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Fabrication of Miniaturized 
Paper-Based Microfluidic Devices 
(MicroPADs)
E. Brandon Strong  1, Spencer A. Schultz2, Andres W. Martinez2 & Nathaniel W. Martinez1

Microfluidic paper-based analytical devices (microPADs) are emerging as cost-effective and portable 
platforms for point-of-care assays. A fundamental limitation of microPAD fabrication is the imprecise 
nature of most methods for patterning paper. The present work demonstrates that paper patterned 
via wax printing can be miniaturized by treating it with periodate to produce higher-resolution, high-
fidelity microPADs. The optimal miniaturization parameters were determined by immersing microPADs 
in various concentrations of aqueous sodium periodate (NaIO4) for varying lengths of time. This 
treatment miniaturized microPADs by up to 80% in surface area, depending on the concentration of 
periodate and length of the reaction time. By immersing microPADs in 0.5-M NaIO4 for 48 hours, devices 
were miniaturized by 78% in surface area, and this treatment allowed for the fabrication of functional 
channels with widths as small as 301 µm and hydrophobic barriers with widths as small as 387 µm. The 
miniaturized devices were shown to be compatible with redox-based colorimetric assays and enzymatic 
reactions. This miniaturization technique provides a new option for fabricating sub-millimeter-sized 
features in paper-based fluidic devices without requiring specialized equipment and could enable new 
capabilities and applications for microPADs.

Since their introduction in 2007, paper-based microfluidic devices (microPADs) have been explored extensively 
as platforms for point-of-care diagnostic tests and as tools for basic research and teaching1–10. MicroPADs have 
many attractive qualities such as low cost, small size, and the ability to operate without supporting equipment or 
sources of power11. MicroPADs are typically made by patterning paper with hydrophobic inks, using one of sev-
eral different printing techniques, in order to define hydrophilic channels and test zones bounded by hydrophobic 
barriers2,4. One common limitation to most methods of patterning paper is that the hydrophobic inks tend to dif-
fuse horizontally in the paper and blur the printed patterns, therefore it can be difficult to produce patterns with 
dimensions smaller than 1 mm12. The ability to fabricate devices with higher-resolution patterns could enable new 
capabilities for microPADs, as this would allow for the fabrication of smaller devices with higher channel density, 
which in turn could process smaller volumes of sample in shorter amounts of time. In this article, we describe 
a new approach for preparing microPADs with higher-resolution features by miniaturizing lower-resolution, 
wax-printed microPADs.

The concept of shrinking materials in order to fabricate small devices and structures has been explored most 
famously by the Khine group13–15. They used Shrinky-Dinks and other thermoplastic shrink films, which shrink 
up to 95% in surface area when exposed to heat, to fabricate plastic or polymer-based microfluidic devices as well 
as other microstructures and metallic nanostructures15. Hydrogels, which can shrink upon drying or in response 
to changes in environmental conditions like pH or temperature, have also been used to fabricate small structures 
and patterns16,17. The advantage of using shrinkable materials for the fabrication of small structures is that it is 
relatively easy to pattern or fabricate larger, lower-resolution structures, which can subsequently be converted 
into smaller, higher-resolution structures upon shrinking, without the need for sophisticated microfabrication 
equipment.

Paper, defined traditionally as a thin sheet made from pressed cellulose fibers3, is not commonly thought of as 
a material that shrinks – even though we probably all have some experience with shrinking cotton cloth, another 
cellulose-based material, when doing laundry18,19. However, we have identified two methods for shrinking paper. 
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Figure 1. Comparison of microPADs pre- and post-miniaturization. (A) Photograph of a wax-printed 
microPAD displaying high fidelity of the miniaturization process. (B) Scanning electron microscope (SEM) 
surface images of Whatman No. 1 chromatography (CHR) paper (400X magnification). Fibers appear to be 
more compact following miniaturization. (C) SEM cross-sectional images of Whatman No. 1 CHR paper (200X 
magnification). Miniaturized microPADs displayed a 166% increase in cross-sectional height (thickness). Part C 
reprinted by permission from Springer Nature, Cellulose22, 2018.

