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ABSTRACT: A novel strategy for fabricating the paper-based valves on microfluidic
paper-based analytical devices (uPADs) was described to control fluid in a user-friendly
way. Initial prototypes of 3D yPADs manipulate the spatial distribution of fluid within
the device. The movable paper channel in a different layer could be achieved using the
channel’s connection or disconnection to realize the valve function using plastic comb
binding spines (PCBS). The entire valve manipulation process was similar to a desk
calendar that can be flipped over and turned back. It is notable that this kind of PCBS
valve can control a fluid in a simple and easy way without the timing setting or any
trigger, and this advantage makes it user-friendly for untrained users to carry out the
complex and high throughput operations. The reusable plastic comb binding spines
greatly reduce the cost of fabricating paper-based valves. To evaluate the performance,
the actual samples of Fe (II) and nitrite were successfully analyzed. We hope this
method will introduce a new approach to fabrication of paper-based valves on uPADs

in the future.

KEYWORDS: microfluidic paper-based analytical devices, paper-based valves, plastic comb binding spines, colorimetric detection,
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he paper-based microfluidic chip, as a branch of

microfluidics, was first introduced in 2007 by Martinez
et al. from Harvard University." With the rapid development of
analytical microfluidic paper-based analytical devices (uPADs),
it has gained global attention in recent years.” > Unlike
conventional microfluidic chips made of crystalline silicon,
glass, and polymers such as polydimethylsiloxane (PDMS) and
poly(methyl methacrylate) (PMMA), paper-based microfluidic
chip is based on the paper as a substrate material. Through
various technical means, the paper is patterned to form
designed hydrophilic and hydrophobic regions, and the relative
chemical (or biochemical) reaction is performed in the
corresponding region.”” Based on the paper’s own capillary
action and the combination with various detection means,
different targets can be detected successfully. There were many
different strategies applied on the paper-based microfluidic
chips such as colorimetric detection,” "> electrochemical
detection,'*™"” fluorescence,”°">* and surface enhanced
Raman spectroscopy.”>”® It has the advantages of low cost,
easy transport, simple operation, and good biocompatibil-
ity.””7>° Moreover, it showed great application prospects
including food safety, environmental monitoring, point-of-care
testing,”*> and diagnostic detection,’”** particularly in
limited-remote areas.”'"**
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The driving of the fluid on the paper chip mainly depends
on its own capillary force, which does not need an extra pump
system to drive the fluid that is feasible to the onsite analysis
and detection.”>>®%” However, this characteristic of the paper
itself poses a challenge to the controllable manipulation of the
paper chip fluid. Moreover, when the chip performs the
complicated or multistep assays, it is urgently needed for the
fluid to be manipulated, and the paper-based valve plays a
crucial and essential role in fluid manipulation of #PADs.*®

There were various ways to achieve the pPADs valve’s
functionality by relying on different mechanisms to manipulate
the capillary-driven fluid movement. They mainly include (i)
designing geometries with different channel lengths, widths,
and shapes;*”*° (ii) using chemicals to adjust the flow rate of
the flow path;*"** (iii) using physical methods to maintain or
stop fluid flow.””*>** A variety of valve devices on uPAD have
been developed recently.’®*’ Xiao et al. presented a novel
paper-based magnetic valve which can control the time and
turn on or off liquid flow in #PADs.** Toley et al. developed
tunable-delay shunt valves to implement sequential delivery
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and utilized expandable polymers to mechanically connect or
disconnect the fluidic pathway.’®*’ Whiteside’s group
developed “pop-up” electrochemical paper-based analytical
device, and the switch of the flow path in this device can be
achieved by folding and unfolding.'*

However, these methods suffered some limitations. Through
the flow delay by a channel’s geometry, it was hard to control
the fluid. When using chemicals to change the flow rate, the
chemical materials themselves could easily cause unnecessary
interference. The very popular sponge-based valve had a long
response time but only worked once, because the compressed
sponge cannot be restored to its original state when it has
encountered liquid. For rivet-based valves, the expanded rivet
cannot be reused the next time. With increasing demand on
paper chips such as performing multistep or complicated
assays, it is crucially urgent to make a simple, flexible, reusable,
fast-response-time, and low-cost paper-based valve.

