersed phase flow rates. With increasing dispersed phase flow rates, the liquid jet diameters
increased in power (Figure 5). The dispersed phase flow rates varied from 120 to 8400 μL/h, and the
pressures on the continuous phase were 150 and 300 mbar. However, the jet diameters in our study
were larger than the data calculated from the theoretical formula [54] as shown in Equation (1):

dj “
ˆ

8ρl
π2Pg

˙1{4
Q1{2 (1)

where ρl is the density of the dispersed phase, Pg is the pressure drop of the continuous phase, and Q
is the dispersed phase flow rate; these phases presented similar power function relationships, thus
revealing that such a microfluidic liquid jet system may share the same underlying physics with the
well-studied orifice plate configuration [62]. The differences between the rectangular channels and
circular pipelines might contribute to the error. Moreover, the selected position of the jet diameter and
measurement error might also introduce data dissimilarity. In general, the liquid jet diameter was
proportional to the ratio of the pressure applied on the dispersed phase and continuous phase.

This microfluidic chip can be widely used in various fields in which micron or sub-micron
liquid jets are generated, such as inkjet printing, pharmaceutical formulations [62] and MS. As an
example application of this ESFFI microfluidic chip, we presented the experiment of coupling this
microfluidic chip with MS. Figure 6 displays the configuration of the ESFFI microfluidic chip with the
mass spectrometer. The microfluidic chip was held by a laboratory-built platform and coupled to the
ion trap mass spectrometer. The distance between the microfluidic chip emitter and the MS inlet orifice
is about 2–10 mm, which was adjusted by a xyz-manipulator.

Figure 4. Jet diameter changes with dispersed phase flow rates under the gas pressure of 150 mbar.
The red box presents the position of the liquid jet diameter.
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Figure 5. Comparison of experimental data with theoretical predictions for jet diameter and breakup
transition analyses.

 

Figure 6. The configuration of the xyz-manipulator microfluidic chip with the mass spectrometer.

Figure 7 shows the MS signal of 41.5 μM Reserpine in 3/1 (v/v) methanol/water with 0.2% formic
acid, the gas pressures for the liquid channel and air channel were about 250 mbar and 300 mbar,
respectively, the high voltage added on the liquid channel was 5 kV. Figure 7a is the 10 min mean
signal of reserpine and the signal stability is shown in Figure 7b; the relative standard deviation (RSD)
for the total ion current (TIC) was 5.02%. To further demonstrate the stability of this microfluidic
chip, the batch-to-batch reproducibility of three chips were displayed in Figure 8. The experimental
conditions were the same as the signal shown in Figure 7. The mean TICs for chip 1 to 3 were
1.17 ˆ 106, 8.87 ˆ 105, and 8.4 ˆ 105, respectively; chip 1 had a slightly high TIC. However, the base
peak mean intensity of these three chips was about 5.32 ˆ 104, which verified the batch-to-batch
reproducibility and stability of the proposed ESFFI microfluidic chip. Moreover, several samples with
lower-concentration Rhodamine B solution were tested, and the MS spectra with a 0.01 μM analyte
is shown in Figure 9. The Rhodamine B signal intensity is at the level of 102 ion counts, and can
be estimated to be more than three times larger than the nearby baseline signal (although there are
existing several miscellaneous peaks with the same level). Thus, we can speculate that, though not
rigorously, the limit of detection of such an electro-sonic flow focusing ionization microfluidic chip for
Rhodamine B can be lower than 0.01 μM.
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Figure 7. MS signal of 41.5 μM Reserpine in 3/1 (v/v) methanol/water with 0.2% formic acid, the gas
pressures for the liquid channel and air channel were about 250 mbar and 300 mbar, respectively, and the
high voltage added on liquid channel was 5 kV. (a) Reserpine ion counts of the 10 min mean signal.
(b) Reserpine signal stability of 10 min; TIC mass range from 550 to 850.

Figure 8. The batch-to-batch reproducibility of three chips. The conditions for three chips were the
same: 41.5 μM Reserpine in 3/1 (v/v) methanol/water with 0.2% formic acid, the gas pressures for the
liquid channel and air channel were about 250 and 300 mbar, respectively, and the high voltage added
on the liquid channel was 5 kV. TIC mass range from 550 to 850.

