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ABSTRACT: This paper describes a novel strategy for
fabricating the movable valve on paper-based microfluidic
devices to manipulate capillary-driven fluids. The movable valve
fabrication is first realized using hollow rivets as the holding
center to control the paper channel in different layer
movement that results in the channel’s connection or
disconnection. The relatively simple valve fabrication proce-
dure is robust, versatile, and compatible with microfluidic
paper-based analytical devices (uPADs) with differing levels of
complexity. It is remarkable that the movable valve can be
convenient and free to control fluid without the timing setting,
advantages that make it user-friendly for untrained users to
carry out the complex multistep operations. For the perform-
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ance of the movable valve to be verified, several different designs of yPADs were tested and obtained with satisfactory results. In
addition, in the proof-of-concept enzyme-linked immunosorbent assay experiments, we demonstrate the use of these valves in
HPADs for the successful analysis of samples of carcino-embryonic antigen, showing good sensitivity and reproducibility. We
hope this technique will open new avenues for the fabrication of paper-based valves in an easily adoptable and widely available
way on §PADs and provide potential point-of-care applications in the future.

P aper-based microfluidics has shown great potential over
the past few decades as a promising and powerful
platform.'™ It mainly relies on attractive features including
cheapness, ease-of-operation, lightweight transport, and com-
patibility with biological samples. Moreover, the cellulose
papers can wick aqueous samples by capillary force, allowing
them to operate without any external pump. Inspired by this
technique, many researchers have put significant efforts toward
the development of microfluidic paper-based analytical devices
(uPADs), and this technology has been developing as quickly
as a bamboo shoot after a spring rain.”~'? However, when more
complicated or multistep assays are required for the
UPADs,”" """ how the fluid should be manipulated is of great
importance for realizing the essential function of performing
multiple processing steps and assay detection for various
applications."*™"* As a crucial and essential functional
component for controlling fluid transport, the valve plays an
important role in fluid manipulation and enhances the fluidic
capability of yPADs.

There is a set of techniques that was reported for
manipulating fluid to realize the valve function of uPADs by
relying on various mechanisms.'®™"? This mainly consists of
three strategies. First, the channel’s geometry can be varied to
result in different arrival times for controlling the liquid flow.

-4 ACS Publications  © 2017 American Chemical Society

5707

Fu, Osborn, and Songok have demonstrated flow delay through
changing the shape of the channel.””~** The second strategy
makes use of chemicals to influence physicochemical properties,
including the viscosity of the fluid and the homogeneity of the
paper to manipulate the fluid. For instance, the implementation
of flow delay could be achieved by using chemical reagent such
as dissolvable sugar,23 paraffin wax,'"*" surfactant reagents,25
triboelectric effect,”® target-responsive hydrogels,””** and so
forth. The third strategy utilizes mechanical means to control
the capillary-driven fluid movement. Martinez reported multi-
layer stacked paper devices containing a push button valve that
could be closed by mechanical compressing force.'® Fu et al.
utilized an absorbent sponge constructs for time-metered
valves'® and designed tunable-delay shunt valves to perform
sequential delivery.”

However, these methods suffer from certain restrictions. The
implementation of flow delay by a channel’s geometry lacks
flexibility, and most valves such as the sponge and valve can
only work once because the compressed sponge would not
recover when it expanded after encountering the liquid.
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Figure 1. Schematic diagram of the hollow-rivet-assisted movable valve paper device. (A, B) Pictures showing the movable channel rotating around
the pivot (yellow pillar) and causing the valve to open and close. (D) Blue dye introduced at the left end of the channel can wick through the
movable channel to the right channel by capillary force. (E) The movable channel is disconnected from the right channel, stopping the flow. (C, F)
Images of paper chips containing the RAM valves and loaded with different color dyes.

Moreover, the use of chemical materials may add some
additional processing steps and cause inconvenience for the
device. Therefore, designing a simple, flexible, and reusable
valve is urgently needed for use in performing multistep or
complicated assays on uPADs but is a significant challenge.

To the best of our knowledge, the present work represents
the first demonstration of paper microfluidic valves using the
movable valve strategy. The hollow rivet-assisted movable
(RAM) valve dramatically simplifies valve fabrication process-
ing and avoids the time delay setting (decreasing the valve’s
response time). In addition, because the RAM valve is easily
controlled by personal demand, it can be widely suitable for
various types of targets on yPADs with different complexities.
Moreover, this method can be applied in complicated multiple
processing steps and assays, such as the enzyme-linked
immunosorbent assay (ELISA) procedure. We demonstrated
the use of these valves in #PADs for successful ELISA analysis
of the samples of carcino-embryonic antigen (CEA) that show
good sensitivity and reproducibility. We believe that this
technique can be used to develop new yPADs with improved
performance and features.

