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Abstract: This paper discusses a microfluidic system designed for surface plasmon resonance (SPR)
sensing, incorporating integrated microvalves. This system is built from a layered structure of poly-
dimethylsiloxane (PDMS) and polymethylmethacrylate (PMMA). The functionality of the microvalves
is verified through a conductance method involving electrodes positioned at the microfluidic chan-
nels’ inlets and outlets. These microvalves can fully close at a control pressure of 0.3 MPa, with
their operation depending on the duration of the applied pressure. The study further explores the
coordinated operation of multiple microvalves to regulate the sequential flow of samples and reagents
in the system. In SPR detection experiments, the microfluidic system is integrated with an SPR array
sensing system to control the injection of NaCl solutions via the microvalves, and the observation of

phase change curves in different chip regions are observed. The findings validate the microvalves
dependability and suitability for use in SPR array sensing.
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1. Introduction

A surface plasmon resonance (SPR) sensor is an optical sensor that detects changes
in the refractive index on a metal surface to obtain information in biomolecular inter-
actions occurring during biochemical reactions. This has the advantages of requiring no
labeling, real-time performance, and high sensitivity, and it is thus an important tool in
proteomics research [1-3]. Requirements for microfluidic systems for high-throughput
SPR detection include the ability to accurately and efficiently deliver analytes and rea-
gents while allowing various solutions to flow across the chip’s surface at the same speed.
Microvalves are components that control the on-state and off-state of micro-channels,
and optimally designed microvalves should be characterized by low leakage, low power
consumption, fast response time, and linear operation capabilities [4-7].

Microvalves are usually fabricated based on piezoelectric, electrostatic, thermal, and
pneumatic principles [8-11]. Pneumatic microvalves can be easily integrated with PDMS on
the chip [12,13] and are widely used in SPR assays [14]. The microvalve is used to control
the stability of the flow rate and arrange the injection of reagents and analytes, which
directly affects the assay’s accuracy. Therefore, it is important to properly characterize the
microvalves for the application of microfluidic systems.

Quake et al. used pneumatic microfluidic chips to realize the large-scale integra-
tion of thousands of microvalves and hundreds of reactors on microfluidic chips, with a
density of thousands of microvalves per square centimeter, which became an important
technological breakthrough in the field of microfluidic chips [15]. Araci et al. proposed
the ultra-large-scale integration of pneumatic microfluidic chips with a density of millions
of microvalves per square centimeter [16]. Lee et al. studied the relationship between
the closing performance of pneumatic membrane valves and the shape of the flow chan-
nels [17]. In light of the progress of multi-layer soft lithography techniques, several studies
have described fabrication methods for high-aspect-ratio fluidic [18-22]. In recent years,
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pneumatic microfluidic chips have been used with increasing success in biological and
chemical analyses [23].

Currently, convenient methods used to test the characteristics of microvalves include
observation and conductivity methods. Li et al. characterized the on/off states of a
microvalve by observing the deflection of the valve membrane through a microscope [24],
and Studer et al. also used a microscope to observe the interfaces of two solutions, indirectly
characterizing the operating state of the studied microvalve [25]. These two methods
provide intuitive information but are not quantitative. Galas et al. used the quantitative
conductance method to study the opening and closing process of a single microvalve [26].
They set up electrodes that were deposited in microchannels through a complicated process,
which could result in measurement errors. In addition, how to characterize multiple
microvalves at the same time is also a problem.

The integration of microvalves in microfluidic systems is a necessary step towards
automation and high-precision inspection. Pneumatic microvalves are integral pieces of the
basic components of a microfluidic chip. In recent years, some scholars have studied the
deformation performance of pneumatic PDMS-driven films at different pressures, but there
are not many studies on the application of pneumatic microvalves in SPR array detection.
Research on the overall detection performance of pneumatic microvalves, such as the
response time and the closing characteristics, which are still not perfect, is especially scarce.
This study designed a microvalve using finite-element simulation and then established a
multilayer structure for the microfluidic system according to the requirements for SPR array
detection using PDMS and PMMA as the primary materials. The conductivity detection
device is designed to capture the dynamic characteristics of the microvalve by altering its
conductivity during the opening and closing processes under different pneumatic pressures.
Additionally, the microfluidic device was applied in SPR detection, where the microvalves
automatically control the injection of sodium chloride solutions at varying concentrations.
The results indicate that the designed microvalves are practical and reliable and are suitable
for SPR array detection. The proposed method can also be used to manufacture various
other high-density micro-chips.

2. Design and Fabrication of Microfluidic Systems
2.1. Structure of the SPR Array Detection System

The detection system includes a microfluidic feeding system, and an optical path
system built in a black box surrounded by a metal plate. The upper part of the instrument
houses the microfluidic sampling system, temperature control system, and mechanical
control system. The microfluidic feeding system is composed of an industrial syringe
pump, a sampling needle, a needle-washing tank, a microfluidic chip and a liquid pipeline.
The chip compression frame is used to press the fluid cell of the microfluidic chip and
the sensing chip together. Externally, there are also waste and buffer bottles placed on a
stretching platform. All circuit boards are integrated together to enable centralized power
supply and data acquisition, transmission, processing, and, finally control and display via
user PC software.