Figure 2. Characterization of miniaturized microPADs. (A) Diagram of the device used for the minimum 
hydrophobic barrier test. A functional barrier prevented fluid from wicking into the empty zone (readout well) 
for at least 30 minutes. (B) Diagram of the device used for the minimum hydrophilic channel test. A channel 
was determined to be functional if fluid could wick from the sample zone to the readout well.
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The first method involved multiple cycles of soaking in liquid ammonia followed by drying20. This approach was 
used to shrink a dollar bill by ~55% in surface area – the bill shrank anisotropically in plane by ~38% in length 
and ~28% in width20. We did not investigate this method due to the risks of working with liquid ammonia, as 

Figure 3. Miniaturization of microPADs over time. (A) Plot of microPAD surface area versus reaction time 
for various concentrations of aqueous sodium periodate (NaIO4). (B) Miniaturization comparisons of: non-
patterned chromatography paper, microPADs with channel outlines (reduced wax), and microPADs with a 
full wax background (standard) in 0.5 M NaIO4. Non-patterned chromatography paper displayed the greatest 
amount of miniaturization, albeit to a minor degree. For both plots, data points represent the mean of three 
replicates, and error bars represent one standard deviation from the mean. (C) Photograph of miniaturized 
microPAD (~78% reduction in surface area).
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well as reduced miniaturization effects as compared to the second method, soaking paper in aqueous solutions of 
periodate21,22, which we optimized for miniaturizing microPADs.

Periodate oxidation of cellulose via the Malaprade reaction has been investigated previously in the context of 
producing derivatives of cellulose23–30 and as a method for covalently linking molecules to the surface of paper31–34.  
The earliest reference to the shrinkage of paper upon exposure to periodate that we could find states that filter 
paper could be shrunk to 25% of its original surface area (i.e., by 75% in surface area) by exposing it to multiple 
cycles of 0.271-M periodic acid in water for 37 days21. The shrinkage of paper was later attributed to a reorgan-
ization of the oxidized cellulose chains into non-linear conformations that led to buckling and ultimately to 
shrinking of the oxidized cellulose fibers28. We recently explored the miniaturization of a range of paper types via 
periodate oxidation and found that all cellulose-based paper types shrink by 60–80% in surface area following 
saturation in 0.5-M NaIO4 for 48 hours22. Periodate oxidation has also been shown to shrink cotton cloth and cot-
ton string35, but has not, to our knowledge, been investigated previously for the purpose of microPAD fabrication.

Wax printing is one of the most common techniques for patterning paper to fabricate microPADs36–38. In this 
approach, wax is printed onto paper using a solid-ink printer, and then the paper is heated to reflow the wax so 
that it seeps into the paper and creates a hydrophobic barrier36. One limitation of wax printing is the relatively 
low resolution of the technique, a result of the wax boundaries spreading laterally as well as vertically during the 
heating step12. There is one example of using wax printing to produce high-resolution, sub-millimeter patterns, 
which was achieved by Tenda et al. by printing wax on both sides of the paper followed by a brief heating step 
using a thermal laminator12. Two other techniques for producing sub-millimeter-scale patterns in paper rely 
on photolithography and laser cutting, respectively39,40. To fabricate our high-resolution microPADs, we first 
optimized the chemical reaction (periodate oxidation) required for miniaturization, we then characterized the 
miniaturized devices, and, finally, we demonstrated some of the potential advantages and applications of this new 
type of paper-based device.

Methods
Standard MicroPAD Fabrication. Standard microPADs were fabricated via wax printing36. The patterns 
for the devices were designed in Adobe Illustrator (CS6) and printed onto Whatman No. 1 CHR chromatography 
paper using a solid ink printer (Xerox Phaser 8650). After printing, the sheets of paper were heated for 2 minutes 
in a convection oven (MTI corporation, Compact Forced Air Convection Oven) set to 195 °C. The devices were 
then cooled to room temperature, cut out with scissors, and stored under ambient conditions until used.

Optimization of MicroPAD Miniaturization. Solutions of sodium periodate (NaIO4) with concentra-
tions of 0.1, 0.2, 0.3, 0.4, 0.5 and 1.0 M were prepared in deionized (DI) water. The solubility of NaIO4 in DI water 
at room temperature was found to be approximately 0.5 M, and the 1.0-M solution that was prepared was a satu-
rated solution containing solid NaIO4. Standard microPADs with dimensions of 4.50 × 4.50 cm were immersed in 
25 mL of each periodate solution at room temperature in a covered glass Petri dish. The Petri dishes were shielded 
from ambient light during the reaction. Devices were removed from the periodate solution after a given reaction 
time ranging from 6 to 96 hours. The devices were then washed by placing them in a bath of deionized (DI) water 
for 15 minutes with rocking. After washing, the devices were dried for one hour in a slab gel dryer (Bio-Rad 
Model 443) at 60 °C and 300 torr. The miniaturized devices were measured with a ruler.

The effect of the wax patterns on the miniaturization process was studied by miniaturizing microPADs with 
a full wax background, microPADs with wax-outlined channels, and paper with no wax patterns in 0.5-M NaIO4 
for various time intervals up to 96 hours (diagrams of microPAD types are displayed in Fig. 3B). The devices were 
washed, dried, and measured as described previously.

The minimum volume of NaIO4 solution required for miniaturization was determined by miniaturizing 
standard microPADs in varying amounts (2–10 mL in 1 mL increments) of 0.5-M NaIO4 for 48 hours.

