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time-effective method for high-throughput, easily accessible

fabrication of paper-based microfluidics using a desktop pen Bloan Y
plotter integrated with a custom-designed multipen holder. Cumenem
This approach enabled simultaneous printing with multiple pH Assay

printing heads and, thus, multiplexed fabrication. Moreover, we &b L4 L
proposed an ink supply system connected to commercial

technical pens to allow continuous flow of the ink, thereby increasing the printing capacity of the system. We tested the use of
either hot- or cold-laminating layers to improve (i) the durability, stability, and mechanical strength of the paper-based devices
and (ii) the seal on the back face of the chromatography paper to prevent wetting of the sample beyond the hydrophilic testing
region. To demonstrate a potential application of the paper-based microfluidic devices fabricated by the proposed method,
colorimetric urine assays were implemented and tested: nitrite, urobilinogen, protein, blood, and pH.

Microanalytical devices enable point-of-care diagnostics in liquid sample travels due to capillary action. The markers were
a multitude of fields," ¢ including, but not limited to, the chosen as the patterning agent due to their hydrophobicity and
medical ﬁeld;7’8 envi{onmental and food Safet}’;g_w chem- the use of a colorant for visualization of the printed pattern.26 A
istry,"* and forensics."> Microfluidic devices can greatly benefit custom-designed multipen holder was 3D-printed and enabled
from low-cost, readily available materials as well as simple and multiplex plotting (Figure lab). We also implemented a

rapid fabrication processes. Specifically, paper-based micro-
fluidic devices offer a low-cost, high-throughput, and disposable
alternative'®™'” due to their affordability and ease of
manufacturing.'® Several approaches to high-throughput

fabrication of paper-based microfluidic devices have been . . .
20—24 incorporated a laminating layer to the fabricated paper-based
recently presented.

According to the World Health Organization (WHO), the microfluidic devices to (i) improve their durability, stability,
most effective way to increase access to medical diagnostics in and mechanical strength; (i) ensure the stability of the

developing countries is to provide these communities with tools

continuous ink system to continuously supply ink to the
technical pens and thereby further improve the cost-
effectiveness and throughput of fabrication compared to relying
on fixed-volume permanent markers (Figure 1lc,d). We

hydrophobic barriers and biochemical reagents during stor-

for accessible and affordable local production.” In response to age.”’ To demonstrate the diagnostic applications of resulting
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this need, we have developed an approach using a desktop pen paper-based assays, we conducted colorimetric tests for five

plotter integrated with a custom-designed multipen holder for

low-cost and multiplex prototyping of paper-based micro- Received: April 16, 2017

fluidics. Permanent markers were used to form a hydrophobic Accepted: May 30, 2017
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Figure 1. Multipen plotter for fabricating paper-based microfluidics. (a) Desktop pen plotter integrated with custom-designed multipen holder. (b)
Low-cost, 3D-printed multipen holder, which was custom-designed to increase the throughput of the setup. (c) Top-view and (d) side-view of the
continuous ink system (ink reservoir) integrated with the pen plotter with multipen holder. (e) Plotting speed in units of mm/s vs percentage; linear
velocity (mm/s) was calculated by measuring the time needed for plotting a 25 cm line with a fine-tip Comix marker.

analytes found in urine: nitrite, urobilinogen, protein, blood
and pH.

B RESULTS AND DISCUSSION

Design and 3D Printing of a Multipen Holder. To
increase the throughput of the fabrication, a multipen holder
was designed to align eight markers such that they would be
attached to the plotter and plot the pattern in parallel (Figure
2a). The height of each marker can be separately and
precisely adjusted using threaded fittings on the pen holder
to make the pressure of each pen on the paper consistent and
decrease the deflection of the pen against the paper (Figure
1b). As the speed of the plotter can be adjusted based on the
percentage of the maximum linear speed, we converted the
nondimensional unit (%) to linear speed (mm/s) (Figure le);
therefore, 30% speed is equivalent to 55.3 mm/s.

