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Abstract Three-dimensional microfluidic paper-based

analytical devices (3D-lPADs) represent a promising

platform technology that permits complex fluid manipula-

tion, parallel sample distribution, high throughput, and

multiplexed analytical tests. Conventional fabrication

techniques of 3D-lPADs always involve stacking and

assembling layers of patterned paper using adhesives,

which are tedious and time-consuming. This paper reports

a novel technique for fabricating 3D microfluidic channels

in a single layer of cellulose paper, which greatly simplifies

the fabrication process of 3D-lPADs. This technique,

evolved from the popular wax-printing technique for paper

channel patterning, is capable of controlling the penetration

depth of melted wax, printed on both sides of a paper

substrate, and thus forming multilayers of patterned chan-

nels in the substrate. We control two fabrication parame-

ters, the density of printed wax (i.e., grayscale level of

printing) and the heating time, to adjust the penetration

depth of wax upon heating. Through double-sided printing

of patterns at different grayscale levels and proper selection

of the heating time, we construct up to four layers of

channels in a 315.4-lm-thick sheet of paper. As a proof-of-

concept demonstration, we fabricate a 3D-lPAD with three

layers of channels from a paper substrate and demonstrate

multiplexed enzymatic detection of three biomarkers

(glucose, lactate, and uric acid). This technique is also

compatible with the conventional fabrication techniques of

3D-lPADs, and can decrease the number of paper layers

required for forming a 3D-lPAD and therefore make the

device quality control easier. This technique holds a great

potential to further popularize the use of 3D-lPADs and

enhance the mass-production quality of these devices.
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diagnostics � Three-dimensional paper channels � Wax
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1 Introduction

Microfluidic paper-based analytical devices (lPADs) rep-

resent a promising platform technology for bioanalysis

featuring low cost, ease of fabrication and operation, and

equipment independence (Martinez et al. 2008a; Yetisen

et al. 2013). These devices are particularly suitable for use

at the point of care and/or in resource-poor settings, where

centralized medical facilities are not available and the cost

of diagnosis is a major concern (Martinez et al. 2010).

lPADs with three-dimensional (3D) channels (3D-lPADs)

have also been invented through stacking multiple layers of

patterned paper and connecting paper channels in different

layers together (Martinez et al. 2008b). Compared to the

two-dimensional (2D) configuration (in which paper

channels are patterned on a single-paper substrate), 3D

paper channels allow fluid flows to run both laterally and

vertically and thus enable 3D, complex fluid manipulations

and more flexible device designs. With the same footprint,

3D-lPADs could incorporate more channels, fluid control

components, and more reaction zones than single-layer

lPADs.
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Despite these advantages of 3D-lPADs, the majority of

existing lPAD designs used 2D rather than 3D channels

(Martinez et al. 2007; Li et al. 2008; Nie et al. 2010; Lutz

et al. 2011; Ge et al. 2012b; Zuo et al. 2013), largely due to

the tedious fabrication process of 3D-lPADs. The original

fabrication technique (Martinez et al. 2008b), developed by

the Whitesides Group, involves aligning and then stacking

layers of patterned paper and double-sided adhesive tape to

form 3D channels. Cellulose powder or shaped paper pie-

ces is used to fill holes in the tape layers and bridge

channels in adjacent paper layers (Martinez et al. 2008b;

Noh and Phillips 2010). The potential issues during device

fabrication using this technique include misalignment of

paper/tape layers and discontinuity of channels in adjacent

paper layers (due to improper filling of holes in the tape

layers). The alignment of paper/tape layers could be

avoided through folding of patterned paper into multilayer

devices (Liu et al. 2012; Ge et al. 2012a). However, this

folding-based approach still requires a clamping holder for

mechanically maintaining the stacked device. Therefore,

the current fabrication techniques of 3D-lPADs raise

challenges in device manufacturing and quality control,

which is especially true in mass production.

Recently, two solutions for simplifying the fabrication

of 3D-lPADs have been proposed. The Phillips Group

introduced a parallel fabrication process in which large

pieces of paper, each of which includes an array of

duplicated channels, were aligned and bonded together

using spray adhesive, and then cut into individual multi-

layer devices (Lewis et al. 2012). It provides a higher

throughput of fabrication by simultaneously aligning and

stacking multiple devices in parallel. In the reports from

the Martinez Group, toner was laser-printed as both

impermeable barrier and adhesive to confine fluids in sin-

gle-layer channels and bond layers of patterned paper to

form a 3D-lPAD (Schilling et al. 2012, 2013).