A detailed step-by-step description of the procedure for preparing miniaturized microPADs is provided in the 
electronic supplementary information.

Characterization of Miniaturized MicroPADs. The surface and cross-section of pieces of chromatogra-
phy paper and miniaturized chromatography paper (with no wax patterns) were imaged with a scanning electron 
microscope (SEM, FEI Quanta 200). The height (thickness) of each piece of paper was determined from the SEM 
images (Fig. 1).

The minimum functional hydrophobic barrier width and minimum functional hydrophilic channel width 
were determined for both standard and miniaturized microPADs. A functional hydrophobic barrier was defined 
as a barrier that prevented aqueous colored dye from wicking across it for at least 30 minutes, and a functional 
hydrophilic channel was defined as a 5-mm-long channel that could wick aqueous colored dye from a fluid res-
ervoir to a test zone12. To determine the minimum functional hydrophobic barrier width, a series of barriers with 
varying widths (designed in Adobe Illustrator with dimensions in the range of 100–800 µm) were fabricated and 
then tested by adding 10 µL of an aqueous colored dye solution (either 1-mM Erioglaucine blue dye or 5-mM 
Allura Red dye in DI water) to one side of the barrier, while looking for evidence of passage of fluid or leakage on 
the other side of the barrier after 30 minutes (Fig. 2A). The final barrier widths were measured using a dissecting 
microscope (400X magnification) equipped with a digital camera and a stage micrometer.

To determine the minimum functional hydrophilic channel width, a series of channels with varying widths 
(designed in Adobe Illustrator with dimensions in the range of 500–1200 µm) were fabricated and then tested by 
adding 20 µL of aqueous dye to a fluid reservoir on one side of the channel and monitoring passage of the fluid to a 
test zone on the opposite side of the channel (Fig. 2B). Final channel widths were also measured using a dissecting 
microscope.
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The average wicking velocity was determined for both standard and miniaturized microPADs by adding 15 µL 
of aqueous dye to a sample zone leading into a channel (1.5 mm in width, 10 mm in length) and measuring the 
time required for the fluid to wick across the channel. The average wicking velocity was calculated by dividing the 
length of the channel by the wicking time.

The minimum volume of fluid required for wicking across a 5-mm-long channel for both standard and min-
iaturized microPADs was measured. The determined minimum functional hydrophilic channel widths for each 
type of device were used (standard device: 0.6 mm, miniaturized device: 0.3 mm). A range of fluid volumes (0.5–
10 µL in 0.5 µL increments) were added to the channels, and the minimum amount of fluid required to fill the 
channels was recorded.

Geometric fidelity of the miniaturization process was examined by miniaturizing microPADs with varied 
channel orientations. Channel length was then measured following miniaturization, and the effect of orienta-
tion on length was compared via ANOVA (JMP 12.1). A full sheet of Whatman no. 1 chromatography paper 
(200 mm2, with a wax printed 2 cm2 grid) was also miniaturized.

Confirmation of Miniaturized MicroPAD Functionality. Glucose Assay. Following miniaturization, 
functionality as a platform for performing chemical assays was confirmed by performing a glucose assay on a 
miniaturized microPAD with a sample zone, a reagent zone, a test zone and a waste zone all connected in series 
by a straight channel (Fig. S1)41. The reagents for the assay were deposited onto the reagent zone using a reagent 
pencil, which was fabricated by pressing a mixture of 66.6% w/w polyethylene glycol (Mn 2000 g/mol), 22.2% 
w/w graphite powder, 0.75% w/w glucose oxidase (GOx, 266 U/mg), 0.52% w/w horseradish peroxidase (HRP, 
293 U/mg), and 10.0% w/w 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) into the shape of a 
cylindrical pellet with a diameter of 3.2 mm using a manual pellet press (Parr Instrument Company)41,42. Glucose 
solutions (3.5 µL) prepared in 1X PBS with concentrations of 0, 0.3, 0.6, 0.9 and 1.2 mM were applied to the 
sample zone of the device and a colorimetric readout was generated in the test zone. The intensity of the color 
produced in the test zones was measured via digital image colorimetry (DIC)43, where the mean color intensity 
in the red channel of the test zones was measured using a smartphone (Samsung Galaxy Note 4) and the Color 
Grab application9.

Enzyme viability. Solutions of horseradish peroxidase (HRP, 0.6–10.5 U/mL in 1XPBS, 2 µL) were added to cir-
cular test zones (5.5 mm in diameter) on miniaturized microPADs. Immediately after drying the HRP solutions 
on the devices under ambient conditions, 3 µL of tetramethylbenzidine liquid substrate (TMB, Sigma Aldrich, 
T4444) was added to each test zone, and the reaction was allowed to proceed for 20 minutes. Sulfuric acid solution 
(H2SO4, 1 M in DI water, 2 µL) was added to each test zone to quench the reaction, and the test zones were dried 
under ambient conditions. The mean intensity of each zone was measured via DIC as described previously.