To characterize the accuracy of the plotting at 30% plotting
speed, a 12 X 12 pattern of circles was plotted by both the fine-
and broad-tip Comix markers (Figure 2b). The trueness and
the precision of this process were measured. X and Y are
defined for each marker as the error in the plotting (i.e., the
deviation of the center of the plotted circle from the position
defined in the design) in the X- and Y-directions, respectively. X
and Y are the averages of X and Y over the set of eight markers,
including 12 trials. Therefore, X and Y represent the truenesss
of the plotting approach. These values are 0.40 mm and 0.55
mm for the fine tip, respectively, and 0.40 mm and 0.54 mm for
the broad tip, respectively.
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The error in the X- and Y-directions can therefore be defined
as X—X and Y-Y. The results of 12 circles plotted with eight
different markers were plotted, and a 95% confidence ellipse
was plotted using the 2¢ values in the X- and Y-directions to
quantify the precision (Figure 2c,e). The ellipse for the fine tip
(0.80 mm by 1.22 mm in the X- and Y-directions, respectively)
was larger than that of the broad tip (0.45 mm by 1.11 mm in
the X- and Y-directions, respectively), indicating that a greater
precision can be attained with the broad tip. The results show
that the pens which are farther from the support (pens 1, 4, S
and 8) have a larger deflection in both the X- and Y-directions.
This may be partially due to the lower stability of the holder in
the corners, which allows more deflection when the markers
meet the paper.

The deflections of the circles plotted using the fine-tip and
broad-tip of the single marker vs the eight markers have been
investigated. Our results show that the accuracy of the single-
marker-drawing was higher than the accuracy of the eight
marker drawing. The trueness of the single pen plotting
approach was measured to be —0.02 mm and 0.14 mm for the
fine tip, and 0.06 mm and —0.43 mm for the broad tip, in the X-
and Y-directions, respectively. The 20 values (95% confidence
ellipse) in the X- and Y-directions were calculated to be 0.36
mm by 0.28 mm, respectively, for the fine tip and 0.39 mm by
0.27 mm, respectively, for the broad tip (Figure S-1 and Table
S-1).

The effects of different plotting speeds on the accuracy were
also quantified. Figure 2d,f displays the deflection of the
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Figure 2. Accuracy of plotted patterns using the multipen holder with eight pens. (a) Custom-made, 3D-printed multipen holder integrated with the
pen plotter. (b) Printed circle pattern with the both fine- and broad-tips of the Comix marker using the multipen holder. (c) Deflection of the
plotted patterns with the fine tip of eight Comix markers in both the X- and Y-directions. (d) The mean and standard deviation (STD) of the
deflection of the plotting system (all eight pens) when plotting with fine tip at different plotting speeds (n = 9). (&) Deflection of the plotted patterns
with the broad tip of eight Comix markers in both the X- and Y-directions. (f) The mean and standard deviation (STD) of deflection of the plotting
system (all eight pens) when plotting with the broad tip at different plotting speeds (1 = 9). (g) Representative method of measuring the inner and
outer radii of the plotted circles at eight different points (at angles of 0—315° with an interval of 45°) with MATLAB scripts. The mean and standard
deviation of inner and outer radii of the plotted patterns at different plotting speeds with the (h) fine tip and (i) broad tip of the Comix marker.
o, and o, are the total standard deviations in X- and Y-directions, respectively. X and Y are the mean deflections in the X- and Y-directions,

respectively.

patterns plotted at different speeds with both the fine and broad
tips. The results show that the deflection for both tips is in the
same range; furthermore, the speed has little influence on the
deflection, which means that the multipen holder could work
well at different plotting speeds. The plotting speed does not
significantly affect the trueness or precision of the plotting.
We also investigated the roundness of the plotted circles.
The inner and outer radii of the circles were measured at 45°
intervals using a MATLAB script, as shown in Figure 2g. Figure
2h,i shows the inner and outer radii of the plotted patterns as a
function of plotting speed for the fine and broad tips. The
standard deviation in the plotted radii is a measure of
roundness; the roundness is better when using the fine tip.
The roundness decreases significantly at lower plotting speeds
and plateaus around 30% plotting speed. The line thickness is
also shown as the difference between the inner and outer radii.
Further, the plotting speed affects the time the marker spends
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in contact with the paper and, therefore, the amount of ink
deposited. As expected, by increasing the plotting speed, the
inner and outer radii of the circles decrease, resulting in a
smaller line thickness; the thickness plateaus at speeds more
than 30%.