2.2. Design of Microvalves
2.2.1. Materials for Microfluidic Systems

The microfluidic system designed in this paper is based on SPR detection, which
requires fluid pools with a certain area and an open surface that, in turn, must be sealed to
avoid leakage onto the sensing chip. The complete microfluidic system is composed of a
multilayer structure. Given that PDMS is a highly elastic polymer material that can achieve
reversible sealing on smooth surfaces, it was selected as the base material for constructing
the microfluidic system, specifically Dow Corning’s two-component Sylgard184. Both the
base and the curing agent of the two-component system are flowable liquids, mixed at a
weight or volume ratio of 10:1. After the mixture, it forms a flexible elastomer with minimal
shrinkage, and the curing process does not release heat, solvents, or curing by-products.
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The elasticity of the cured PDMS is independent of the encapsulation thickness and the
degree of environmental sealing.

However, using PDMS as a structural material for the microchannels could lead to their
deformation and blockage when pressure is applied to achieve a reversible seal between
the sensing chip and the fluid pool. Therefore, introducing another rigid substrate material
was considered to provide structural support in addition to improving the rigidity of the
pneumatic channels, which need to withstand the external air pressure and the creation
of threaded holes for the connection to the external pneumatic fittings that need to be
machined. Plexiglas, a transparent rigid polymer material, was selected as the substrate
material. Moreover, PMMA is a hard, easy-to-process material that has a mature polishing
process and good transparency after polishing, which makes observation easier, and it is
therefore selected as the main material for the airway layer. In addition, cured PDMS can be
easily demolded from PMMA, and it is also used to make positive molds for microchannels
and microfluidic cells.

Additionally, the control layer and the auxiliary layer are connected using pressure-
sensitive adhesive (Adhesives Research). The external liquid tubing is made of Teflon mate-
rial, which the PDMS microchannels cannot directly connect to. The material should possess
excellent mechanical properties, good self-lubrication, resistance to chemical corrosion,
good sealing, and biocompatibility. Polyether ether ketone (PEEK) is a high-performance
polymer material that meets all these requirements; hence, it was chosen as the material for
the compression block. In summary, the materials selected for this design primarily include
PDMS, PMMA, PEEK, and double-sided adhesive.

2.2.2. Microvalve Structure Design

The characteristics of microvalves are largely determined by parameters such as the
control pressure, the radius of the microvalve, and the width and height of the liquid
channel, as well as the thickness of the membrane. If the membrane is too thick or too thin,
it may be difficult to deform or be prone to rupture. The air pressure, the distance from the
fixed end to the center, and the thickness of the membrane are all related. Moreover, whether
a microvalve can completely shut off a channel also depends on the height of the channel.
The wider the microchannel, the easier it is to achieve a complete shut-off. However,
the wider the channel, the larger the size of the microfluidic system, and the greater the
amount of sample consumed. Therefore, after testing, the width of the microchannel was
preliminarily determined to be 200-500 um. Obviously, the diameter of the microvalve
must be greater than the width of the microchannel. With the same air pressure, the larger
the diameter, the greater the shear force at the connection between the PDMS membrane
and the airway layer, making it easier for the seal between the microvalve membrane
and the airway layer to fail. Considering the manufacturing process, the diameter of the
microvalve was chosen to be 1 mm. The thickness of the microvalve membrane is also an
important design parameter. If it is too thick, deformation is difficult, requiring higher
air pressure loads, increasing the difficulty of sealing the airway layer and microvalve
membrane, and reducing the reliability; if it is too thin, it is prone to fatigue failure, making
it difficult to recover its original elasticity or even causing rupture. Through experiments
with PDMS membranes of different thicknesses, the thickness of the membrane was set
to 100 pm. To facilitate manufacturing and better microvalve shut-off, the height of the
microchannel was set to 100 um. Based on the above parameters, the cross-sectional shape
and size of the designed microchannel are shown in Figure 1.

To analyze the relationship between the closure of the microvalves, the channel shapes,
and the applied loads, COMSOL 6.1 simulation software was employed to conduct finite-
element analysis of the deformation of the microvalves within the different types of mi-
crochannels, as shown in Figure 2.
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Figure 1. Cross-sectional diagram of the microchannel: (a) NO.1; (b) NO.2; (c) NO.3; (d) NO.4.
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Figure 2. Simulation outcomes for stress and strain of microchannel NO.1: (a) stress distribution;
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(b) strain distribution.

Taking design NO.1 as an example, when the load is P = 0.27 MPa, the deformation
result is as shown in Figure 2a, and the microvalve is completely shut off. The maximum
deformation is about 0.178 mm. The shear stress when the microvalve is completely shut
off is shown in Figure 2b, with a maximum stress of about 0.46 MPa. The stress analysis at
the connection points considers whether the seal between the microvalve membrane and
the gas flow layer is reliable when the pressure load acts on the microvalve membrane, as
well as the deformation and stress of the microvalve relative to other microchannels shapes.
The cross-sectional area of four types of microchannels, the corresponding load pressure
when completely shut off, and the maximum shear stress at the connection between the
PDMS membrane and the upper gas flow layer are described in Table 1.