Results and Discussion
Upon reacting with aqueous periodate, the microPADs shrunk in the plane of the paper (Fig. 1A), while the 
height (thickness) of the paper increased (Fig. 1C), which is analogous to what is observed when shrinking ther-
moplastic films13. The wax patterns shrunk proportionally with the paper resulting in high-fidelity, miniaturized 
reproductions of the original standard devices (Fig. 1A). SEM images comparing a piece of untreated chromatog-
raphy paper to a piece of miniaturized chromatography paper show that the paper fibers appear to swell and pack 
more densely during the miniaturization process (Fig. 1B,C). The images also suggest that the size of the pores 
in miniaturized paper are smaller compared to the original paper. The increased density of cellulose fibers in the 
miniaturized devices, resulted in greater rigidity of the device, allowing for easier manipulation of the diagnostic 
platform.

The degree of miniaturization of microPADs can be controlled by tuning both the concentration of perio-
date and the reaction time (Fig. 3A). For example, when 0.1-M periodate was used, the devices shrunk more 
slowly, and the reaction needed at least 24 hours before any change in size was observed. When 0.5-M periodate 
was used, some miniaturization was observed after only 6 hours, most of the miniaturization took place within 
48 hours, and minimal additional miniaturization was observed after 72 hours. The amount of wax patterning on 
microPADs had only a small impact on the degree of miniaturization (Fig. 3B). After 96 hours in a 0.5-M perio-
date solution, full-wax devices shrunk 78.6% in surface area, wax-outlined devices shrunk 79.8% in surface area, 
and paper without wax patterns shrunk 80.9% in surface area. One possible explanation for these results is that 
the wax patterns protected some of the cellulose molecules from reacting completely with the periodate, which 
may have slightly limited the degree of miniaturization in the case of the full-wax devices.

Since our goal with this project was to establish a method for miniaturizing microPADs, we selected 0.5-M 
periodate and 48 hours of reaction time for the optimized miniaturization procedure (Fig. 3A). Higher concentra-
tions of periodate cannot be achieved due to the solubility of NaIO4 in water at room temperature, and a saturated 
solution of periodate (e.g., 1.0 M) did not shrink the devices any further or faster than the 0.5-M solution. Longer 
reaction times than 48 hours did not result in significant additional miniaturization either. Devices that were 
miniaturized for 72 or 96 hours were only 0.5% smaller than devices miniaturized for 48 hours (Fig. 3).

After reacting in 0.5-M periodate for 48 hours, the average reduction in size for a standard microPAD was 78% 
in surface area, or 53% in linear dimensions (Fig. 3, Table 1). To achieve this level of miniaturization, a minimum 
of 0.3 mL of 0.5-M periodate solution per cm2 of microPAD surface area was required (Fig. S2). When lower 
volumes of solution were used, the devices did not shrink to the same extent. Additional solution, above 0.3 ml/
cm2, had no effect on the miniaturization process, therefore we recommend using a minimum of 0.4 ml/cm2 of 
the periodate solution to ensure proper miniaturization, as well as complete submersion of the devices.

For miniaturized microPADs, the narrowest functional hydrophobic barrier had an average width of 
387 ± 21 µm (Fig. 2A, Table 1), while the narrowest functional hydrophilic channel had an average width of 
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301 ± 42 (Fig. 2B, Table 1). For comparison, the narrowest hydrophobic barrier in a standard microPAD had 
an average width of 550 ± 37 µm, and the narrowest hydrophilic channel had an average width of 585 ± 54 µm 
(Table 1). The differences represent a 30% reduction in the width of the smallest hydrophobic barriers and a 
49% reduction in the width of the smallest hydrophilic channels for a miniaturized microPAD as compared to 
a standard microPAD. The ability to fabricate microPADs with smaller, higher-resolution features should allow 
for higher channel density to be incorporated into microPADs. For example, based on the determined minimum 
hydrophilic channel and hydrophobic barrier widths, a 1-cm-wide microPAD could theoretically accommodate 
up to 8 parallel hydrophilic channels in the case of a standard microPAD, but could accommodate up to 14 paral-
lel hydrophilic channels in the case of a miniaturized microPAD. Compared to the method published by Tenda et 
al., which reported a minimum hydrophobic barrier width of 467 ± 33 µm and a minimum hydrophilic channel 
width of 228 ± 33 µm12, our method allows for the fabrication of smaller hydrophobic barriers but slightly larger 
hydrophilic channels. An interesting observation is that the two methods of fabrication are orthogonal and could 
potentially be combined to fabricate devices with even smaller channels and barriers than could be achieved using 
either method independently.