Lamination of the Paper. Since the paper used here is
made of cellulose, which loses its mechanical properties upon
wetting, we applied a lamination layer on the back of the paper
(opposite of the patterned side) to improve the durability,
stability, and mechanical strength. Figure 3a shows an SEM
image of a cross-section of the paper with a hot- and cold-
lamination layer. We investigated the difference in plotting
before and after laminating the papers and compared their
performances at different plotting speeds using both fine and
broad tips. We plotted circles with diameters of 4 mm and used
a dyed aqueous solution to test the water resistance of the
patterns. The results are presented in Figure 3b and are
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Figure 3. Characteristics of the laminating layer and its effect on the performance of the fabricated device. (a) SEM image of the cross section of hot-
and cold-laminated papers. (b) Effect of different plotting speeds and number of passes on water resistance of patterns before and after laminating
the paper. (c) The summarized results of (b) as a performance chart. 1B stands for 1-pass of broad tip and 1F, 3F, and SF stands for 1-pass, 3-pass,
and S-pass of fine tip respectively. (d) Stress—strain curves of laminated papers. Hot W and Cold W stands for wetted hot laminated paper and

wetted cold laminated paper.

summarized in Figure 3c. The results of the two studied cases
(plotting before and after laminating) are very similar, which
gives flexibility to the fabrication process (ie., patterning and
lamination may be performed in any order).

Moreover, a tensile test (engineering stress and strain test)
was done on both the hot- and cold-laminated papers and
compared with the results with the plain paper. These
experiments were performed under two different conditions:
when the laminated papers were wet and when they were dry.
Figure 3d shows the stress—strain curve, yield strain and stress,
and ultimate strain and stress of these five different samples.
The results show that, by laminating the chromatography
paper, we can improve the yield stress by around 3 fold with
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hot lamination and 1.5 fold with cold lamination. This
improvment in strength is more critical after wetting, which
simulated sample application: the wet chromatography paper
could not tolerate the stress, but the laminated papers could
bear a larger stress. Wetting the laminated papers reduces their
yield stress by 25%—35%, but this strength was still greater than
that of the nonlaminated wet paper.

Continuous Ink Supply. We have developed a continuous
ink supply system (Figure lc,d) to improve the cost-
effectiveness and throughput of the fabrication. For this
purpose, a commercially available hydrophobic solution has
been dyed and used as the plotting agent. The ink was fed
continuously into the technical pens (Figure 4a), which were
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Figure 4. Performance of the continuous plotting system in high-throughput fabrication of paper-based microfluidics. (a) Illustration of continuous
ink technical pen. We modified the technical pen by (i) sealing the air release hole of the technical pen and (ii) creating a hole at the top surface of
the cartridge using a hand drill. (b) Technical pens fed continuously by ink. (c) Effect of different plotting speeds and number of passes on water
resistance of patterns in continuous (top) and noncontinuous (bottom) plotting system. (d) Deflection of the plotted patterns in both the X- and Y-
directions (n = 550). 6, and o, are the overall standard deviations in the X- and Y-directions, respectively. X and Y are the mean deflections in the X-

y

and Y-directions, respectively. (e) The mean and standard deviation of the inner and outer radii as well as the thickness of the plotted patterns with
50% plotting speed (n = 550). (f) A representative image shows the performance of the continuous plotting system in high-throughput fabrication of

paper-based microfluidics.

contained in a multipen holder (Figure 4b). The setup was
used to plot patterns in both the noncontinuous (using the
internal cartridge of the technical pen) and continuous flow
systems at different speeds. The water resistance of the
prepared ink was investigated to confirm that the patterned
hydrophobic barriers can effectively contain an aqueous sample
in the hydrophilic testing region. The results in Figure 4c show
that the prepared ink in both the noncontinuous and
continuous systems could block the flow of a dyed aqueous
solution for plotting speeds ranging from 1 to 110%. Only a
single pass was needed to effectively contain the sample in the
testing region. During our tests, we did not experience any
clogging at the tip of the technical pen; this can be partially
attributed to the relatively high initial boiling point of the
mineral spirit solvent (145—174°C) of the hydrophobic
solution.