B EXPERIMENTAL SECTION

Chemicals and Materials. All chemicals used were of
analytical grade. Whatman No. 1 chromatography filter paper
was purchased from GE Company (Shanghai, China). Different
colors of food dyes were purchased from a local supermarket.
The hollow rivets, hammer, and hole puncher were obtained
from local stores. HCl, NaOH, hydroxylamine, citric acid, and
sulfonamides were purchased from Sinopharm Chemical
Reagent (China). CEA mouse monoclonal capture antibody,
and signal HRP-labeled antibody were purchased from Linc-Bio
Science Co. Ltd. (Shanghai, China). Tetrabromophenol Blue
was purchased from J&K Scientific Company. Bovine serum
albumin (BSA) was obtained from Sigma. Ultrapure water
purified with a Milli-Q system (18  cm™" resistance) was used
in all aqueous solutions and rinsing procedures. The washing
buffer was phosphate buffer solution (PBS) containing 0.05%
Tween-20 (pH 7.4). The blocking buffer was phosphate buffer
solution (PBS) containing 1% BSA (pH 7.4) used for blocking
the residual reactive sites on the antibody-immobilized paper.
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The clinical human serum samples were obtained from Yantai
Guanghua hospital.

Fabrication of the Paper-Based Chip. The paper
fabrication process was the same as that in our previous
reports. Briefly, we use a printer (XEROX Phaser 8560DN) for
designing a structure that contains hydrophobic and hydro-
philic areas on the paper chip. After 30 s of wax melting at 150
°C, the wax penetrated the paper, creating a barrier that blocks
the flow of water.

Fabrication of Movable Valves. In this approach, a novel
hollow-rivet-assisted movable valve is presented for the first
time for yPADs (shown in Figure 1). The devices could be
easily assembled by hollow rivets and pins. Importantly, this
movable valve method does not require adhesive tape, avoiding
nonspecific adsorption and cross contamination and eliminates
the need for filling of cellulose and tedious alignment. For use
in assembling the paper-based microfluidic chip, hollow copper
rivets, a hammer, and a hole puncher were purchased from a
local shopping store. As shown in Movie S1, 4 mm diameter
circles matching the size of the hollow rivets were located on
the designed position of every layer of paper, and the 4 mm
holes were directly drilled on these papers before the
alignment; then, the hollow rivets were put through all of the
pieces of paper and mounted because the rivet has a smooth
cylindrical shaft on one end. When the rivet is punched by the
hammer during the installation, the end is deformed, and
expands to approximately 1.5-times wider than the original
shaft diameter, which allows the rivet to become fixed in this
position. Fortunately, because of the soft structure of the paper,
the individual paper layer can be easily rotated horizontally
around the rivet, and the movable channel helps to generate the
valve’s “ON/OFF” function (illustrated in Figure 1A and B). A
hard plastic plate was used as a support substrate to strengthen
the device’s hardness and to avoid folding creases or
deformations during the experiment (Figure S1). As shown
in Movie S1, the whole fabrication process is simple, versatile,
and user-friendly.

B RESULTS AND DISCUSSION
Operating Fluids Using Movable Valves on uPADs. To

test the performance of the movable valve, we designed several
paper-based microfluidic devices (5§ mm X 55 mm) with
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different levels of channel complexity. The first demonstration
was carried out with a simple design as shown in Figure. 2. The

Figure 2. Top and bottom view pictures of a paper microfluidic device
with dimensions of 5§ mm X 55 mm with four RAM valves. The black
area is hydrophobic wax, and the white region is hydrophilic paper. (A,
A’) Top and bottom images of the RAM-uPADs with the valves in the
“OFF” state. No color was found in the output region of the bottom.
(B—E) When the four valves were in the “ON” state, four food dyes
(orange, green, brown, and yellow) were wicked through the movable
valves, and (B'—E’) shows the locations of the 64 output region that
were distributed by the dyes sequentially in four rows. An expanded
view of the each layer of this device is shown in Figure SI.