In this paper, we present a novel strategy of fabricating a
paper-based valve using plastic comb binding spines (PCBS).
To the best of our knowledge, this is the first application of
PCBS on microfluidic paper-based devices. The PCBS-based
valves dramatically simplify valve fabrication processing
because the paper-based device can be easily aligned by a
dozen sheets of paper chip rather than sticking together layer-
by-layer. First, the PCBS-based valves avoid the nonspecific
adsorption and cross contamination using adhesive tape.
Second, this method can be employed for implementing
multiple processing steps and assay detection. Third, the
valve’s response time is very fast for only several seconds for
triggering. Finally, the PCBS-based valves dramatically simplify
valve fabrication processing. Moreover, the plastic comb
binding spines could be reusable in different yPADs which
greatly reduce the valve’s cost. We hope that this technique will
provide a new approach for the fabrication of paper-based
valves in a robust, easy, and simple way on pPADs in the
future.

B EXPERIMENTAL SECTION

Materials and Chemicals. Whatman filter paper (No. 1) was
purchased from Hangzhou Xinhua Paper Limited Company
(Shanghai, China). Different dyes, PCBS, and hole puncher were
obtained from local stores. 1,10-Phenanthroline (Phen), hydroxyl-
amine hydrochloride, ferrous sulfate (FeSO,), sodium acetate
trihydrate (NaAc), glacial acetic acid, HyPO,, and NaNO, were
purchased from Sinopharm Chemical Reagent (China). N-(1-
Naphthyl)-ethylenediamine dihydrochloride (NEDD) and p-amino-
benzenesulfonic acid (PABS) were purchased from Aladdin
Biochemical Technology Co. Ltd. (Shanghai, China). Deionized
water (resistivity >18.20 MQ, Milli-Q, Millipore) used for the
preparation of aqueous solution was obtained from a Millipore water
purification system. All chemicals used in the experiment were
commercially available as analytical reagent and without further
purification. The commercial 8560DN solid-wax printer (Fuji Xerox,
Japan) was used to print the hydrophilic and hydrophobic areas on
the paper chip. The baking equipment was purchased from Boxun
industry and commerce company (Shanghai, China) and the signal
intensity was obtained by the homemade paper-based colorimetric
detecting device.

Design and Fabrication of the Microfluidic Paper-Based
Chip. A designed paper chip was created by Illustrator drawing
software and the hydrophilic and hydrophobic areas were printed on
Whatman grade 1 by a XEROX Phaser 8560DN wax printer. For the
wax to permeate through the paper, the printed drawings were placed
in an oven at 150 °C for 30 s.

Design and Fabrication of the Rotary Valve Paper-Based
Device. A novel paper-based valve device was fabricated based on the
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paper chip designed above, which was similar to a desk calendar that
can be free to page; the schematic diagram was showed in Figure 1.

(A) i | (B) a‘i
©) (D)

Figure 1. Schematic diagram of the paper-based valve device (55 mm
X 55 mm) with PCBS. (A) The paper-based valve device opened the
rotary channels (“OFF” State). (B) Dyes were added dropwise, and
the channels were not connected when the rotary channels were
opened. (C) Rotating the four rotary channels of the paper-based
valve device. (D) The paper-based valve device closed the rotary
channels (“ON” State), and dyes flowed in the channels.

The device was simple, facile, and portable. In addition, the cheap
PCBS (Figure S1) was easily acquired from local stores. The length of
every PCBS was 280 mm, which can be cut into different lengths
according to the needs of the experiments. For convenience to bind
the paper-based chip, the length we cut out was 32 mm, which
contained four rings. The inner diameter of the ring was 11 mm, and
the outer diameter was 15 mm. The side of the rings can be opened or
closed, and the distance between each ring was 6 mm, which
determines the distance of the hole. Considering the actual situation,
the diameter of the punching hole was 4.5 mm, and the spacing of
each hole was S mm. It should be noted that the hole of each sheet of
paper chip should be consistent to ensure the smooth flow of liquids.
By controlling the paper layer flipping over and back, the valve’s
“ON/OFF” function can be realized to manipulate the fluid (Figure
S2).