Table 1. Cross-sectional area of various microchannels, maximum pressure required at cutoff, and
maximum shear stress at the connection.

Cross-Sectional Shape NO.1 NO.2 NO.3 NO.4
Cross-sectional area (mm?) 0.0157 0.0344 0.0217 0.0257
Maximum required pressure (MPa) 0.35 0.2 0.25 0.42
Maximum shear stress at connection (MPa) 0.46 0.23 0.32 0.48

As can be seen from the table, when the microvalve is completely shut off and the air
pressure and the maximum shear stress at the connection for the two types of microchannels
are as shown in Figure 2; the designs NO.2 and NO.3 are both smaller, especially for NO.2,
whose advantage is the most obvious. It can be seen that the arc-shaped channel is easier
to shut off. The structures of the microchannels shown in NO.1 and NO.3 are smaller,
which means they require smaller amounts of a sample or reagent, which is an advantage,
with the design NO.1 using the smallest amount but being the most difficult to shut off.
Considering both the achievement of shut-off and the amount of solution used, the design
NO.3 is chosen as the microchannel design system for the microfluidic system.

For SPR array detection, the microvalve needs to control the entrance of the different
solutions into the microfluidic pool in a timed manner. To this end, when designing the
microchannel and the position of the microvalve, two issues need to be considered: First,
the air in the microchannel must be expelled before the solution enters the microchannel.
This requires the design of a bypass, so that the air in the channel can be expelled by
the inflowing solution before it flows into the microfluidic pool, thus ensuring that the
desired solution can immediately enter the microfluidic pool once the microvalve is opened.
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Second, after the microvalve is opened, the solution should be prevented from mixing with
the previous solution as much as possible before it flows into the microfluidic pool. This
requires that the path between the microvalve and the microfluidic pool be as short as
possible, meaning the position of the microvalve should be as close to the microfluidic pool
as possible. Compared to switch valve control sampling, microfluidic systems offer the
following advantages:

(1) Within one experimental cycle, solution changeover can be accomplished by simply
alternating the switching of Valves 1 and 3 and 2 and 4. By controlling the actuation
pressure via a computer, simple and reliable sampling automation can be achieved.

(2) The mixing path of the buffer and sample solutions is just a short microchannel before
entering the microfluidic pool, thereby preventing the mixing of sample solutions
with the buffer before they enter the microfluidic pool and ensuring the accurate
measurement of the kinetic constant.

2.3. Microfluidic System Assembly Procedure

In the designed SPR detection device, the microfluidic pool in the microfluidic system
needs to be positioned above the chip’s surface, with solutions flowing into the microfluidic
pool through the microchannels. This necessitates the arrangement of microchannels and
the microfluidic pool on adjacent layers. Additionally, the direction of the fluid flow
in the microchannels needs to be controlled by the adjacent microvalves, meaning the
microchannels and microvalves also have to be placed on neighboring layers. Integrating
the above analysis, the structural design of the microfluidic system is created. It features
a multi-layered structure, comprising the air control layer, microvalve membrane layer,
and fluidic layer. The control pressure acts on the microvalve membrane via the air control
layer, causing it to deform and block the microchannel, thereby stopping the solution from
entering the microfluidic pool. When performing detection tasks over a long period of
time, large signal drifts can overwhelm the SPR response signal, thus requiring special
attention. By combining the prism and the chip into one, the gold film can be plated directly
onto the prism, constituting a one-piece sensing prism. In this way, signal drift due to the
volatilization of refractive-index-matched oil can be eliminated, thus improving the stability
of the system and facilitating continuous detection for a long period of time, as well as
further eliminating changes in the refractive index caused by temperature fluctuations,
which reduces the SPR signal drift.

After exploring and experimenting with various fabrication steps, CNC milling was
preliminarily selected as the PMMA mold, molding techniques were used to process the
PDMS microchannels, and the required through-holes at corresponding positions on the
PDMS chip were cast during the molding process. Using oxygen plasma surface treatment,
the obtained PDMS substrates were irreversibly bonded, and by employing a sandwich
structure, a hard PMMA auxiliary layer for the SPR phase detection sensors was integrated
into the overall structure of the microfluidic system, as shown in Figure 3.

pneumati
channel

hard support  fluidiccell fluidic layer

(a) (b)

Figure 3. Microfluidic system assembly diagram: (a) diagram of partial mechanical assembly;
(b) photograph of the actual object with the fluidic layer, microvalve membrane, and auxiliary layer
sealed together as one entity.
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The integration process of the entire microfluidic system is as follows:

(1) Two pieces of PMMA are sealed with AR pressure-sensitive adhesive to form the air
channel and then set aside for 18 h before use;

(2) Using the oxygen plasma bonding method, the PDMS membrane on the Plexiglass
plate is bonded with the auxiliary layer using oxygen plasma, and then demolded
from the Plexiglass plate;

(3) Using a punch, holes are created corresponding to the auxiliary layer’s inlet on
the membrane;

(4) Similar to Step 2, the other side of the membrane is bonded to the fluidic layer using
oxygen plasma, but the microvalve positions need to be aligned during bonding;

(5) After plasma treating the other side of the auxiliary layer, AR double-sided adhesive
is applied. Then, the air channel layer and the other side of the double-sided adhesive
undergo oxygen plasma bonding and are set aside for 18 h;

(6) A PEEK compression block is pressed directly onto the auxiliary layer of PDMS
substrate. After aligning their inlet holes, the PEEK compression block is fixed to the
PMMA support with screw connections, resulting in a complete microfluidic system.