Figure 9. MS signal of 0.01 μM Rhodamine B in methanol with 0.2% formic acid, the gas pressures for
the liquid channel and air channel were about 250 and 300 mbar, respectively, and the high voltage
added on the liquid channel was 5 kV.
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Figure 10 shows the MS signal of 6 μM Rhodamine B in methanol with 0.2% formic acid, which
was the mean signal within 30 s. Figure 10a shows the signal of the ESFFI microfluidic chip without
high voltage (i.e., the sonic FF ionization (SFFI) mode). Figure 10b demonstrates the signal of the
ESFFI microfluidic chip with high voltage (4 kV) (i.e., the ESFFI mode). Figure 10c shows the signal
of the commercial ESI source with high voltage (4 kV). The signal-to-noise ratios (SNR) of the SFFI
mode, the ESFFI mode, and the commercial ESI source were 54, 31, and 14, respectively. The SNR of
the SFFI mode was nearly two times larger than that of the ESFFI mode and three times larger than
that of the commercial ESI source. Although the signal intensity can be enhanced greatly with high
voltage (Figure 10b,c), the relative intensity without high voltage (Figure 10a) was enough to analyze
the samples because of the high SNR. The characteristics of the SFFI mode with high SNR and low
signal intensity were consistent with sonic spray ionization (SSI) [65,66].

 

Figure 10. MS spectra of the 6 μM solution of Rhodamine B molecules in methanol with 0.2% formic
acid. The flow rate of the solution was 20 μL/min, and the gas pressure for the ESFFI microfluidic chip
was 300 mbar. (a) ESFFI microfluidic chip without high voltage; (b) ESFFI microfluidic chip with 4 kV;
(c) Commercial ESI sources with 4 kV.

In most cases, a high voltage was always applied on the ESI sources except for the SSI [65,66].
In the present paper, an ionization source coupled with MS without high voltage was realized in
the ESFFI microfluidic chip, thus possibly introducing significant convenience when a high voltage
is unavailable. Under such an SFFI mode, given that the velocity of the gas flow in the outlet was
estimated to be similar to the sonic speed, we supposed that the mechanism of this gaseous ion
formation might be the same as SSI; this mechanism was mainly assumed to be the charge residue
model [67]. However, when electricity was applied on the ESFFI microfluidic chip, such an ESFFI
mode was mainly similar to the ESI source. Electricity was the main energy source for gaseous ion
formation even though high-velocity gas flow also made contributions to gaseous ion formation.
In both cases, gas flow played an important role of FF and assisted liquid atomizing, thus successfully
settling the problems of dead volume and the limitation of ionization methods in the microfluidic
chip. Furthermore, the pressure on the gas flow was nearly an order of magnitude lower than
the macrostructure SSI. Therefore, the SFFI mode was more suitable for portable and integration
applications on MS in the future, whereas the ESFFI mode could be applied to analyze various samples.
For detailed applications, interested readers could refer to the macrostructure of electro-SSI [68].
Although the intensity of the SFFI mode was low in this report, recent works [69,70] have alleviated
the ion suppression effect. On the basis of the current work, efforts will be performed in our future
work to optimize the structure to realize self-aspirated samples by using the negative pressure caused
by the high-velocity gas flow in the microfluidic chip. The driven forces for the liquid channel might
be ignored, which will further simplify the accessory equipment for portable applications.
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4. Conclusions