B RESULTS AND DISCUSSION

Paper-Based Valve Based on PCBS for Fluid
Detection. We designed a series of paper-based devices
based on PCBS with different flow channels to test the
performance of paper-based valves. The first paper-based
device (approximately S5 mm wide X S5 mm long X 3 mm
thick) was assembled with a nine-layered chip (Figure S3).
The top layer was composed of four long-arm rotary channels,
which were applied to control the connection or disconnection
to the second layer’s channel. Then layers of patterned paper
were stacked in such a way that channels in adjacent layers of
paper connect with each other. And finally, there were 64 test
spots at the bottom layer, which could meet the needs of
general testing and guarantee good repeatability. When any of
the rotary channels in the first layer were closed, and the
corresponding channels of the other layer were connected,
then the sample could pass through the middle layers to reach
the corresponding area at the bottom layer. For better
visualization, different colored dyes (1:S diluted in distilled
water) were used for subsequent experiments. As illustrated in
Figure 2, after the dyes were dropped in the sample area, if the
rotary channels of the first layer were all opened (“OFF” State)
(Figure 2 A, A’), the channels of the second layer cannot be
connected, and there was no color observed on the bottom
layer. In contrast, if the first rotary channel was closed (“ON”
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Figure 2. Front and back view images of paper-based valve device (55
mm X 55 mm) with opening or closing the rotary channels, when
adding different dyes. (A, A’) The rotary channels of first layer were
all opened, and there was no color on the bottom layer. (B—E) The
first, second, third, and fourth rotary channels were closed
sequentially; the pink, orange, yellow, and green dyes were diverted
to corresponding channels, and (B'—E’) showed the back of the
paper-based valve devices that were distributed by the four dyes
sequentially.

State) (Figure 2 B, B'), the pink dye could continuously be
diverted to the sample area, and then the pink dye quickly
spread to whole channels and the bottom layer showed only
the pink dyes a few minutes later. In the same way, the second,
third, and fourth rotary channels were closed (“ON” State)
sequentially (Figure 2 C—E), and then the orange, yellow, and
green dyes could quickly be distributed to the corresponding
detection regions on the bottom layer (Figure 2 C'—E’).
Notably, this kind of PCBS valve had a very fast response time
(just several minutes) compared with the sponge-based
valve,””*® and could work many times by rotating. In addition,
this valve can be designed conveniently with “ON” or “OFF”
styles.

To further verify whether these PCBS valves could be
applied to more complicated pPADs, we designed two
different paper-based devices to test the performance. The
paper-based devices had 16 detection zones at the bottom, and
can detect four samples simultaneously. As shown in Figure
3A, we designed 7 layers of paper chips (Figure 3C) and
assembled them into a paper-based device using PCBS. During
the experiment, first, all the rotary channels of the first paper
chip were opened (“OFF” State), and four different-colored
dyes (pink, orange, yellow, and green) were successively added
to the sample injection area of the first layer in sequence. After
waiting a few minutes, it was clearly observed that the bottom-
most paper chip had no color. Then, we closed the rotary
channels (“ON” State) one by one to connect the channels,
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Figure 3. Design of different channel paper-based valve devices (55
mm X 55 mm) which were composed of 7 or 9 layers of paper chips
that are distributed into four samples. (A,B) All the rotary channels of
the first paper chip were opened (“OFF” State), and different dyes
(pink, orange, yellow, and green) were added to the sample injection.
There was no color on the bottom layer. The rotary channels of the
first layer were all closed (“ON” State), and the locations of the 16
output regions were distributed in four columns or disorder,
respectively. (C,D) Expanded views of two different paper-based
valve devices.

and the bottom paper layer showed different colors in order.
Another paper-based device was composed of 9 layers of paper
chips (Figure 3D). In the same way, the bottom paper layer
displayed different color distribution (Figure 3B). As a result,
we can quickly and easily implement different detection
requirements by designing relative flow channels based on
PCBS-assisted valve.