A comprehensive photograph of the actual microfluidic system is shown in Figure 3b.
To further determine the actual conditions of the microchannels and microvalves, this study
employed a white light interferometer to measure the cross-section of the microchannel
mold. The measurement results show that the height of the microchannel was 114.2 pm,
and the thickness of the microvalve membrane was 107.3 um, both slightly exceeding the
design values. This discrepancy is primarily attributed to errors in the molding process.

3. Microvalve Performance Testing

To position the microfluidic system such that the microvalve is within the field of
view, methylene blue solution is injected into the microchannel. Images captured without
pressure on the microvalve and with a pressure of 0.3 MPa applied show a change from
blue to no color beneath the microvalve, indicating the microvalve’s influence on the flow
of the solution (Figure 4). However, this observational method cannot accurately determine
the microvalve’s opening and closing times or its response frequency. Moreover, due to
the limited field of view of the microscope, it is not possible to simultaneously monitor
multiple valves, which is a requirement for SPR detection.

(b)

Figure 4. Micrographs of microvalve-controlled microchannels at different pressures: (a) P = 0 MPa;
(b) P = 0.3 MPa.

3.1. Principle of Conductivity Detection

The conductance method is known for its ease of operation and intuitive results. Its
detection principle is as follows: microelectrodes are etched into the channel, and when the
microvalve deforms, the conductivity of the solution in the microchannel changes. This
change in conductivity can be observed through variations in the current between the
electrodes, thereby providing dynamic characteristics of the microvalve’s opening and
closing actions. Based on this principle, the detection scheme is as shown in Figure 5. As
illustrated, the input electrode E;e, the microchannel, the output electrode E,e, the external
resistor R, and the voltage source Vi form a closed circuit. By measuring the change in
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voltage across resistor R, the dynamic characteristics of the microvalve can be understood.
Before detection, a standard electrolyte solution is injected into the microchannel via a

syringe pump.

V, R

O——=

E. 1 E,

fluid inflow pressure control

Figure 5. Schematic diagram illustrating the principle of conductivity method for microvalve charac-

terization.

This setup allows for precise and direct measurement of the microvalve’s functionality
by translating mechanical deformations into electrical signals, offering an effective way to
assess microvalve performance in real-time.

The value of the AC voltage output from the waveform generator is V;, the resistance
of the measurement resistor is R, and the equivalent resistance of the liquid flow path of
the thin-film microvalve is Ry,:

L
Ry =xx ¢ 1)
The value of the voltage V| at the ends of the detection resistor is

Vi

V =
0 R—i—Rﬂu

X R (2)

where x is the conductivity of the solution, S is the cross-sectional area of the microchannel;
and L is the length of the microfluidic channel to be measured.

When pressure is applied to the microvalve, the elastic membrane deforms, reduc-
ing the cross-sectional area of the microchannel, which in turn increases the equivalent
resistance of the solution in the microchannel. By detecting changes in the voltage across
resistor R, the deformation of the microvalve can be determined. If the microvalve is fully
closed, the microchannel is completely blocked, making the equivalent resistance of the
electrolyte solution in the channel effectively infinite, and the voltage across R drops to 0.
Similarly, during the opening of the microvalve, V starts at 0 and gradually increases until
the microvalve is fully open, at which point V reaches its maximum value.

This approach provides a straightforward and effective method of monitoring the
operational state of the microvalve. It allows for real-time feedback on the valve’s status,
which is crucial for systems requiring precise fluidic manipulation, such as in chemical
synthesis, biological assays, or in lab-on-a-chip devices where the dynamic regulation of
fluid flow is essential to the system’s functionality.

3.2. Conductivity Measurement System

The experimental setup for microvalve testing, as shown in Figure 6, consists of
a nitrogen gas source, a solenoid valve, the microfluidic system, an injection pump, a
detection circuit, a data acquisition card (DAQ), and a computer. The signal processing
setup mainly includes signal output, data collection, and display. Electrode A is connected
to an AC voltage source, and Electrodes B-E are each connected to the external resistors
RB-RE, which output and amplify the signal changes in the solution. Each path forms
a closed circuit with the microchannel, Electrode A, and the voltage source. When the
conductivity of the solution changes, the voltage source signal and the four output signals
are collected by the DAQ and processed and displayed by the computer. To avoid the
electrolytic effect of the DC voltage, the detection circuit’s power supply is a square wave
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with an amplitude of —2.5 V t0 2.5 V and a frequency of 1 kHz. Depending on the needs
of the microvalve detection task, this voltage source can be connected to either Electrode
A or B. Before the experiment, the power source is connected to Electrode A. The choice
of external resistors should consider the equivalent resistance value of the solution in the
microchannel, and a standard 0.1 M potassium chloride solution is used as the electrolyte,
injected into the microchannel by the injection pump. In this testing setup, the pressure
acting on the microvalve is adjusted by the pressure valve on the nitrogen source. Thus,
the opening/closing of the microvalve, controlled by the solenoid valve, is essentially
computer-controlled, allowing for precise timing and execution.