The average wicking velocity in miniaturized microPADs was reduced by a factor of ~2 compared to standard 
devices (Table 1). Fluid wicked across channels (1.5 mm in width × 10 mm in length) in miniaturized devices in 
42 ± 3 s, for an average rate of 0.24 ± 0.02 mm/s, while fluid wicked across channels with the same dimensions in 
standard devices in 21 ± 4 s, for an average rate of 0.48 ± 0.08 mm/s. The decrease in average wicking velocity can 
likely be attributed to a combination of two factors: a decrease in the effective pore size and an increase in hydro-
phobicity of the miniaturized paper. When shrinking paper, the cellulose fibers contract and pack more tightly, 
which, in turn, leads to smaller spaces between the fibers, as was observed by SEM (Fig. 1B,C). Smaller pores 
would be expected to slow down wicking as predicted by the Lucas-Washburn model44–47. Periodate oxidation 
of paper also reduces the number of hydroxyl groups on paper, which would increase the hydrophobicity of the 
resulting material compared to untreated paper and also contribute to slower wicking. Slower wicking will not 
necessarily impact the performance of miniaturized devices since these devices would typically be smaller than 
standard microPADs, so the fluid would be wicking over shorter distances. Slower wicking rates could also allow 
for increased assay sensitivity by increasing reaction time within channels and test zones. Future microPADs 
could also potentially incorporate both standard and miniaturized paper in multi-layered devices to harness the 
advantages of both materials.

The volume of fluid required to fill the device was also reduced in miniaturized microPADs. We found that a 
miniaturized microPAD required 2 µL to fill a 5-mm-long channel, while a standard microPAD required 8 µL to 
fill a channel of the same length (Table 1). The reduction in volume of fluid can be attributed to two effects. First, 
smaller channels can be fabricated in miniaturized microPADs, therefore these channels will require less fluid. 
In our experiment, the width of the channel in the miniaturized microPAD was 0.3 mm and the width of the 
channel in the standard microPAD was 0.6 mm. Second, because the fibers in the miniaturized devices are packed 
more tightly, there is less void space in the miniaturized devices that can fill with fluid. In general, lower volume 
requirements are favorable since they allow for assays to be performed on smaller sample sizes, and these devices 
require smaller quantities of deposited reagents.

A final important characteristic of miniaturized microPADs was the geometric fidelity of the devices following 
miniaturization. MicroPADs displayed differing levels of channel miniaturization dependent upon orientation 
(Fig. 4A,B). This was to be expected due to the anisotropic nature of the miniaturization process22. While the dif-
ference in channel lengths was minimal (Fig. 4B), and therefore should have minimal effect on microPAD func-
tionality, microPADs could be designed with parallel channels to promote fidelity, or the channel design could 
be adjusted to account for the anisotropy of the miniaturization. A full sheet of Whatman no. 1 chromatography 
paper (200 mm2, initial 2 cm2 grid) also displayed high fidelity following miniaturization (Fig. 4C). This indicates 
that full sheets of microPADs could successfully be fabricated via this process.

The performance of miniaturized microPADs as platforms for biochemical assays was confirmed by perform-
ing a glucose assay (Fig. 5A). The results were quantified via digital image colorimetry and were used to generate 
a linear calibration curve with a high R2 value (0.98). In addition to analytical performance, the glucose assay 
confirmed enzyme functionality on miniaturized microPADs as both glucose oxidase and horseradish peroxidase 
(HRP) activity are required for the assay. Furthermore, since this assay relies on redox chemistry, it demonstrated 
that the periodate was either completely removed from the miniaturized devices during the wash step or that any 
residual periodate did not interfere with the assay.

Characteristic Replicates
Standard 
MicroPAD

Miniaturized 
MicroPAD % Change

Surface Area (cm2) 50 20.25 4.41 ± 0.11 −78.3%

Linear Dimension (cm) 50 4.50 2.10 ± 0.03 −53.3%

Cross-Sectional Height (µm) 1 188 500 166.0%

Minimum Hydrophilic Channel (µm) 14 585 ± 54 301 ± 42 −48.5%

Minimum Hydrophobic Barrier (µm) 10 550 ± 37 387 ± 21 −29.6%

Average Wicking Velocity (mm/s) 11 0.480 ± 0.076 0.235 ± 0.017 −51.0%

Minimum Volume (µL) 10 8.0 ± 1.2 2.0 ± 0.2 −75.0%

Table 1. Summary data table comparing standard versus miniaturized microPADs. Miniaturized microPADs 
displayed a significant reduction in all characteristics except cross-sectional width. Values are given as the mean 
of all replicate measurements, +/− one standard deviation of the mean.
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The viability of enzymes on oxidized cellulose fibers was also confirmed by performing a colorimetric assay 
for HRP on miniaturized devices. After drying the HRP solutions on the devices, a concentration-dependent 
color intensity was produced upon addition of the substrate for the enzyme (Fig. 5B,C). This result is significant 
given that several diagnostic assays rely on the activity of enzymes for signal amplification or for direct detection 
of analytes48.