In this work, we propose a wax-printing-based technique

for fabricating 3D channels in a single layer of cellulose

paper. Interconnected layers of paper channels are pat-

terned at different levels along the thickness of a paper

substrate, by controlling the penetration depth of the mel-

ted wax from both sides of the paper and thus forming 3D

hydrophobic barriers. We demonstrate that up to four

layers of channels can be fabricated in Whatman� 3MM

chromatography paper (315.4 lm thick) without process

optimization. The 3D architecture of the channel network

in a paper substrate can be readily controlled by adjusting

two parameters: (1) density of printed wax (through con-

trolling the grayscale level of wax printing), and (2) heat-

ing time (for melting the wax). This technique is also

compatible with these conventional fabrication techniques

of 3D-lPADs and can decrease the number of paper layers

required for constructing 3D-lPADs.

2 Experimental design

Since solid wax printing was applied to patterning micro-

fluidic channels on cellulose paper (Carrilho et al. 2009; Lu

et al. 2009), this technique has been widely used because of

its high simplicity and efficiency. The principle of wax-

printing-based paper patterning is based on the capillary

wicking of melted wax (which is initially printed on one

side of the paper) through the whole thickness of porous

paper upon heating, forming hydrophobic wax barriers and

2D hydrophilic paper channels. In this work, we extended

the capability of solid wax printing to patterning of 3D

paper channels in a single sheet of paper, through con-

trolling the penetration depth of the melted wax. Instead of

printing the wax on one side of the paper substrate and

allowing the melted wax to wick through the complete

thickness of the paper during heating, we printed wax on

both sides of the paper and controlled the penetration depth

of the melted wax from both sides to fabricate 3D hydro-

phobic barriers along the paper thickness and thus form 3D

hydrophilic paper channels.

We adjusted two fabrication parameters to control the

penetration depth of wax printed on paper surfaces during

heating. (1) Density of printed wax: We changed the

grayscale level of wax printing to deposit wax to the paper

surfaces with different densities. Once heated, we observed

that high-density wax wicked faster along the paper

thickness than low-density wax, resulting in hydrophobic

barriers with different thickness values formed in the paper.

In the eight-bit RGB color system we used in AutoCAD�,

a grayscale color is displayed when the RGB values are

equal. This RGB (red–green–blue) color system is con-

verted to the CMYK (C: cyan; M: magenta, Y: yellow, and

K: key or black) color system of the wax printer during

printing. Figure 1a shows microscopic photographs of

CMYK-colored solid wax microdots printed on top of

chromatography paper with different grayscale values. The

grayscale intensity changed from pure black (grayscale

value = 0) to pure white (grayscale value = 255; no wax

deposited). At a lower grayscale value (darker), the wax

microdots in CMYK colors were printed at a higher density

(Fig. 1a). While being heated, high-density wax microdots

had less lateral space to wick and thus travelled faster

vertically (along the paper thickness) than low-density

ones. (2) Heating time: With the same density of wax

printed on paper, longer heating time led to deeper pene-

tration into the paper. One can also adjust the heating

temperature to control the penetration depth of the melted

wax. After the glass transition point, higher temperature

makes the melted wax less viscous and thus wick faster

(Ohta and Rosen 2006). We opted not to examine the

heating temperature for simplifying the experimental

design.
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We chose Whatman� 3MM chromatography paper as

the substrate material. Its thickness was measured to be

315.4 ± 6.9 lm (n = 5), greater than that of Whatman No.

1 chromatography paper (*180 lm) commonly used in

lPAD fabrication; it provides more space along paper

thickness for fabricating 3D channels. Figure 1b, c sche-

matically illustrates the formation of 3D channels in one-

time printing and heating. In the first kind of designs

(Fig. 1b), channel layers were formed through alignment of

un-patterned paper areas on both sides of the paper sub-

strate. Both sides of the paper were printed at the same

grayscale level (the same density). Once heated, the wax

from both sides wicked into the paper and formed hydro-

phobic walls of two interconnected layers of channels. The

heating time was controlled to adjust the penetration depth

of the melted wax. The overlap of the un-patterned paper

areas formed a vertical interconnect between the two

channel layers. In another kind of designs (Fig. 1c), dif-

ferent areas on each side of the paper were printed with

wax at different grayscale (wax density) values. As high-

density wax wicked faster than low-density wax upon

heating, two layers of open channels (layers 1 and 4) and

two layers of enclosed channels (layers 2 and 3) can be

formed. Although we demonstrated fabrication of up to

four layers of channels in Whatman� 3MM paper, one can

achieve, in principle, more than four layers of channels

using this technique.