. -t amplifier E
nicrovalves
Yy

amplifier D
amplifier C

amplifier B

syringe
pump

[0 electrolytes

Figure 6. Schematic diagram of the microvalve detection experiment setup.

At the start of the experiment, all microvalves are in the open state, and the electrolyte
solution is injected from Inlet A, filling all microchannels and then flowing out from
Outlets B-E. Then, the computer adjusts the solenoid valve to direct nitrogen gas into
the airway connected to the microvalve being tested, causing the microvalve to deform.
This deformation leads to changes in the flow state of the solution and its corresponding
resistance, thereby changing the voltage across the external resistors. This change, output
by the amplifier, is captured by the DAQ and then processed and displayed by the computer.
During the closing of the microvalve, the voltage across the corresponding external resistor
gradually drops from its maximum value to 0. The closing characteristics of the microvalve,
as well as its opening characteristics and the opening and closing characteristics under
different pressures, can be analyzed using the data obtained through this process.

3.3. Microvalve Characteristic lesting Experiment

Taking Valve 1 as an example, at the start, all microvalves are in the open state, and
the electrolyte solution is injected from Inlet A, flowing through the channel where Valve 1
is located, and then exiting from Outlet E. Subsequently, pressures of 0.15 MPa, 0.25 MPa,
and 0.3 MPa are applied to the microvalve. Using the DAQ supervisory control and data
acquisition interface, one can observe that the voltage value in Channel 5 sequentially
decreases until it reaches 0 at a pressure of 0.3 MPa. Simultaneously, the voltage changes
across the external resistor RE, as depicted in Figure 7, showing high-frequency square
wave amplitude values displayed as rectangular shapes. The size of the rectangle directly
reflects the voltage changes across RE. As indicated in the figures, the electrolyte solution
flows from the outlet at time T1, indicating an open flow path; at time T2, pressure is
applied, closing the microvalve, which continues until time T3. Minor voltage amplitudes
occur both when the flow path is not open and when the microvalve is completely shut
off due to power frequency interference. The equivalent resistance of the solution in the
microchannel and the sampling resistance are both on the megaohm scale, with a high
output impedance, making it susceptible to inductive coupling noise.
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Figure 7. Microvalve closure characteristics under different pneumatic pressures: (a) 0.15 MPa;
(b) 0.25 MPa.

According to the experimental results, when P = 0.3 MPa, the microvalve is fully shut
off, consistent with observations shown on the display interface. This value is higher than
the 0.25 MPa predicted in the simulation results. The reasons for this discrepancy are as
follows: (1) fabrication errors, since the actual height of the microchannel is 114.2 um,
which is greater than the ideal value of 100 um; (2) the actual thickness of the microvalve
membrane is 107.3 pm, which is also greater than the ideal value of 100 pm; and (3) mis-
alignment during bonding, resulting in the microchannel not being perfectly centered
under the microvalve.

Further analysis, comparing the changes in voltage across the external resistor after
the valve was closed for 10 s and 30 s, reveals significant insights. From the results in
Figure 8, it is evident that at P = 0.25 MPa, the deformation of the microvalve shows a
substantial difference between 10 s and 30 s. This observation indicates that the greater
the applied pressure, the larger the deformation of the microvalve; each microvalve has its
optimal closing pressure, at which it closes swiftly. Moreover, as the pressure approaches
this optimal value, the longer the pressure is applied, the greater the deformation of
the microvalve.

0.7 [ ]t=10s
06 ] - "‘w,;_!? t=30s
= o
% 0.5 1
S e %
= 1
504 "
£
©
203
8
5
> 0.2
0.1
0.0 | ! R,
0 0.1 015 0.2 025 0.3

Figure 8. Voltage amplitude measurements at 10 s and 30 s under varying pneumatic pressures.

To verify the reproducibility of the microvalve’s opening and closing characteristics,
continuous repetition of opening and closing operations was performed on Valve 1 at
P = 0.3 MPa, with the results shown in the graph below. At the moment T1, the solution
conducts; at the moment T2, pressure is applied, closing the microvalve; at the moment T3,
the microvalve is reopened. The process is repeated twice thereafter. The results of Figure 9
indicate that the microvalve’s opening and closing characteristics are highly repeatable. To
further observe the dynamic characteristics of the microvalve closing process, details of the
microvalve closing were magnified, showing that the microvalve fully closes within a time
t < 1.5 s, indicating a fast closure response.
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Figure 9. Experimental results of the continuous opening and closing of microvalves at 0.3 MPa.

This demonstration of reproducibility and quick valve response is crucial for ap-
plications requiring precise and reliable control over fluid flow, such as in automated
microfluidic systems for chemical or biological assays. The ability to rapidly and consis-
tently open and close the valves provides significant advantages in terms of controlling
reaction times, sample volumes, and flow rates, making such microvalves invaluable
components in the design of efficient and scalable microfluidic devices.

4. Microfluidic System Application in SPR Array Sensing

An experiment was conducted on a dual-channel differential interferometric imaging
SPR array detection device constructed by our research group. The microfluidic system
equipped with microvalves was mounted on the prism holder of the device via screws, as
shown in Figure 10.