A new 3D ESFFI microfluidic chip structure was proposed to successfully realize steady water in
air FF with the nozzle inside the microfluidic chip by simple fabrication craft. This ESFFI microfluidic
chip combined the liquid and air in one channel; this process was beneficial for liquid atomizing.
The measurement results demonstrated that this approach fully avoided the disadvantages of the
microfluidic chips coupled with MS including liquid spreading, dead volume, and manufacturing
troubles. This approach also realized sample ionization in the microfluidic chip without the assistance
of high voltage. These properties might make significant contributions to the integration and portable
applications of ionization sources coupled with MS. In addition to the MS field, this microfluidic chip
might also be widely used in other fields such as inkjet printing and microfiber spinning in which
micron liquid jets are needed.
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Abstract: Microfluidics has been used to perform various chemical operations for pL–nL volumes of
samples, such as mixing, reaction and separation, by exploiting diffusion, viscous forces, and surface
tension, which are dominant in spaces with dimensions on the micrometer scale. To further
develop this field, we previously developed a novel microfluidic device, termed a microdroplet
collider, which exploits spatially and temporally localized kinetic energy. This device accelerates a
microdroplet in the gas phase along a microchannel until it collides with a target. We demonstrated
6000-fold faster mixing compared to mixing by diffusion; however, the droplet acceleration was
not optimized, because the experiments were conducted for only one droplet size and at pressures
in the 10–100 kPa range. In this study, we investigated the acceleration of a microdroplet using
a high-pressure (MPa) control system, in order to achieve higher acceleration and kinetic energy.
The motion of the nL droplet was observed using a high-speed complementary metal oxide
semiconductor (CMOS) camera. A maximum droplet velocity of ~5 m/s was achieved at a pressure of
1–2 MPa. Despite the higher fluid resistance, longer droplets yielded higher acceleration and kinetic
energy, because droplet splitting was a determining factor in the acceleration and using a longer
droplet helped prevent it. The results provide design guidelines for achieving higher kinetic energies
in the microdroplet collider for various microfluidic applications.

Keywords: microfluidics; microchannel; droplet; gas phase

1. Introduction

Microfluidics has enabled the fabrication of miniaturized chemical systems, known as
lab-on-a-chip and micro-total analysis systems (μTAS), for chemical analysis, medical diagnosis,
and chemical synthesis [1,2]. By exploiting diffusion, viscous forces, and surface tension, which are
dominant in small spaces due to the short diffusion distance and increased surface-to-volume ratio,
effective and fast micro-unit operations (MUOs) such as mixing, reaction, and separation have been
developed [3–6]. Based on these principles, integrated chemical systems have exhibited superior
performances, i.e., shorter processing times (from days or hours to minutes or seconds) and smaller
sample/reagent volumes (down to μL), compared to conventional bulk chemical systems.

Our group has developed a new microfluidic device, termed a microdroplet collider,
which exploits spatially and temporally localized kinetic energy in small spaces [7]. A microdroplet
in the gas phase is formed in a microchannel, accelerated, and made to collide with a target.
Acceleration to a velocity of ~1 m/s was demonstrated, which is a more than 100 times faster velocity
(i.e., 10,000 times higher kinetic energy) than the values achievable by conventional microfluidic
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transport of a droplet in an oil phase [4,8]. The inelastic and minimally deformable collisions exploited
by using the confined spaces with dimensions on the micrometer scale achieved highly efficient energy
transfer compared to collisions between droplets in free space, which involve energy dissipation
by deformation mechanisms such as bouncing, coalescence, disruption, and fragmentation [9,10].
Compared to mixing by diffusion of similar-sized droplets, the microdroplet collider achieved 6000-fold
faster mixing. The higher the droplet acceleration, the higher the kinetic energy and efficiency of the
chemical operations performed.

However, the droplet acceleration has not been optimized since the experiments were conducted
for only one droplet size and at pressures of 10–100 kPa. Previously, we found that the microdroplet
splits at a high velocity, due to wetting of the droplet tail on the channel wall [11], suggesting an upper
limit to the droplet acceleration.

Recently, we have developed a high-pressure (MPa) control system [12], which may allow higher
droplet acceleration. In the present study, we investigated the acceleration of microdroplets in the gas
phase in a microchannel at a pressure in the order of 1 MPa. We adjusted the droplet length by varying
the channel design, and applied pressures in the order of 1 MPa for higher acceleration. The motion of
the accelerated droplets was observed using a high-speed complementary metal oxide semiconductor
(CMOS) camera. Based on our results, we discuss the effects of droplet size and pressure on the
acceleration and kinetic energy of the droplets.