Conclusions
We developed a new method for fabricating higher-resolution microPADs by shrinking wax-patterned devices. 
The method does not require any specialized equipment and can be used readily by any researcher working 
with paper-based devices. We believe that the ability to miniaturize microPADs will enable new capabilities and 
applications for this class of devices. For example, miniaturized devices can incorporate higher channel density 
compared to standard microPADs and can be used as platforms for the same types of biochemical assays that are 
typically performed on standard microPADs. The miniaturized devices also require smaller volumes of sample 
per unit surface area of the device and require smaller quantities of deposited reagents. Furthermore, the minia-
turized devices possess increased rigidity, allowing for easier manipulation of the diagnostic platform.

The method for shrinking microPADs is highly tunable and can be controlled easily by changing the concen-
tration of periodate or the reaction time. This method could also be readily applied and adapted toward the fabri-
cation of other types of devices, structures or cellulose containing materials. Taken together, this novel method of 
device fabrication is a significant step towards the development of a new generation of paper-based microfluidic 
devices for which we are currently exploring additional applications.

Figure 4. Examination of the geometric fidelity of the miniaturization process. (A) Photograph of 
miniaturized microPAD (0.5-M, 48 hours). Left, middle, and right channels all initially 16 mm in length prior 
to miniaturization. Red dots indicate point of measurement. (B) Graph of left, middle, and right channel length 
(photograph in part A) following miniaturization (n = 9). There was no significant difference between left and 
right channels (p = 0.855), but the middle channel was significantly shorter than both the left (p = 0.003) and 
right (p = 0.010) channels. Error bars represent one standard deviation from the mean. (C) Photograph of 
miniaturized grid on a full-sized sheet of 200 mm2 Whatman no. 1 chromatography paper. As expected, the 
paper shrank anisotropically22, but displayed good miniaturization fidelity across the sheet.

Figure 5. Miniaturized microPADs as platforms for biochemical assays. (A) Calibration curve as generated 
from a colorimetric paper-based glucose assay. The data was fit with a linear trendline. Data points represent 
the mean of eight replicates and error bars represent one standard deviation of the mean. (B) Calibration curve 
for a colorimetric horseradish peroxidase (HRP) assay. The data was fit with a linear trendline. Data points 
represent a single replicate. (C) Photograph of the test zones after performing the HRP assays. Higher HRP 
concentrations produced higher color intensities in the test zones.
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Data Availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request.

References
 1. Martinez, A. W., Phillips, S. T., Butte, M. J. & Whitesides, G. M. Patterned paper as a platform for inexpensive, low-volume, portable 

bioassays. Angew. Chemie - Int. Ed. 46, 1318–1320 (2007).
 2. Cate, D. M., Adkins, J. A., Mettakoonpitak, J. & Henry, C. S. Recent Developments in Paper-Based Micro fluidic Devices. Anal. 

Chem. 87, 19–41 (2015).
 3. Yetisen, A. K., Akram, M. S. & Lowe, C. R. Paper-based microfluidic point-of-care diagnostic devices. Lab Chip 13, 2210–51 (2013).
 4. Yamada, K., Henares, T. G., Suzuki, K. & Citterio, D. Paper-based inkjet-printed microfluidic analytical devices. Angew. Chemie - Int. 

Ed. 54, 5294–5310 (2015).
 5. Hu, J. et al. Advances in paper-based point-of-care diagnostics. Biosensors and Bioelectronics 54, 585–597 (2014).
 6. Carrilho, E., Phillips, S. T., Vella, S. J., Martinez, A. W. & Whitesides, G. M. Paper microzone plates. Anal. Chem. 81, 5990–5998 

(2009).
 7. Derda, R. et al. Paper-supported 3D cell culture for tissue-based bioassays. Proc. Natl. Acad. Sci. 106, 18457–18462 (2009).
 8. Ravgiala, R. R. et al. Using paper-based diagnostics with high school students to model forensic investigation and colorimetric 

analysis. J. Chem. Educ. 91, 107–111 (2014).
 9. Koesdjojo, M. T. et al. Cost effective paper-based colorimetric microfluidic devices and mobile phone camera readers for the 

classroom. J. Chem. Educ. 92, 737–741 (2015).
 10. Martinez, A. W., Phillips, S. T., Whitesides, G. M. & Carrilho, E. Diagnostics for the developing world: Microfluidic paper-based 

analytical devices. Anal. Chem. 82, 3–10 (2010).
 11. Martinez, A. W. et al. Simple telemedicine for developing regions: Camera phones and paper-based microfluidic devices for real-

time, off-site diagnosis. Anal. Chem. 80, 3699–3707 (2008).
 12. Tenda, K. et al. High-resolution microfluidic paper-based analytical devices for sub-microliter sample analysis. Micromachines 7, 80 

