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A simple paper-based sensor fabricated by selective
wet etching of silanized filter paper using a paper mask
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We developed a novel strategy for fabrication of microfluidic paper-based analyti-
cal devices (uPADs) by selective wet etching of hydrophobic filter paper using a
paper mask having a specific design. The fabrication process consists of two steps.
First, the hydrophilic filter paper was patterned hydrophobic by using trimethox-
yoctadecylsilane (TMOS) solution as the patterning agent. Next, a paper mask
penetrated with NaOH solution (containing 30% glycerol) was aligned onto the
hydrophobic filter paper, allowing the etching of the silanized filter paper by
the etching reagent. The masked region turned highly hydrophilic whereas the
unmasked region remains highly hydrophobic. Thus, hydrophilic channels, reser-
voirs, and detection zones were generated and delimited by the hydrophobic bar-
riers. The effects of some factors including TMOS concentration, etching
temperature, etching time, and NaOH concentration on fabrication of yPAD were
studied. Being free of any expensive equipment, metal mask and expensive
reagents, this rapid, simple, and cost-effective method could be used to fabricate
1PAD by untrained personnel with minimum cost. A flower-shaped yPAD fabri-
cated by this presented method was applied to the glucose assay in artificial urine
samples with good performance, indicating its feasibility as a quantitative analysis
device. We believe that this method would be very attractive to the development of
simple microfluidic devices for point-of-care applications in clinical diagnostics,
food safety, and environmental protection. © 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4898096]

I. INTRODUCTION

An increasingly important emerging area in chemical sensing is the development of rapid,
simple, and cost-effective sensors for medical diagnostics, environmental testing, and food
safety monitoring. Lab-on-a-chip, or micrototal analysis system (uTAS), has received much
attention since this concept was first introduced by Manz ef al.' owing to the advantages of low
sample/reagent consumption and fast analysis speed over the conventional analytical techni-
ques.”® Although the proof-of-concept of lab-on-a-chip were widely demonstrated in the labo-
ratories, far fewer real applications have been reported. One of the reasons is that the costly and
time-consuming processes such as photolithography,” chemical etching,® and laser microfabrica-
tion” are usually necessary in fabrication of microsystems on polymers, glass, and silicon.
Moreover, expensive instruments and trained personnel are required. Microfluidic paper-based
analytical device (uPAD) is an ideal alternative to the conventional lab-on-a-chip device fabri-
cated on materials of polymers, glass, and silicon. Compared to the microfluidic devices fabri-
cated on glass, polymers and silicon, yPADs have numerous advantages including low cost,
easy and fast fabrication, portability and disposability. As a result, the recent years have wit-
nessed fast development of ©PADs in point-of-care diagnostics,'®!" environmental testing,'*"?
and food monitoring'* since Martinez er al.'” first introduced the concept of uPAD in 2007.
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Thus far, three strategies have been reported for the fabrication of yPADs. The first strat-
egy is to generate hydrophilic-hydrophobic contrast by printing hydrophobic materials or
reagents onto the hydrophilic substrate.'®>* Lu er al.'® transferred a pattern designed digitally
on the filter paper using a wax printer. Although this method allows mass production of
1PADs, it is limited by the expensive equipment and thus not suitable for applications in the
developing countries and resource-limited regions. Recently, an inkjet printing method has
become a relatively cheap alternative to the wax printing method. By inkjet printing
method, various hydrophobic materials or reagents such as alkenyl ketene dimer (AKD)'®'®
and poly(styrene) layer’® could be printed onto the filter paper substrate. The inkjet printing
methods allows mass production of uPADs with a simple, rapid, and low-cost fabrication pro-
cess. However, the commercial inkjet printers have to be modified by replacing the ink in the
cartridge with the patterning agents dissolved in organic solvents. Thus, the printers may be
easily damaged by the organic solvents. The second strategy for fabrication of yPADs is to de-
posit the hydrophobic materials or reagents onto the hydrophilic paper substrate using a metal
mask having a specific design.”>*’ By using a metal mask, various hydrophobic materials
including wax, > acrylic lacquer,26 and permanent ink®’ could be deposited onto the filter pa-
per to generate hydrophobic-hydrophilic contrast on the hydrophilic substrate. This strategy pos-
sesses the advantages such as low cost and simplicity; furthermore, no expensive equipment is
required. Unfortunately, the metal masks have to be fabricated with expensive equipment such
as linear cutting machine or laser cutting machine. To address this limitation, we recently
described a novel method for fabrication of yPAD by silanization of filter cellulose using a pa-
per mask.”® This method is simple and cost effective. Additionally, the paper mask is fabricated
by cutting from a filter paper sheet with a common knife; thus, expensive cutting machine for
fabricating masks are not required. The third strategy for fabrication of uPAD is to selectively
pattern the hydrophobic substrate hydrophilic or vice versa by photolithography,'>?’ laser etch-
ing,’® and plasma treatment.>’ Nevertheless, a common limitation of this strategy is that the ex-
pensive equipments, such as lithographic equipment, CO, laser, and plasma oxidizer, are
required for the fabrication of uPADs; thus, this strategy is not suitable for the fabrication and
application of yPADs in developing countries and resource-limited regions.