chip was assembled with seven layers (Figure S2). The top
layer was composed of four pieces of movable channel (like an
arm) that can rotate (clockwise or counterclockwise)
conveniently to connect (“ON” state) or disconnect (“OFF”
state) from the second layer channel, and then the device was
clamped by pins to guarantee good contact. The developed
paper-based devices were capable of distributing four different
samples to 64 detection regions on the bottom layer. Different
colored food dyes (1:5 diluted in distilled water) were used for
the visualization. As illustrated in Figure 2, when the four valves
were in the “OFF” state (Figure 2A and A’), all of the channels
were disconnected and fluid could not pass through to the
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other side of the channel; therefore, it could clearly be observed
that the output reservoirs do not have any colors. In contrast,
when the valves were in the “ON” state, four different dyes
(orange, green, brown, and yellow) could be diverted to the
movable channels sequentially; then, the dyes spread and dyed
the whole channels. Furthermore, it was worth noting that if
the four RAM valves were opened sequentially (shown in
Figure 2B—E), the food dyes could wick to the detection zones
evenly. In Figure 2B'—E’, when the RAM valve switched to the
“ON” state, the liquid could quickly be distributed to the
detection regions and did not require the response time
necessary for a compressed sponge valve, which can
significantly reduce the waiting time, especially for point-of-
care testing. Importantly, contingent on the rivet being a
permanent mechanical fastener, this valve can work many times
rather than only a single time such as for sponge'® and tunable-
delay shunt valves.”” This advantage provides a good solution
for complicated biological assays such as ELISA detection.

When we conceptualized this new valve fabrication
procedure, we wondered if this strategy could be applied to
more complicated pPADs. Therefore, we designed two
different paper-based devices containing 5 and 7 layers,
respectively, to test the distribution capability (Figure S3A
and B). As shown in Figure 3A and B, the paper-based devices
developed were designed to distribute four samples (approx-
imately 5SS mm X S5 mm disks of paper). The uPAD consisted
of four RAM valves that were capable of distributing four
samples into 16 detection regions (3.5 mm diameter) on the
bottom layer. This movable valve could work flexibly and
exclude the tedious fabrication and alignment necessary for
layered paper and tape valves.'® This implies that our method
has the ability to integrate valves at different positions on
UPADs to satisfy the different needs of a variety of paper chips.

This new proposed method also conveniently enables valve
operation at the intermediate layer of uPADs. To further
demonstrate this function, we designed a RAM valve paper chip
(55 mm X 25 mm) with the logo “YIC”, and the movable valve
layer was sandwiched between the top and bottom layers. As
shown in Figure S3C, the logo “YIC” is the abbreviation of our
institute (Yantai Institute of Coastal Zone Research), and the
experiment revealed that fluid delivery and the corresponding
lack of delivery could be carried out well through this
mechanism (Figure 3C). The characteristic of using a RAM
valve operating at an intermediate layer expands the diverse
application of uPADs.

However, when this new fabrication procedure was
developed, there was concern that the pins would affect the
reproducibility of assays. The behavior of paper wicking in
multidimensional channels clamped by paper pins also
complied with the Washburn equation.””” A separate
experiment revealed that reproducibility was minimally affected
by the pins. An orange dye solution was distributed on 16 test
zones, and the signal intensity was measured by the homemade
paper-based colorimetric readout device® (displayed in Figure
S4). It showed a graph of the intensity of orange dye in the
outlet spots, and the average value of the signal intensity was
approximately 940 (Figure SSA and B). We also tested the
corresponding signal of 1—4 points using 10 different yPADs,
and the relative standard deviation (RSD) was 1.1% (Figure
SSC). This data indicated that the changes in color intensity
were nearly uniform and showed good reproducibility in our
RAM devices. This result was consistent with that of other
relevant experiments.”
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Figure 3. Design of two RAM valve paper microfluidic devices (55 mm X SS mm) that distribute four samples. (A) Top and bottom views for §
layer 4#PADs with the bottom dyed spots consisted across the four groups. (B) Top and bottom views for 7 layer 4PADs with the bottom dyed spots
separated by other colors. (C—F) Photographs showing that the movable valve in the intermediate layer of #PADs (55 mm X 25 mm) functions
well. (C, D) When the valve was in the “OFF” state, the YIC (Yantai Institute of Coastal Zone Research, CAS) logo was not dyed. (E, F) When the
valve was in te “ON” state, the YIC logo was stained by three colors (orange, green, and yellow), respectively.
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Figure 4. (A) Schematic diagram of the CEA immunoassay procedure on the RAM yuPADs. (B) Calibration curves for the determination of CEA

under optimal conditions (N = 3).