2. Experimental Section

Figure 1 illustrates schematics the experimental setup and microfluidic process used for
droplet formation and acceleration. The microchip for the microdroplet collider was connected
to a high-pressure (MPa) control system for pressure-driven flow control [12]. The control system
was equipped with an inverted microscope, a 2× objective lens, and a high-speed CMOS camera
(FASTCAM, Photron, Tokyo, Japan) with a pixel size of 20 μm.

The microchip consisted of a droplet launcher with a width of 70 μm and a depth of 30 μm,
a Laplace valve (40W × 10 μmD), and an acceleration microchannel (70W × 30 μmD). We prepared
two microchips with droplet launcher lengths, L = 1 and 2 mm. Microchannels with two different
depths were fabricated on a glass substrate by two-step photolithographic wet etching, as reported
previously [13]. The substrate was thermally bonded with another glass substrate having inlet
and outlet holes for gas and liquid injection. The channel wall was modified with an amorphous
fluoropolymer (INT-332VE, NI material) to make the surface hydrophobic. The static contact angle
measured by a contact angle meter was θ = 117◦. Due to the wet etching, the cross-sectional shape of
the channel was rounded-rectangular, as illustrated in Figure 1a. We approximated the cross-sectional
area of the channel, A, and the wetted perimeter, P, using the equations A ≈ (W − 2D)D + πD2/2 and
P ≈ 2W − 2D + πD, respectively, where W is the channel width and D is the channel depth. Based on
these approximations, the hydraulic diameter of the channel, Dh, was 39 μm, as given by Dh = 4A/P.

The microfluidic process used for droplet formation and acceleration (Figure 1b) resembled that
used in our previous reports [7,11]. A key feature of the process is the Laplace valve [14], which utilizes
the Laplace pressure given by the Young-Laplace equation, PLP = −4γcosθ/Dh, where γ is the surface
tension. The Laplace pressure of the valve was calculated to be PLP = 8.4 kPa, using the surface tension
at the water–air interface, γ = 72.3 mN/m. First, water was injected into the droplet launcher at a
pressure below the Laplace pressure (PIN < PLP). Then, air was injected into the channel to form the
microdroplet (PIN < PLP). Finally, a pressure higher than the Laplace pressure was applied to accelerate
the droplet in the acceleration channel (PIN > PLP). The volumes of the microdroplet were 1.7 and
3.4 nL, as estimated using the size and length of the droplet launcher.

In this study, the droplet motion was captured using a high-speed CMOS camera at frame rates
of 13,333 to 25,000 Hz. The droplet position in the images captured was determined with a spatial
resolution of 10 μm, which corresponds to the image pixel size, given by pixel size/magnification.
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Then, the droplet velocity and droplet length were determined at a measurement position 8 mm away
from the launching point.

 
(a) 

 
(b) 

Figure 1. Schematics of (a) experimental setup for acceleration of a microdroplet in gas phase in a
microchannel and (b) microfluidic process for droplet formation and acceleration. The microfluidic
device consists of a droplet launcher, a Laplace valve and an acceleration microchannel. The channel
wall is modified hydrophobically. During the process, (1) liquid is injected into the droplet launcher,
(2) a droplet is formed by air flow, and (3) the droplet is accelerated in the microchannel.

3. Results and Discussion

3.1. Acceleration of Microdroplet under MPa-Order Pressure

Figure 2 shows the motion of an accelerated droplet in a microchannel with L = 2.00 mm at an
applied pressure of 1800 kPa. A video of the accelerated droplet is presented in the Supplementary
Material (Video S1). Within 1.5 ms, the droplet moves through the channel, begins to split from its
tail, and disappears. Since the volume of the droplet is only in the order of nL, the influence of
water evaporation on the droplet splitting and disappearance must be considered. In order to verify
the influence, we estimated the time it would take for the nL droplet to evaporate, based on the
evaporation rate of a water droplet on a solid surface reported in a previous study [15]. Assuming that
evaporation occurred at the air–water interfacial area in the cross-section of the channel, the time
for the evaporation of the nL droplet was estimated to be 10 s. This time scale is much larger than
that for the droplet splitting and disappearance in 1 ms as shown in Figure 2. Therefore, the effect of
evaporation is considered to be negligible.