In this work, we described a novel, simple, and cost-effective method for fabrication of
1PAD based on the selective wet etching of the hydrophobic filter paper using a paper mask.
The filter paper sheet was silanized and turned highly hydrophobic by soaking in 2.0% trime-
thoxyoctadecylsilane (TMOS) solution. A filter paper mask having a specific design was then
soaked in NaOH solution followed by aligning onto the hydrophobic paper, allowing to selec-
tively etch the masked region of hydrophobic filter paper by the etching agent adsorbed on the
paper mask. Thus, a hydrophilic-hydrophobic contrast was generated on the hydrophobic filter
paper. Being free of any expensive instruments, metal masks, expensive reagents, and trained
personnel, this method is novel, simple, and cost-effective, allowing rapid fabrication of yPAD
within 5min. A flower-shaped ©PAD having six channels and detection zones was fabricated
for determination of glucose in artificial urine samples, demonstrating its potential in biological
assays.

Il. EXPERIMENTAL
A. Chemicals and apparatus

All the chemicals used were of analytical grade unless mentioned otherwise, and demine-
ralized water was used throughout. TMOS was purchased from Aladdin Industrial Co.
(Shanghai, China). 2.0% (v/v) TMOS-heptane solution (containing 5% ethyl acetate) was used
as patterning agent for silanization of hydrophilic filter paper. 0.1 mol 1~' NaOH solution (con-
taining 30% glycerol) was used as the etching agents. A 200 mM phosphate buffer solution was
prepared by combining 21.85 g Na,HPO4*12H,0 and 6.08 g NaH,PO,+2H,0 in 300 ml of H,O,
and pH was adjusted to 7.0 and then was diluted to 500ml. A 6.0mol 1"" potassium iodide so-
lution was prepared by dissolving 4.980 g potassium iodide in 5ml of water. Glucose oxidase
solution was prepared by dissolving 20mg of glucose oxidase (Biological grade, Shanghai
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Jinsui Bio-Technology Co., Ltd., Shanghai, China) in 50 ml of buffer solution. Horseradish per-
oxidase solution was prepared by dissolving 13.4mg of Horseradish peroxidase (Biological
grade, Shanghai Jinsui Bio-Technology Co., Ltd., Shanghai, China) in 50 ml of buffer solution.
The enzyme solutions were mixed by a ratio of 1:1 before use. The artificial urine solution was
prepared according to the methods provided by references.'”* Briefly, the artificial urine solu-
tion contains 1.1 mM lactic acid, 2.0 mM citric acid, 25 mM sodium bicarbonate, 170 mM urea,
10mM CaCl,, 90mM NaCl, 2.0mM MgSO,, 10mM NaSO,, 7.0mM KH,PO,, 7.0mM
K,HPO,, and 25 mM NH,4CI. The pH of the urine solution was adjusted to 6.1 with 1.0 mol 1!
hydrochloric acid. A glucose stock standard solution (100 mmol 1~") was prepared by dissolving
1.9820 g glucose in 50 ml of artificial urine solution and diluted to 100 ml. The glucose working
standard solutions were prepared by appropriate dilution of the stock standard solution with
urine solution. A knife was used to fabricate the mask on filter paper (102, Hangzhou Xinhua
Paper Limited, Hangzhou, China). A digital camera (Canon IXUS9515, Japan) was used to cap-
ture the images of glucose assays on puPADs. A contact angle meter (JC20001, Shanghai
Zhongchen Digital Technic Apparatus Co., Ltd., Shanghai, China) was used to measure the
contact angles based on the sessile drop method, using a water drop of 6 ul.