3 Materials and methods

3.1 Materials

All the chemicals employed in this study were purchased

from Sigma-Aldrich Canada and used as received without

further purification. Biomarker analytes in the colorimetric

tests were D-(?)-glucose (99.5 %), sodium L-lactate

(98 %), and uric acid (99 %). Accordingly, glucose oxi-

dase (from Aspergillus niger, 147,900 units/g), lactate

oxidase (from Pediococcus sp., 35 units/mg), and uricase

(from Candida sp., 4.9 units/mg) were, respectively, mixed

with peroxidase type I (from horseradish, 50 units/mg) as

oxidizers. Trehalose was mixed with the enzymes for sta-

bilization. A mixture of 4-aminoantipyrine and 3,5-

dichloro-2-hydroxy-benzenesulfonic acid was used as the

oxidation indicator. Details of chemical concentrations and

mixing ratios are listed in Table S1. We prepared artificial

urine solution following a previously reported protocol

(Brooks and Keevil 1997; Zhao et al. 2013). The artificial

urine solution contained 170 mM urea, 1.1 mM lactic acid,

2 mM citric acid, 25 mM sodium bicarbonate, 2.5 mM

calcium chloride, 90 mM sodium chloride, 2 mM magne-

sium sulfate, 10 mM sodium sulfate, 7 mM potassium

dihydrogen phosphate, 7 mM dipotassium hydrogen

phosphate, and 25 mM ammonium chloride, all mixed in

deionized (DI) water. The pH of the solution was adjusted

Fig. 1 Formation of 3D

microfluidic channels inside a

single sheet of Whatman� 3MM

chromatography paper

(315.4 lm thick). a Microscopic

photographs of wax microdots

printed at different RGB (or

grayscale) levels. The printing

intensity changes from pure

black [grayscale 0 or RGB (0, 0,

0)] to pure white [grayscale 255

or RGB (255, 255, 255)]. b,

c Schematic illustrations of the

formation of b two-layer and

c four-layer channels. In (b),

both sides of the paper were

printed at the same grayscale

level (color figure online)
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to 6 by adding 1 M hydrochloric acid. Paper device was

fabricated from Whatman� 3MM chromatography paper

(Sigma-Aldrich, Canada).

3.2 Calibration of wax penetration depth

To provide design guidelines of this technique, we cal-

ibrated the penetration depth of melted wax as a function

of the grayscale value and the heating time. We used

100 �C as the heating temperature in all experiments. We

first drew 5 9 5 mm2 squares in AutoCAD� 2013 stu-

dent version (AutoDesk, CA, USA), filled them with

solids at grayscale values of 0, 51, 102, 153, 204, and

printed them out on 3MM chromatography paper using a

Xerox ColorCube 8570 printer. We then heated the wax-

printed paper pieces in an oven at 100 �C for certain

periods of time to allow the melted wax to wick into the

paper. After cooling down the paper at room tempera-

ture, we cut each patterned paper piece in half and

imaged its cross sections under a stereomicroscope to

measure the penetration depth. To enhance the contrast,

we stained the un-patterned paper using red food dye

before imaging. The penetration depth was measured in

the microscopic photographs using Photoshop� CS6

(Adobe, CA, USA).

3.3 Inspection of wax-barrier quality

Comparing to conventional lPADs, hydrophobic barriers

in the 3D-lPADs we fabricated were formed in thicker

chromatography paper substrates (315.4 lm) with wax

printed at lower density levels. The hydrophobic barriers

formed in this way could potentially have lower quality, in

terms of their capability of holding aqueous solutions in

paper channels, than wax barriers formed at higher printing

density values on thinner paper substrates. We character-

ized the quality of wax barriers, formed by single-side and

double-side printing, through examining the smallest size

of functional wax barriers (which could hold aqueous

solutions without leakage).

Fig. 2 Testing of wax-barrier quality using double-sided printing.

Wax patterns shown in (a) was printed on one surface of the paper at

grayscale 0, 102, and 204, and blanket wax was printed on the other

surface of the paper at grayscale 0. The printed paper pieces were

then heated for 80, 110, and 160 s to form complete hydrophobic

barriers. Red food dye was added to the right paper zone to inspect

potential leaks through the wax barriers. b–d show photographs of

devices (respectively printed at grayscale levels of 0, 102, and 204)

taken 20 min after the dye was added and the results of leakage

inspection. The success rate of x/y, at a specific combination of barrier

width and grayscale level, means x out of y barriers successfully held

the dye for 20 min without leakage. The actual width of barrier is

reported in mean ± 1 standard deviation (SD) (color figure online)
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In our 3D fabrication technique, wax patterns printed at