\
y \

S syringe pump® syringe pump2

_,‘_‘ ................... —_

Figure 10. Photograph of microfluidic system fixed on the SPR array system.

4.1. Pre-Experiment for Cleaning the Tubing

The pipeline cleaning experiment commenced by manually introducing iron gallic
ink (which mainly consists of ferrous sulfate, tannic acid, water, phenol, and gum arabic)
into the tubing and onto the microfluidic chip to introduce contaminants in the system.
Subsequently, an automated command sequence for cleaning the pipelines was executed
to observe the changes in the contamination present on the microfluidic chip. The initial
state of the contamination on the microfluidic chip is shown in Figure 11a, while Figure 11b
depicts the contamination during the simultaneous closure of Microvalves 2 and 4 with
the injection of a buffer solution, revealing that the tubing at Valve 4 has been cleaned and
the concentration of contamination in the reaction pool has also reduced. Figure 11c repre-
sents the state of microfluidic contamination at the moment of switching, and Figure 11d
shows the state of the microfluidic system after the cleaning process has concluded. The
entire experiment was carried out automatically through the cleaning command sequence,
demonstrating that the microvalves meet the experimental requirements. This automated
cleaning process highlights the effectiveness of using an integrated control system for
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the microvalves and the microfluidic chip to manage and reduce contamination within
the system.

() (d)

Figure 11. Observations of changes during cleaning experiments: (a) initial state; (b) opening of the
pneumatic Microvalves 2 and 4; (c) instant change in microfluidic fouling; (d) final microfluidic state.

4.2. SPR Array Detection Experiments
4.2.1. Automatic Sampling Experiments and Results

SPR was used to detect changes in the refractive index of a gold film surface, whereby
solutions of different refractive indices flow across the surface of the gold film and generate
a corresponding signal.

A 5% NaCl solution was selected as the sample solution for the experiment because
the positive correlation between the refractive index of the solution and its concentration
provides insightful information on the functionality and precision of the microvalves in
the proposed SPR array detection system. The experiment’s setup, which uses deionized
water as the buffer and a flow rate of 100 uL/min, outlines a clear method for evaluating
the baseline status and responses to the NaCl solution introduction. The experimental
procedure is structured as follows to ensure the accuracy of the SPR measurements:

(1) Deionized water is injected for 60 s to establish the baseline. This step is crucial
for SPR experiments as it provides a reference point against which changes in the
refractive index can be measured;

(2) The microvalve is opened to introduce the NaCl solution for 240 s. This longer
duration ensures that the NaCl solution has sufficient time to interact with the sensing
area, facilitating stable refractive index measurements;

(3) Deionized water is reintroduced to flush the system and conclude the experiment.
This step helps to return the system to its initial state and verifies the reversibility of
the interaction on the sensing surface.

To analyze the consistency of the detection results, three 10 x 10-pixel sections (where
the pixel size is 6.45 pm x 6.45 um) within the detection zone of the sensing surface from
the inlet to the outlet of the microfluidic pool were selected. And calculating the phase
angle changes at these positions, is a rigorous approach, as shown in Figure 12. The
nearly identical phase angle changes obtained from the microvalve switching demonstrate
the microvalves’ effectiveness at automating sample introduction, thereby meeting the
requirements for SPR array detection. This uniformity in phase change across different
areas indicates a consistent sample delivery and interaction across the sensing surface,
which is essential for reliable SPR measurements.
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Figure 12. Detection results in different regions.

4.2.2. Analysis and Results of Microvalve Repeatability Experiments

Biological experiments often require frequent switching of the microvalves within
a matter of minutes to change the solutions entering the microfluidic pool. Thus, the
repeatability of the microvalves’ operation is a critical factor in ensuring the accuracy
and comparability of experimental results. On a dual-channel differential interferometric
imaging SPR detection device, the repeatability of the microvalves was tested by repeatedly
measuring changes in the refractive index of the solutions. In the experiment, the flow rate
was set to 100 uL/min, with the microvalves switching every 5 min to alternately inject
deionized water and 5% NaCl solution into the microfluidic pool. Within the detection
area on the sensing surface, a 10 x 10-pixel region was selected for calculation. The results
showed that the amplitude’s standard deviation was 0.0013, with the standard deviation of
the rise and fall time being 1.3 s (Figure 13). These results confirm the high repeatability
of the microvalve switching process in the experimental setup, with three times shorter
compared to the four-way valve.

40
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Figure 13. Experimental outcomes from the repeated activation of microvalves.

The comprehensive results of the experiments indicate that the designed microvalves,
which control the alternating injection of brine at various concentrations and deionized
water into the microfluidic chamber, lead to better consistency in the experimental outcomes,
thus achieving automated sampling. Furthermore, the control provided by the microvalves
significantly enhances both the response time and the rising and falling rates of the SPR
curves, while also ensuring good reproducibility.