B. Fabrication of uPAD

The principle of fabrication was schematically shown in Figure 1. The hydrophobic filter
paper sheets were produced by immersing in 2.0% TMOS solution for 10s (Figure 1(b)) and
then air dried for 5min, followed by heating for 1 h at 100°C. The paper sheets could be used
for the following etching procedure after 2h of withdrawal from the heater. The paper mask
was fabricated by printing a pattern designed digitally onto a filter paper with a laserJet printer
(HP LaserJet 1020 plus, USA), followed by cutting along the printed pattern on the filter paper
with a knife (Figure 1(c)). The paper mask was immersed into 0.1 mol 1! NaOH solution (con-
taining 30% glycerol) for 10s (Figure 1(d)) and then put onto a glass slide, then a hydrophobic
filter paper sheet and another glass slide were aligned onto the paper mask sequentially (Figure
1(e)). The paper mask and hydrophobic paper sheet sandwiched with glass slides were heated
for Smin at 60°C, allowing NaOH adsorbed on paper mask to penetrate completely into the
hydrophobic paper (Figure 1(f)). Thus, the hydrophilic-hydrophobic contrast was generated on
the hydrophobic paper (Figure 1(g)). The fabricated yPAD was ready for use after washing
with H,O.
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FIG. 1. Schematic diagram of fabricating uPAD by wet etching. Cross section: (a) native filter paper, (b) hydrophobic filter
paper obtained by soaking in TMOS solution, (c) paper mask produced by cutting on the filter paper, (d) paper mask pene-
trated with NaOH solution, (e) Hydrophobic paper and paper mask sandwiched with glass slides, (f) Assembly after etch-
ing, and (g) uPAD with hydrophilic-hydrophobic contrast. (h) Photograph obtained by dropping 10 ul of aqueous blue
solution on the hydrophobic filter paper patterned with TMOS. (i) Photograph of a flower-shaped uPAD after dropping
aqueous blue solution onto the central unit of uPAD.
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C. Glucose assay

A flower-shaped pPAD having 6 channels, 6 detection zones, and 1 central unit was fabri-
cated and used for glucose assay. The principle for glucose assay was based on that described
previously.'>*® Briefly, glucose is oxidized by glucose oxidase to produce gluconic acid and
hydrogen peroxide. The produced hydrogen peroxide is then reduced to water by horseradish
peroxidase, along with the oxidation of iodide to iodine.** For the glucose assay, 50 ul of potas-
sium iodide was initially spotted onto the central unit. After the solution flowed to the detection
zones and air dried at room temperature for 8 min, 0.8 ul of 1:1 glucose oxidase/horseradish
peroxidase solution and 0.8 ul of standard glucose solutions were spotted onto 6 detection
zones, respectively. The image of the colorimetric assay was captured with a camera, and the
gray values of the detection zones were measured with the Image] software for plotting the
standard curve.

1. Safety consideration

The experiments of silanization of filter paper or preparation of TMOS solution should be
performed with caution, while wearing protective goggles, gloves, and a long-sleeve lab coat.

lll. RESULTS AND DISCUSSION
A. Generation of hydrophilic-hydrophobic contrast

In this work, generation of hydrophilic-hydrophobic contrast involves two steps. In the first
step, the filter paper was soaked in TMOS solution and picked up; thus, the filter cellulose was
penetrated with TMOS solutions. The filter paper penetrated with siloxane was then heated at
100°C for 1h, during which silanol groups (Si-OH) were produced by hydrolysis of Si-OR
under the ambient water vapor. TMOS was immobilized onto the filter cellulose via the reac-
tion between Si-OH of TMOS and C-OH of filter cellulose. Meantime, Si-OH on the paper
may interconnect through the self-condensation of silanol groups.”®**?3 Thus, the filter cellu-
lose was immobilized with the cross-linked TMOS and covered by the hydrophobic alkyl
groups. In the second step, the produced hydrophobic paper was aligned onto a paper mask
penetrated with NaOH solution, allowing selectively turning the masked region from hydropho-
bic to hydrophilic by wet etching whereas the unmasked region remains hydrophobic. As a
result, the hydrophilic-hydrophobic contrast was generated on the filter paper.

B. Effect of TMOS concentration

In this work, the hydrophilic paper substrate was patterned hydrophobic by soaking in
TMOS solution. TMOS solutions in a range of 0.1%—4.0% were prepared to study the effect of
TMOS concentration on hydrophobicity. Figure 2 shows that filter paper remains highly
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FIG. 2. Effect of TMOS concentrations on water contact angle on filter paper.
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FIG. 3. Effect of etching temperature on water contact angle. Etching time, 5min; Cnuon="0.1mol 1" (containing 30%
glycerol); Cry0s =2.0%.

hydrophilic (contact angle =0°) with 0.1% TMOS as patterning agent, while the filter paper
could be patterned hydrophobic (contact angle = 110.5°) with 0.25% TMOS. The water contact
angles increased slowly with the TMOS concentration in a range of 0.25%—4.0%. Bigger water
contact angles are expected by further increasing the TMOS concentrations. On the other hand,
the time required for the etching reagent (NaOH solution) to penetrate completely into the
hydrophobic cellulose varied dramatically with the hydrophobicity or TMOS concentration. For
example, only 1 min was required for the etching agent to penetrate completely into the hydro-
phobic paper (contact angle = 110.5°) patterned with 0.25% TMOS, while more than 30 min are
needed to penetrate into the hydrophobic paper (contact angle =129.6°) patterned with 4.0%
TMOS. In this work, 2.0% TMOS was selected to pattern the filter paper by comprising the
etching time required and the hydrophobicity of hydrophobic barrier.