To evaluate the geometrical performance of the continuous-
flow pen system, the deflection of the plotted circles was
measured (Figure 4d). The accuracy was calculated from 550
plotted circles: the trueness was —0.2 mm in the X-direction
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and 0.1 mm in the Y-direction, and the precision (95%
confidence ellipse) was 0.5 mm in the X-direction and 0.3 mm
in the Y-direction. These values are similar to those obtained
with the permanent marker system. The coefficient of variation
for the inner and outer radii (i.e., the roundness of the plotted
circles) were 29% and 9%, respectively, which is similar to that
obtained using the marker. Further, the coefficient of variation
in the line thickness of the plotted patterns (Figure 4e) was
32%, which indicates greater consistency than with the marker.

To demonstrate the throughput of the proposed continuous
system, we plotted 550 circles with 4 mm diameter at 50%
plotting speed with a single pass. To test the water resistance of
the circles, the dyed aqueous solution was used (Figure 4f
shows a representative group of circles). The results show that
about 95% (523 out of 550) of the circles were able to contain
the aqueous sample within the testing region. The total time
needed to plot 550 circles was about 12 min using only a single
pen; this time can be further reduced by implementing the
multipen holder (Figure 4b).
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Colorimetric Biological Assays. To verify the applicability
of our fabrication method, we conducted colorimetric biological
assays which are useful for clinical urine analysis: nitrite,
urobilinogen, protein, blood, and pH assays (Table S-2).”7*°
We measured the color formation of various colorimetric
reagent solutions as a function of the analyte concentration (for
blood, different numbers of cells per millileter were used)
(Figure Sa—d). The color intensity increased as the analyte
concentration increased in each assay, as previously re-
ported.”>"** To investigate the ability to measure pH, we
used buffers with different pH values ranging from 5 to 9
(Figure Se). The observed color chan§e was consistent with
that which was previously reported.””~>" The results show that
the hydrophobic barriers were sufficient to contain the
colorimetric reagents and the sample during the reaction so
that the color change can be observed.

Bl CONCLUSION

Considering the need for a cost-effective, high-throughput
fabrication method for paper-based microanalytical diagnostic
devices, we proposed a method using a pen plotter and
hydrophobic marker. In this method, the pen plotter deposits a
hydrophobic solution onto a hydrophilic paper to delineate the
reaction area where the reagents are contained and the sample
is applied. To increase the throughput and decrease the time
and cost for fabrication of paper-based microfluidics, we used a
custom-designed, low-cost multipen holder to enable multi-
plexing of the patterning process with up to eight printing
heads. We simultaneously utilized multiple markers and
decreased the fabrication time dramatically. Another improve-
ment for the throughput of the fabrication method was
developing a continuous ink supply system. We demonstrated
patterning of 550 circular regions in ~12 min (and can be
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further reduced to ~3 min using multiple pens) with an
estimated cost of less than $1. Testing the water resistance of
550 circular regions shows 95% fabrication success.

Furthermore, to increase the durability, stability, and
mechanical strength of the fabricated microfluidic devices, we
laminated the papers with hot- and cold-laminating layers.
Using laminated papers in the fabrication of paper-based
microfluidic devices was shown to not only improve their
mechanical properties but also make handling the devices much
simpler. To demonstrate the potential biochemical analytical
capabilities of the fabrication method, we conducted five
colorimetric biological assays: nitrite, urobilinogen, protein,
blood, and pH. The novel method proposed here offers low
cost, rapid, and simple fabrication of high-resolution paper-
based microfluidic devices, which can be useful for mass
production of paper-based microfluidics in both resource-
limited and developed countries.
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