5. Conclusions

This paper describes a microfluidic system equipped with integrated microvalves
tailored for SPR array sensing. It explores the dynamic behavior of both individual and
collective microvalves through conductance measurement. In the experimental phase, the
system was utilized to manage the flow of NaCl solutions via microvalve actuation to
facilitate SPR array sensing. The experimental results show the following:
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(1) The closing status of the microvalve can be influenced by the control pressure; the
microvalve can achieve complete closure at 0.3 MPa with reliable reproducibility;

(2) The microvalve detection method is capable of characterizing both individual and
multiple microvalves simultaneously and demonstrating effective parallel detection;

(3) InSPR array sensing tasks, microvalves enable the automation of flow direction and
injection processes;

(4) This detection method is versatile, suitable for a range of microfluidic systems
equipped with integrated microvalves.

The research establishes the crucial role of microvalves in improving both the function-
ality and efficiency of microfluidic systems, particularly for precise fluid control in SPR array
sensing. Their integration supports automated, accurate experiments, which is essential
progress in areas such as biochemistry and pharmacology. This highlights the wide-ranging
applicability of microvalves in both scientific research and industrial processes.

Author Contributions: Conceptualization, B.L. and P.W.; methodology, W.C.; software, W.C.; valida-
tion, PW. and B.L.; formal analysis, W.C.; investigation, W.C.; writing—original draft preparation,
W.C.; writing—review and editing, W.C.; visualization, W.C.; supervision, W.C.; project adminis-
tration, B.L. and PW.; funding acquisition, B.L. and P.W. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the “Innovation Leading Action Program grant number
2016520217”.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

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

References

1.  Tyers, M.; Mann, M. From Genomics to Proteomics. Nature 2003, 422, 193-197. [CrossRef]

2. Blow, N. Proteins and Proteomics: Life on the Surface. Nat. Methods 2009, 6, 389-393. [CrossRef]

3. Homola, ]. Surface Plasmon Resonance Sensors for Detection of Chemical and Biological Species. Chem. Rev. 2008, 108, 462-493.
[CrossRef]

4. Shaegh, S.A.M.; Wang, Z.; Ng, S.H.; Wu, R,; Nguyen, H.T.; Chan, L.C.Z.; Toh, A.G.G.; Wang, Z. Plug-and-Play Microvalve and
Micropump for Rapid Integration with Microfluidic Chips. Microfluid. Nanofluid. 2015, 19, 557-564. [CrossRef]

5. Fu, H,; Liu, X,; Li, S. Mixing Indexes Considering the Combination of Mean and Dispersion Information from Intensity Images
for the Performance Estimation of Micromixing. RSC Adv. 2017, 7, 10906-10914. [CrossRef]

6. Hess, ].E; Zehnle, S.; Juelg, P; Hutzenlaub, T.; Zengerle, R.; Paust, N. Review on Pneumatic Operations in Centrifugal Microfluidics.
Lab Chip 2019, 19, 3745-3770. [CrossRef]

7.  Xiang,J,; Cai, Z.; Zhang, Y.; Wang, W. Wedge Actuated Normally-Open and Normally-Closed Valves for Centrifugal Microfluidic
Applications. Sens. Actuators B Chem. 2017, 243, 542-548. [CrossRef]

8. Chen,S; Lu, S;; Liu, Y,; Wang, J.; Tian, X,; Liu, G.; Yang, Z. A Normally-Closed Piezoelectric Micro-Valve with Flexible Stopper.
AIP Adv. 2016, 6, 045112. [CrossRef]

9.  Nam, S.-W.; Noort, D.V,; Yang, Y.; Park, S. A Biological Sensor Platform Using a Pneumatic-Valve Controlled Microfluidic Device
Containing Tetrahymena Pyriformis. Lab Chip 2007, 7, 638. [CrossRef]

10. Bae, B.; Han, J.; Masel, R.I.; Shannon, M.A. A Bidirectional Electrostatic Microvalve With Microsecond Switching Performance.
J. Microelectromech. Syst. 2007, 16, 1461-1471. [CrossRef]

11. Qian, J.-Y.;; Hou, C.-W.; Li, X.-J.; Jin, Z.-]. Actuation Mechanism of Microvalves: A Review. Micromachines 2020, 11, 172. [CrossRef]

12. Unger, M.A ; Chou, H.-P; Thorsen, T.; Scherer, A.; Quake, S.R. Monolithic Microfabricated Valves and Pumps by Multilayer Soft
Lithography. Science 2000, 288, 113-116. [CrossRef]

13. Thorsen, T.; Maerkl, S.J.; Quake, S.R. Microfluidic Large-Scale Integration. Science 2002, 298, 580-584. [CrossRef]

14. Nielsen, J.B.; Hanson, R.L.; Almughamsi, H.M.; Pang, C.; Fish, T.R.; Woolley, A.T. Microfluidics: Innovations in Materials and
Their Fabrication and Functionalization. Anal. Chem. 2020, 92, 150-168. [CrossRef]

15. Bates, S.R.; Quake, S.R. Highly Paralle]l Measurements of Interaction Kinetic Constants with a Microfabricated Optomechanical
Device. Appl. Phys. Lett. 2009, 95, 073705. [CrossRef]

16. Araci, LE; Pop, P.; Chakrabarty, K. Microfluidic Very Large-Scale Integration for Biochips: Technology, Testing and Fault-Tolerant

Design. In Proceedings of the 2015 20th IEEE European Test Symposium (ETS), Cluj-Napoca, Romania, 25-29 May 2015; IEEE:
New York, NY, USA, 2015; pp. 1-8.