(2016).
 13. Grimes, A. et al. Shrinky-Dink microfluidics: rapid generation of deep and rounded patterns. Lab Chip 8, 170–2 (2008).
 14. Chen, C.-S. et al. Shrinky-Dink microfluidics: 3D polystyrene chips. Lab Chip 8, 622–4 (2008).
 15. Nguyen, D. et al. Better shrinkage than Shrinky-Dinks. Lab Chip 10, 1623–1626 (2010).
 16. Das, A. L. et al. Generation of sub-micrometer-scale patterns by successive miniaturization using hydrogels. Adv. Mater. 19, 

1943–1946 (2007).
 17. Aldalali, B., Kanhere, A., Fernandes, J., Huang, C. C. & Jiang, H. Fabrication of polydimethylsiloxane microlenses utilizing hydrogel 

shrinkage and a single molding step. Micromachines 5, 275–288 (2014).
 18. Fletcher, H. M. & Roberts, S. H. Distortion in Knit Fabrics and Its Relation to Shrinkage in Laundering. Text. Res. J. 23, 37–42 (1953).
 19. Juciene, M., Dobilate, V. & Kazlauskaite, G. Influence of Industrial Washing on Denim Properties. Mater. Sci. 12, 355–359 (2006).
 20. Hermann, C. K. F. The Shrinking Dollar Bill. 74, 1357 (1997).
 21. Jackson, E. L. & Hudson, C. S. Application of the Cleavage Type of Oxidation by Periodic Acid to Starch and Cellulose. J. Am. Chem. 

Soc. 10, 2049–2050 (1937).
 22. Strong, E. B., Kirschbaum, C. W., Martinez, A. W. & Martinez, N. W. Paper miniaturization via periodate oxidation of cellulose. 

Cellulose 25, 3211–3217 (2018).
 23. Malaprade, L. Action of polyalcohols on periodic acid. Analytical application. Bull. Soc. Chim. Fr. 43, 683–696 (1928).
 24. Malaprade, L. A study of the action of polyalcohols on periodic acid and alkaline periodates. Bull. Soc. Chim. Fr. 5, 833–852 (1934).
 25. Kim, U. J., Kuga, S., Wada, M., Okano, T. & Kondo, T. Periodate oxidation of crystalline cellulose. Biomacromolecules 1, 488–492 

(2000).
 26. Potthast, A., Kostic, M., Schiehser, S., Kosma, P. & Rosenau, T. Studies on oxidative modifications of cellulose in the periodate 

system: Molecular weight distribution and carbonyl group profiles. Holzforschung 61, 662–667 (2007).
 27. Morooka, T., Norimoto, M. & Yamada, T. Periodate oxidation of cellulose by homogeneous reaction. J. Appl. Polym. Sci. 38, 849–858 

(1989).
 28. Guthrie, R. D. The “Dialdehydes” from the periodate oxidation of carbohydrates. Adv. Carbohydr. Chem. 16, 105–158 (1962).
 29. Nevell, T. P. Oxidation of cellulose. In Cellul. Chem. Its Appl. 243–265 (1985).
 30. Rutherford, H. A., Minor, F. W., Martin, A. R. & Harris, M. Oxidation of Cellulose: The Reaction of Cellulose with Periodic Acid. J. 

Res. Natl. Bur. Stand. (1934). 29, 131–141 (1942).
 31. Wang, S. et al. Simple and covalent fabrication of a paper device and its application in sensitive chemiluminescence immunoassay. 

Analyst 137, 3821 (2012).
 32. Su, S., Nutiu, R., Filipe, C. D. M., Li, Y. & Pelton, R. Adsorption and covalent coupling of ATP-binding DNA aptamers onto cellulose. 

Langmuir 23, 1300–1302 (2007).
 33. Xia, Y., Si, J. & Li, Z. Fabrication techniques for microfluidic paper-based analytical devices and their applications for biological 

testing: A review. Biosensors and Bioelectronics 77, 774–789 (2016).
 34. Ahmed, S., Bui, M. P. N. & Abbas, A. Paper-based chemical and biological sensors: Engineering aspects. Biosensors and Bioelectronics 

77, 249–263 (2016).
 35. Davidson, G. F. The Progressive Oxidation of Cotton Cellulose By Periodic Acid and Metaperiodate Over a Wide Range of Oxygen 

Consumption. J. Text. Inst. Trans. 32, T109–T131 (1941).
 36. Carrilho, E., Martinez, A. W. & Whitesides, G. M. Understanding wax printing: A simple micropatterning process for paper-based 

microfluidics. Anal. Chem. 81, 7091–7095 (2009).
 37. Lu, R., Shi, W., Jiang, L., Qin, J. & Lin, B. Rapid prototyping of paper-based microfluidics with wax for low-cost, portable bioassay. 