Colorimetric Detection of Fe (Il) and Nitrite. To test
the usability of the paper-based PCBS valves, we measured the
Fe (II) and nitrite on the paper-based device by the
colorimetric method. The principle of detecting Fe (II) is
that Fe (II) reacts with o-phenanthroline in the pH value of 3—
9 to generate a stable orange complex, which requires that the
Fe (III) reduced to Fe (II) by hydroxylamine hydrochloride
before the reaction. According to the previous reports,47 an
acetate buffer was prepared with 15.0 g of sodium acetate and
11.75 mL of glacial acetic acid in 50 mL of DI water, and the
final concentration of acetate solution was 6.3 M (pH 4.5).
The 8 mg/mL 1,10-phenanthroline and 0.1 mg/mL hydroxyl-
amine were then prepared with the acetate buffer, respectively.
On the paper-based devices of Figure 3A, 3 L hydroxylamine
and 3 puL 1,10-phenanthroline were added to the detection
area of the bottom layer and air-dried in a few minutes,
respectively. Then the rotary channel was closed and 3 uL Fe
(I1) sample with different concentrations (33, 67, 167, 333,
500, 667 mg/L) was added to the injection area. It is obvious
that the color of the paper changed from white to orange
within 2 min and the intensity curve is shown in Figure 4A; the
intensity of the color was linearly dependent upon the amount
of the Fe (II) with a linearity range 33.33—666.67 mg/L. The
LOD was calculated to 8.9 mg/L. With increasing heavy metal
pollution, this detection method can be used for on-site
detection of other heavy metal ions, which is quick and
convenient.

To further verify the usability of the PCBS paper-based
device, we utilized nitrite as another test target in this device.
Nitrite is a chemical pollutant that is widely present in the
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Figure 4. Calibration curves for determination of the target ions. (A) Calibration curve of different Fe (II) concentration (33, 67, 167, 333, 500,
667 mg/L). (B) Calibration curve of different nitrite concentration (1, 2, 3, S, 10, 15 mg/L) (n = 4).

Table 1. Recoveries of Fe (II) and NO,™ in the Local Lake Water”

our method

UV detection

sample added (mg/L) detected (mg/L)

Fe (II) 50 5242 + 2.87
250 262.58 + 3.08
450 467.86 £ 3.25

NO,~ 0.5 0.54 + 0.11
4.5 4.74 £ 0.32
8.5 8.85 +0.25

recovery (%) detected(mg/L) recovery (%)
104.8 S1.S + 3.34 103.0
1058.3 256.75 + 3.74 102.7
103.9 459.03 + 5.38 102.0
108.0 0.53 + 0.13 106.3
10S8.3 4.69 + 0.17 104.3
104.1 8.76 + 0.23 103.0

“The standard deviation was obtained by four measurements in our paper-based devices and the comparison with the standard UV detection (n =

4).

environment. It is closely related to people’s diet and health.
The principle of detecting nitrite is that nitrite diazotizes with
PABS in pH < 1.7, and reacts in a coupling reaction with
NEDD to generate a purple-red azo dye. According to the
previous reports,” the chromogenic reagent was prepared by a
mixture of 50 mL H;PO,, 20 g PABS, and 1 g NEDD in DI
water with the final volume of 500 mL. On the paper-based
device of Figure 3A, briefly, 3 yL chromogenic reagent was
added to the detection area of the bottom layer and air-dried in
a few minutes, and then the rotary channel was connected and
3 L nitrite with different concentrations (1, 2, 3, S, 10, 15
mg/L) was introduced to the injection area and a color
reaction held for 2 min for determination. As demonstrated in
Figure 4B, the intensity of the color showed a linear correlation
with the concentration of the nitrite; the dynamic linear range
was determined from 1 to 15 mg/L. The LOD was calculated
to 028 mg/L. The results demonstrated that our newly
developed PCBS could be successfully used for the detection
of Fe (II) and nitrite in environmental water samples.