https://doi.org/10.1038/nature01510
https://doi.org/10.1038/nmeth0509-389
https://doi.org/10.1021/cr068107d
https://doi.org/10.1007/s10404-015-1582-4
https://doi.org/10.1039/C6RA23783E
https://doi.org/10.1039/C9LC00441F
https://doi.org/10.1016/j.snb.2016.11.031
https://doi.org/10.1063/1.4947301
https://doi.org/10.1039/b617357h
https://doi.org/10.1109/JMEMS.2007.907782
https://doi.org/10.3390/mi11020172
https://doi.org/10.1126/science.288.5463.113
https://doi.org/10.1126/science.1076996
https://doi.org/10.1021/acs.analchem.9b04986
https://doi.org/10.1063/1.3211382

Sensors 2024, 24, 2540 14 of 14

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Lee, C.-C.; Sui, G.; Elizarov, A.; Shu, C.J; Shin, Y.-S.; Dooley, A.N.; Huang, J.; Daridon, A.; Wyatt, P; Stout, D.; et al. Multistep
Synthesis of a Radiolabeled Imaging Probe Using Integrated Microfluidics. Science 2005, 310, 1793-1796. [CrossRef]

El Hasni, A.; Pfirrmann, S.; Kolander, A.; Yacoub-George, E.; Konig, M.; Landesberger, C.; Voigt, A.; Griitzner, G.; Schnakenberg, U.
Six-Layer Lamination of a New Dry Film Negative-Tone Photoresist for Fabricating Complex 3D Microfluidic Devices. Microfluid.
Nanofluid. 2017, 21, 41. [CrossRef]

Mukherjee, P.; Nebuloni, F; Gao, H.; Zhou, J.; Papautsky, I. Rapid Prototyping of Soft Lithography Masters for Microfluidic
Devices Using Dry Film Photoresist in a Non-Cleanroom Setting. Micromachines 2019, 10, 192. [CrossRef]

Thangawng, A.L.; Ruoff, R.S.; Swartz, M.A.; Glucksberg, M.R. An Ultra-Thin PDMS Membrane as a Bio/Micro-Nano Interface:
Fabrication and Characterization. Biomed. Microdevices 2007, 9, 587-595. [CrossRef]

Grover, W.H.; Skelley, A.M.; Liu, C.N.; Lagally, E.T.; Mathies, R.A. Monolithic Membrane Valves and Diaphragm Pumps for
Practical Large-Scale Integration into Glass Microfluidic Devices. Sens. Actuators B Chem. 2003, 89, 315-323. [CrossRef]

Jensen, E.C.; Grover, W.H.; Mathies, R.A. Micropneumatic Digital Logic Structures for Integrated Microdevice Computation and
Control. ]. Microelectromech. Syst. 2007, 16, 1378-1385. [CrossRef]

Berlanda, S.F; Breitfeld, M.; Dietsche, C.L.; Dittrich, P.S. Recent Advances in Microfluidic Technology for Bioanalysis and
Diagnostics. Anal. Chem. 2021, 93, 311-331. [CrossRef]

Li, H.Q.; Roberts, D.C.; Steyn, J.L.; Turner, K.T.; Yaglioglu, O.; Hagood, N.W.; Spearing, S.M.; Schmidt, M. A. Fabrication of a High
Frequency Piezoelectric Microvalve. Sens. Actuators A Phys. 2004, 111, 51-56. [CrossRef]

Studer, V.; Hang, G.; Pandolfi, A.; Ortiz, M.; French Anderson, W.; Quake, S.R. Scaling Properties of a Low-Actuation Pressure
Microfluidic Valve. J. Appl. Phys. 2004, 95, 393-398. [CrossRef]

Galas, ].-C.; Studer, V.; Chen, Y. Characterization of Pneumatically Activated Microvalves by Measuring Electrical Conductance.
Microelectron. Eng. 2005, 78-79, 112-117. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1126/science.1118919
https://doi.org/10.1007/s10404-017-1877-8
https://doi.org/10.3390/mi10030192
https://doi.org/10.1007/s10544-007-9070-6
https://doi.org/10.1016/S0925-4005(02)00468-9
https://doi.org/10.1109/JMEMS.2007.906080
https://doi.org/10.1021/acs.analchem.0c04366
https://doi.org/10.1016/j.sna.2003.10.013
https://doi.org/10.1063/1.1629781
https://doi.org/10.1016/j.mee.2004.12.016

	Introduction 
	Design and Fabrication of Microfluidic Systems 
	Structure of the SPR Array Detection System 
	Design of Microvalves 
	Materials for Microfluidic Systems 
	Microvalve Structure Design 

	Microfluidic System Assembly Procedure 

	Microvalve Performance Testing 
	Principle of Conductivity Detection 
	Conductivity Measurement System 
	Microvalve Characteristic Testing Experiment 

	Microfluidic System Application in SPR Array Sensing 
	Pre-Experiment for Cleaning the Tubing 
	SPR Array Detection Experiments 
	Automatic Sampling Experiments and Results 
	Analysis and Results of Microvalve Repeatability Experiments 


	Conclusions 
	References