Next, the velocity, length, and kinetic energy of the droplet were determined from the captured
images. In case of the droplet splitting, we evaluated the length of the first droplet, because it collides
with a target in the process. The kinetic energy of the droplet was estimated from 1/2ρALDU2, where ρ

is the density (998 kg/m3 for water), LD is the droplet length, and U is the droplet velocity. We used
the cross-sectional area of channel A as the cross-sectional area of the droplet, assuming that the
cross-section of the channel is filled entirely by the droplet. However, it is still unclear whether the
droplet fills a sharp corner of the wet-etched channel (Figure 1a), where the channel wall is modified
hydrophobically. Since the channel cross-section seems to be almost entirely filled by the droplet
(see Figure 2), which was confirmed in a previous study [11], the dry area in the corner is considered
to be small compared to the total area, even if the channel cross-section is not completely filled.
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Figure 2. Images of a droplet in a microchannel with L = 2.00 mm at an applied pressure of 1800 kPa.
t = 0 is defined as the time at which the droplet front passes the point 4 mm from the launching point.

As shown in Figure 3a, when the droplet front passes the point 4 mm from the launching point
(t = 0), the droplet velocity and length are 3.5 m/s and 1.8 mm, respectively. The velocity increases when
the droplet splits, reaching 7.5 m/s just before disappearance, because the fluid resistance decreases in
proportion to the droplet length. The fluctuation in the droplet velocity is due to the instability of the
wetting, caused in turn by the variation in the dynamic contact angle with splitting, as reported in our
previous study [11]. During droplet splitting, the droplet length initially decreases gradually, and no
large droplet fragments are observed (t = 0 ms and t = 0.56 ms in Figure 2). After the droplet passes the
7.5 mm mark, it becomes unstable and rapidly splits with large fragments (t = 1.04 ms and t = 1.44 ms
in Figure 2). This rapid splitting with large fragments occurs when the droplet length falls below a
certain value depending on the launcher length and pressure, and often shows variability between
experiments conducted under nominally identical conditions. In the rapid splitting state, in addition
to the instability of the wetting, Rayleigh instabilities are considered to be a dominant factor in the
splitting, because splitting is accompanied by fluctuation of the droplet width, and the droplet splits
once the droplet width becomes too small, as shown in Figure 2 and Video S1.

Since the droplet length decreases with splitting, the kinetic energy cannot be at maximum when
the droplet velocity reaches a maximum. In the case of the channel with L = 2.00 mm at an applied
pressure of 1800 kPa, the maximum kinetic energy is attained at a 7.4-mm distance from the launching
point, as shown in Figure 3b. At the maximum kinetic energy, the droplet velocity and length were
4.8 m/s and 1.5 mm, respectively.

(a) (b) 

Figure 3. (a) Velocity, length, and (b) kinetic energy of accelerated droplet as functions of distance from
the launching point in a microchannel with L = 2.00 mm at an applied pressure of 1800 kPa.
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3.2. Relationship between Droplet Acceleration and Applied Pressure

Figure 4 shows the droplet velocity and length at a 8-mm distance from the launching point,
as a function of the applied pressure. The error bars represent the standard deviation of triplicate
measurements. As shown in Figure 4a, for both channels (L = 1 and 2 mm), the droplet velocity is
around 1 m/s at a pressure below 200 kPa, and increases linearly with increasing pressure above
200 kPa. These results suggest that a longer droplet is more stable without splitting and suitable
for higher acceleration. As shown in Figure 4b, the droplet in the L = 1 mm channel does not split
at 200 kPa, but rather starts to split at higher pressures, and disappears when the pressure exceeds
400 kPa. This is because the droplet velocity increases with increasing pressure as shown in Figure 4a,
which leads to the droplet splitting as a result of wetting and Rayleigh instabilities, triggered by an
increase in wall friction. The maximum velocity with keeping the initial length is 1.2 m/s, and that with
splitting is 1.8 m/s. In the case of the L = 2 mm channel, the droplet does not split at 600 kPa, but rather
at a higher pressure, and disappears at pressures exceeding 1800 kPa. The maximum velocity with
keeping the initial length is 2.1 m/s, and that with splitting is 4.3 m/s. Thus, the maximum velocity
achieved in the L = 2 mm channel was roughly double that of the L = 1 mm channel. The opposite
trend is observed in the case of the fluid resistance, which increases in proportion to the droplet length:
compared to the L = 1 mm channel, the droplet in the L = 2 mm channel has twice the fluid resistance,
and requires twice the pressure to get a similar velocity. This is because droplet splitting, rather than
fluid resistance, is the determining factor in droplet acceleration. Therefore, a design that maintains
the droplet stability is most important for high acceleration.