Application of the PCBS Paper-Based Devices. To
demonstrate the potential application of the PCBS paper-based
device, the Fe (II) and NO,~ in the local lake water were
detected. Lake water samples were taken from Sanyuan lake of
Yantai university (Yantai, China). The spiked samples were
added, and the standard deviation was obtained by four
measurements in our paper-based device and the comparison
with the standard UV detection (n = 4). As shown in Table 1,
Fe (II) spiked concentrations were S0 mg/L, 250 mg/L, and
450 mg/L, the recoveries of the samples on the PCBS paper-
based device were 104.8%, 103.9%, and 105.3%, respectively.
From the table, we could observe that the detection results on
the PCBS paper-based device were generally consistent with
the results of the standard UV detection. The same conclusion
can be drawn by detecting nitrite in lake samples, which
indicated that the PCBS paper-based device had a good
performance and could be used general testing.
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In addition, we had discussed the theoretical understanding
of liquid flow on the PCBS paper-based device. We designed a
simple paper-based device (approximately S5 mm wide X 2§
mm long), which was assembled with only two layers with
serpentine flow channels and actuated valve channel (Figure
SA), to test the flow speed of the paper-based valve. The width
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Figure 5. Time-lapse images of paper-based device with the
serpentine channel actuated by PCBS valves. (A) Pictures of fluid
traveling at different times. (B) Velocity curve of fluid migration.
When closing the rotary channel at 0—472 s (“ON” State), the speed
of the fluid fell smoothly; when opening the rotary channel at 473—
709 s (“OFF” State), the speed of the fluid was 0; and when closing
the rotary channel at 710—1350 s, the speed of the fluid fell gently and
was obviously lower than the previous.

of channel was 3 mm, the length was 171 mm, and the red dye
was added as a fluid to the channel. According to the classical
Lucas—Washburn equation
_ yrcos 0-D ;

25 (1)
where L means the length the fluid has penetrated the material,
7 is the fluid surface tension, cos @ is the contact angle for the

L2
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three-phase system (here, fluid, solid, air), D represents the
average pore diameter, and 7 is the fluid viscosity.****

The whole process diagram was shown in Figure SA. First,
we closed the rotary channel to make the whole channel
connected. When the red dye was introduced in a sample
reservoir at the beginning, it gradually dyed the channel with a
red color. With the time increasing, the liquid flow rate was
gradually reduced (white region in Figure SB), and this
phenomenon can be explained by the Lucas—Washburn
equation. The entire process was finished in 472 s. When we
opened the rotary channel, the flow rate decreased to zero
(pink zone in Figure SB). It implied that the PCBS valve had
good function to control the fluid transportation. When the
valve was closed again at 710 s, the fluid front continued to
migrate and dye the channel with a red color. It can be
observed that the speed of the fluid then fell gently and was
lower than the previous (green region in Figure SB). The
entire wicking process was finished at 1350 s. Evaporation
effects were controlled by enclosing devices in a closed room
with constant humidity.

B CONCLUSIONS

A novel strategy for fabricating the valves on a microfluidic
paper-based analytical device was described and it can control
fluid in a user-friendly way. The entire valve manipulation
process was similar to a desk calendar that can be flipped over
and turned back. The movable paper channel in a different
layer could implement the channel’s connection or dis-
connection to realize the valve function using plastic comb
binding spines. The valve’s response time only required several
seconds. PCBS, as the important component of the paper-
based valve, could be reusable many times, which greatly
reduced the cost of fabricating the valves. This valve can move
flexibly in space and this advantage enables it to be reusable
with good repeatability. In addition, as a proof-of-concept, Fe
(II) and nitrite have been investigated on this platform and
showed good sensitivity and reproducibility. We hope this
technique will provide a robust, easy, and simple approach for
the fabrication of paper-based valves on uPADs.
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