ELISA Assay Analysis on pPADs. ELISA has been
performed on paper-based microfluidic devices by many
research groups.’’~** However, the whole ELISA process is
very complicated, primarily because of capture antibody
immobilization, sample dispensing, and various methods for
the detection of antibodies. Importantly, a washing procedure
was needed during each step. Thus, controlling fluid trans-
portation is essential for ELISA reactions. Most previous work
used three-dimensional origami paper devices with folding to
generate the ELISA washing process.'**>** To further validate
the applicability of the RAM valves on paper-based microfluidic
chips for bioanalysis, we carried out ELISA analysis of carcino-
embryonic antigen (CEA), which is a typical biomarker for
cancer diagnosis, as a proof-of-concept experiment.
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The chip contained two layers and was assembled with two
RAM valves, and the circle area in the middle channel was a test
zone for the ELISA analysis (as displayed in the Figure S6).
The main immobilization steps followed for the immunoassays
were from previously described reports.””*"*° As shown in
Figure 4, a total of S yL of 0.25 mg/mL of chitosan solution
was added to each detection zone, and S uL of 2.5%
glutaraldehyde (GA) was dropped into each test zone to
activate the grafting of the aldehyde group to the paper surface.
After washing the ungrafted zone using 10 uL of PBS washing
buffer (containing 0.05% Tween-20, pH 7.4), S uL of 1 ug/mL
CEA antibodies was dispensed to the test area and incubated
for 30 min at room temperature. After blocking the nonspecific
site. by BSA and washing three times, S uL of different
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concentrations of CEA antigen were dropped onto each
corresponding paper test area and incubated for 30 min.
Subsequently, after washing the test zone three times with a
total of 30 uL of washing buffer and cool drying, CEA HRP-
labeled antibodies were dispensed to the test area to bind with
the CEA antigen for 1 h. Notably, the CEA antibodies and
antigen samples were introduced to the test zone when the
valve was in the “OFF” state. All of the washing steps were
performed with the valve in the “ON” state, letting the wash
buffer move through the test zone expediently and guaranteein

an effective elution. ComPared to the dissolvable fluidic valve™
and origami method,"*" this proposed strategy was easy to
operate and feasible. Finally, S uL of TMB-H,0, (in ELISA
kits) solution was added to each detection area. The CEA
antigen was arranged at increasing concentrations from 1 to 3,
5,7.5, 10, 15 and 20 ng/mL for testing (in replicates of 3). The
calibration curve showed good linear relationships between the
peak currents and the values of the analyte concentrations in
the range from 1.0 to 20.0 ng/mL. The linear regression
equation was Y = 856 + 20Ccga. The error bars indicated small
SDs for three repeated measurements (R* = 0.992), and the
LOD was 0.3 ng/mL. The results were consistent with those of
previous reports on paper-based devices.'”** We also detected
the CEA in real clinical human serum samples using our
proposed method and compared them with those of the
hospital chemiluminescence method (displayed in Table 1).

Table 1. CEA Assays of Real Human Serum by the Proposed
and Reference Methods

CEA concentration (ng/mL)

reference method

15.0
7.5

relative error (%)

=5.0
4.7

clinical sample  proposed method

14.25
2 7.85

There were no obvious differences, and the relative error of the
samples ranged from —5.0 to 4.7%, further confirming that a
movable valve could facilitate the multistep operations of CEA
ELISA.

B CONCLUSIONS

In this work, we have demonstrated the use of a novel hollow-
rivet-assisted movable valve on paper-based microfluidic
devices. This hollow rivet-assisted movable valve does not
require any external equipment for its activity, and this property
provides a versatile, one-step fabrication, cost-effective, and
easily operable method for microfluidic paper-based analytical
devices. Moreover, this RAM valve can move flexibly in space,
an advantage enabling its reusability with good repeatability. To
evaluate the RAM valve performance, we investigated several
different designs of yPADs that showed good performance. As
a proof-of-concept, CEA ELISA was also investigated on this
platform. The results demonstrate that movable valves can offer
good opportunities for use without a complicated fabrication
process for performing complex multistep operations such as
point-of-care testing, on-field detection, and other biochemical
assays.
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