(a) (b)

Figure 4. (a) Velocity and (b) length of droplet as function of applied pressure in microchannels of
L = 1.00 mm and L = 2.00 mm. Error bars represent the standard deviation of triplicate measurements.

Next, we discuss the kinetic energy of the accelerated droplet, which is important for MUOs
conducted by the microdroplet collider. Figure 5 shows the kinetic energy calculated from the results
as a function of the applied pressure. The error bars are calculated by propagating the standard
deviations for the droplet velocity and length. Clearly, longer droplets are more suitable for obtaining
higher kinetic energy because of their stability, which prevents splitting. In addition, the kinetic energy
achievable by droplet acceleration at 1 MPa is approximately one order of magnitude higher than
the value achievable at 10−1 MPa, as reported in our previous study [11]. The knowledge obtained
from these results provides a design guideline for the microdroplet collider. For example, in order to
get the highest possible kinetic energy, multistep acceleration with droplet splitting at a pressure of
1 MPa was effective because of the higher droplet velocity. On the other hand, if a well-controlled
droplet volume is required for a given application, acceleration without droplet splitting at 10−1 MPa
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would be more suitable. Thus, this study will contribute greatly to applications using the microdroplet
collider, such as enhanced mixing/reactions, injection into continuous flows, and chemical injection
into cells and tissues, by exploiting spatially and temporally localized kinetic energy.

 

Figure 5. Kinetic energy of the droplet as function of applied pressure in microchannels of L = 1.00 mm
and L = 2.00 mm. Error bars are calculated by propagating the standard deviations for the droplet
velocity and length.

Finally, we estimated the level of improvement that can be expected through higher acceleration
of the droplet in the case of mixing. In our previous work [11], we observed the mixing process of
two droplets by a high-speed CMOS camera combined with an image intensifier. The results suggested
that during the mixing, after an accelerated droplet collides with a target droplet, the cusp of the
accelerated droplet penetrates the target droplet, maintaining its velocity owing to the effect of inertia.
Since the inertial force, with a Reynolds number of 101–102, is dominant, it is thought that convection,
which is proportional to the fluid velocity, is a dominant factor in the mixing. By using a pressure in
the order of MPa, we achieved a 10-fold increase in droplet velocity relative to our previous study [11];
thus, a 10-fold increase in the speed of mixing can be expected.

4. Conclusions

We investigated the acceleration of microdroplets with volumes in the order of nL in the gas phase
in microchannels using a high-pressure (MPa) control system. We characterized the droplet motion
by using a high-speed CMOS camera to determine the droplet velocity and length. A maximum
droplet velocity of ~5 m/s was achieved at a high pressure of 1–2 MPa. The velocities achieved
by the microdroplet collider, which are comparable to those achieved by inkjet nozzles [16,17],
are 100 times faster than the microfluidic transport of droplets in gas phase reported in a previous
study [18], and 10,000 times faster than the velocities obtained when simply sliding a droplet on
an inclined surface [19,20]. Despite the higher fluid resistance, longer droplets were more suitable
for higher acceleration because droplet splitting, which limits the droplet acceleration, could be
prevented by using longer droplets. These results suggested that multistep acceleration with droplet
splitting at a pressure of 100 MPa was effective for obtaining the highest kinetic energy. On the
other hand, if a given application requires well-controlled droplet volumes, acceleration without
droplet splitting at 10−1 MPa pressure would be more suitable. The understanding and insight gained
through this study will help to establish design guidelines for the microdroplet collider for various
microfluidic applications.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2072-666X/7/8/142/s1,
Video S1: Accelerated droplet in microchannel of L = 2.00 mm at an applied pressure of 1800 kPa (1/2500-speed).
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