C. Effect of etching temperature

The effect of etching temperature in a range of 30—-100 °C on water contact angle was stud-
ied by keeping NaOH concentration and etching time constant at 0.1 mol 1-" and 5min, respec-
tively. As shown in Figure 3, the water contact angle decreased with the increase of etching
temperature in a range of 30-60°C, and a water contact angle of 0° was observed at an etching
temperature higher than 60 °C. These results indicated that the masked region of filter paper
was completely etched and turned highly hydrophilic at a temperature higher than 60°C. As a
result, 60 °C was selected as the etching temperature in this work.
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FIG. 4. Effect of NaOH concentration on water contact angle. Etching temperature: 60 °C; other conditions were the same
as in Figure 3.
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FIG. 5. Effect of etching time on the water contact angle. Etching temperature: 60 °C; other conditions were the same as

Figure 3.

D. Effect of NaOH concentration

The effect of NaOH concentration in a range of 0.02-0.2mol 1™ on the water contact
angle was studied while keeping the etching time and temperature constant at 5min and 60°C,
respectively. As shown in Figure 4, hydrophobicity decreased with the increase of NaOH con-
centration. The water drop rapidly penetrated into filter cellulose and a water contact angle of
0° was observed with 0.1mol 1~' NaOH solution as the etching agent. Thus, 0.1 mol 17" of
NaOH solution was selected as the etching agent in this work.
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FIG. 6. (a) Photograph of glucose assay performed on the yPAD with varied glucose concentration in a range of
0-20mmol 17", (b) Linear correlation between gray intensity and glucose concentration. The data were obtained from
three repetitive experiments. The gray value was measured by the ImageJ software after the subtraction of blank gray

value.
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E. Effect of etching time

The effect of etching time in a range of 0.5-7.0 min on the water contact angle was studied by
maintaining the etching temperature and NaOH concentration constant at 60°C and 0.1 mol 1",
respectively. As shown in Figure 5, the water contact angles decreased with the increase of etching
time in a range of 0.5-5.0 min and a water contact angle of 0° could be observed at an etching time
higher than 5.0 min. In this work, 5.0 min was selected as the optimum etching time for selectively
etching the hydrophobic paper.

F. Glucose assay

We measured the artificial urine samples of glucose in a clinically relevant range
(0—20mmol 17") using a flower-shaped uPAD fabricated by this presented method. Figure 6(a)
shows the image of glucose assay on yPAD. The gray intensity in detection zones were meas-
ured with the Image] software by subtraction of the blank value. A linear correlation between
gray intensity (GI) and glucose concentration (C), GI=4.6 C (mmol 1) +8.0 (n=3), was
obtained with a correlation coefficient of 0.980 (Figure 6(b)). The relative standard deviation
(RSD) was 7.2% by determining 10 mmol 1" of glucose in urine samples five times. The limit
of detection for glucose in artificial urine was 2.47 mmol 1! based on the 3S,/K criterion (S, is
the standard deviation obtained from determining the blank solution 12 times and K is the slope
of the standard curve). These results demonstrated that uPAD fabricated by this presented
method could be used as a reliable and robust quantitative analysis platform in biological
assays.

IV. CONCLUSIONS

We described a novel strategy for fabrication of uPAD by selective wet etching of hydro-
phobic filter paper using a paper mask. This method is free of any expensive equipment, metal
mask, and expensive reagents, allowing rapid and simple fabrication of yPADs by the untrained
personnel with minimum cost. These features are very attractive for applications of uPADs in
the common labs, especially those in developing countries and resource-limited regions.
Furthermore, other silane coupling agents with various functional groups could also be immobi-
lized onto the filter cellulose and then selectively etched by etching agent. In addition, the etch-
ing agents could also be printed onto the hydrophobic paper for mass production of yPADs.
Comparing to the method using paper mask reported previously,?® channels without disconnec-
tion and shrinkage could be easily fabricated by this presented method. Although the glucose
assay in urine samples was chosen to demonstrate the feasibility of yPAD fabricated by this
method as a quantitative analysis platform, this method would also be very attractive to the de-
velopment of micro analytical devices for point-of care applications in clinical diagnostics,
food safety testing, and environmental monitoring. One limitation of the yPADs fabricated by
this method is the relative low resolution because the paper mask fabricated by using a com-
mon knife and scissor is in millimeter scale. The resolution of the fabricated uPADs could be
improved by printing etching agents on the hydrophobic filter paper using an inkjet printer.
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