Electrophoresis 30, 1497–1500 (2009).
 38. Lu, Y., Shi, W., Qin, J. & Lin, B. Fabrication and characterization of paper-based microfluidics prepared in nitrocellulose membrane 

by Wax printing. Anal. Chem. 82, 329–335 (2010).
 39. Mahmud, M. A., Blondeel, E. J. M., Kaddoura, M. & MacDonald, B. D. Creating compact and microscale features in paper-based 

devices by laser cutting. Analyst 141, 6449–6454 (2016).
 40. Martinez, A. W., Phillips, S. T., Wiley, B. J., Gupta, M. & Whitesides, G. M. FLASH: a rapid method for prototyping paper-based 

microfluidic devices. Lab Chip 8, 2146–2150 (2008).
 41. Mitchell, H. T. et al. Reagent pencils: a new technique for solvent-free deposition of reagents onto paper-based microfluidic devices. 

Lab Chip 15, 2213–2220 (2015).
 42. Liu, C. H. et al. Characterization of reagent pencils for deposition of reagents onto paper-based microfluidic devices. Micromachines 

8 (2017).
 43. Chaplan, C. A., Mitchell, H. T. & Martinez, A. W. Paper-based standard addition assays. Anal. Methods 6, 1296 (2014).
 44. Washburn, E. W. The dynamics of capillary flow. Phys. Rev. 17, 273–283 (1921).
 45. Camplisson, C. K., Schilling, K. M., Pedrotti, W. L., Stone, H. A. & Martinez, A. W. Two-ply channels for faster wicking in paper-

based microfluidic devices. Lab Chip 15, 4461–4466 (2015).



www.nature.com/scientificreports/

9Scientific REpoRtS |             (2019) 9:7  | DOI:10.1038/s41598-018-37029-0

 46. Mendez, S. et al. Imbibition in porous membranes of complex shape: Quasi-stationary flow in thin rectangular segments. Langmuir 
26, 1380–1385 (2010).

 47. Cummins, B. M., Chinthapatla, R., Ligler, F. S. & Walker, G. M. Time-Dependent Model for Fluid Flow in Porous Materials with 
Multiple Pore Sizes. Anal. Chem. 89, 4377–4381 (2017).

 48. Lathwal, S. & Sikes, H. D. Assessment of colorimetric amplification methods in a paper-based immunoassay for diagnosis of malaria. 
Lab Chip 16, 1374–1382 (2016).

Acknowledgements
This material is based upon work supported by the National Science Foundation under grant no. DMR 1709740, 
by the California State University Program for Education and Research in Biotechnology, by the Cal Poly College 
of Science and Mathematics CBF program, and by the Cal Poly College of Science and Mathematics Frost summer 
research program. Many thanks to Trevor Harding for assistance with the SEM, Ellen Calcagno, Alice Hamrick, 
John Merriam, Lisa Liu, Kevin Dunham, Rob Brewster and Doug Brewster for their support with supplies and 
equipment.

Author Contributions
E.B.S., study design, data collection, data analysis, manuscript drafting and revision, final approval of the version 
to be published, accountability for all aspects of the work; S.A.S., data collection, final approval of the version 
to be published, accountability for all aspects of the work; A.W.M., study design, data collection, data analysis, 
manuscript drafting and revision, final approval of the version to be published, accountability for all aspects of the 
work; N.W.M., study design, data collection, data analysis, manuscript drafting and revision, final approval of the 
version to be published, accountability for all aspects of the work.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-37029-0.
Competing Interests: Dr. Nathaniel Martinez and Dr. Andres Martinez’s work has been funded by the National 
Science Foundation under grant no. DMR 1709740. This funder played no role in study conceptualization, 
design, data collection, analysis, decision to publish, or preparation of the manuscript.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

http://dx.doi.org/10.1038/s41598-018-37029-0
http://creativecommons.org/licenses/by/4.0/

	Fabrication of Miniaturized Paper-Based Microfluidic Devices (MicroPADs)
	Methods
	Standard MicroPAD Fabrication. 
	Optimization of MicroPAD Miniaturization. 
	Characterization of Miniaturized MicroPADs. 
	Confirmation of Miniaturized MicroPAD Functionality. 
	Glucose Assay. 
	Enzyme viability. 


	Results and Discussion
	Conclusions
	Acknowledgements
	Figure 1 Comparison of microPADs pre- and post-miniaturization.
	Figure 2 Characterization of miniaturized microPADs.
	Figure 3 Miniaturization of microPADs over time.
	Figure 4 Examination of the geometric fidelity of the miniaturization process.
	Figure 5 Miniaturized microPADs as platforms for biochemical assays.
	Table 1 Summary data table comparing standard versus miniaturized microPADs.