different grayscale levels are used to form the barriers

(Fig. 1b, c). Dark wax patterns shall form more hydro-

phobic barriers than light ones as it has more wax per unit

area to wick through the pores of paper. On the other hand,

light wax patterns wick shorter distances laterally and thus

form narrower wax barriers given the same period of

heating time. To probe the limit of dimension at which

functional wax barriers could be formed, we used three

grayscale values (0, 102, and 204), to print wax patterns on

one side or both sides of Whatman� 3MM chromatography

paper and form hydrophobic barriers with different widths,

and investigated their capability of holding red dye solution

in paper channels. For single-sided printing, we printed

wax patterns at grayscale = 0 on one side of the paper to

form two un-printed rectangles side by side with a wax line

in between, as shown in Fig. 2a. We varied the nominal

width (set value in CAD files) of the middle wax line from

50 to 600 lm. We heated the printed paper pieces in an

oven at 100 �C until the wax penetrated the whole thick-

ness of 3MM chromatography paper and formed complete

hydrophobic barriers surrounding the paper zones. For

double-sided printing, we printed the same wax patterns

(Fig. 2a) on one side of the paper, and blanket wax on the

other side of paper, and heated the printed paper (with the

side with wax patterns facing up) at 100 �C to form com-

plete hydrophobic barriers. For heating the single-side- and

double-side-printed paper, we selected the shortest heating

time required for generating complete hydrophobic barri-

ers, based on the calibration results of wax penetration

depth as a function of wax density and heating time (Sect.

4.1 and Fig. 3). This led to the smallest widths of the wax

barriers between two paper channels, at different grayscale

levels of wax printing. We added 3 lL of red food dye to

the right paper zone, and waited for 20 min before exam-

ining if the wax barrier between the two paper zones could

hold the dye without leakage. We observed five samples for

each printing condition.

3.4 Characterization of enclosed channels

The presented technique can form enclosed channels using

‘ceiling’ wax (Fig. 1c), and the height of the enclosed

channels can be controlled by adjusting the penetration

depth of the ‘ceiling’ wax. The enclosement of paper

channels could potentially: (1) reduce evaporation of

solutions in the channels and (2) prevent contaminations by

avoiding contact between the solutions and the environ-

ment/user. We examined these two characteristics of the

enclosed channels through the following experiments.

(1) Quantification of the evaporation rate of aqueous

solutions in enclosed channels: We fabricated 64 mm 9

64 mm paper reservoirs on Whatman� 3MM

chromatography paper and then enclosed the reservoirs using

two layers of ‘ceiling’ wax barriers (Fig. S1(A)). The ‘ceiling’

wax layers were formed through double-sided printing of wax

at grayscale = 153 or 204 and subsequent heating at 100 �C

for 80 s, and the thickness of the ‘ceiling’ wax layer was 94.9

and 75.2 lm, respectively. We added 500 lL 1 9 PBS to the

paper channel and measured the weight loss of PBS-added

paper device every 5 min to quantifying the evaporation rate.

We also measured the evaporation rate of 1 9 PBS in open

paper reservoirs with the same size for comparison (Fig.

S1(B)). (2) Evaluation of liquid permeability of the ‘ceiling’

wax barrier: We firmly sandwiched a 45 mm 9 60 mm

enclosed paper channel (with two layers of 75.2-lm-thick

‘ceiling’ wax barriers formed through wax printing at a

grayscale level of 204) using two pieces of blotting paper

(Whatman GB004), passed 10 9 diluted blue food dye (Food

Color Preparation, Club House) through the paper channel for

15 min, and then checked if there was any leaked blue dye on

the blotting paper pieces.

We quantified the wicking speed of aqueous solutions in

enclosed channels with different heights. We fabricated

2-mm-wide enclosed paper channels through double-sided

wax printing at different grayscale levels to adjust the channel

heights (Fig. S2), passed 10 9 diluted red food dye, and

recorded the time for the dye to wick for a certain distance.

4 Results and discussions

4.1 Calibration data of wax penetration depth

versus grayscale level and heating time

Figure 3 shows calibration results of the wax penetration

depth as a function of the grayscale level and the heating

time. The data revealed reproducible trends that the melted

wax penetrated deeper into the paper with a lower gray-

scale level (i.e., higher density of printed wax) and longer

heating time. We found that, with a heating period of 320 s

or longer, wax printed at the grayscale level of 51 and

below completely penetrated the 315.4-lm-thick 3MM

chromatography paper, and that wax printed at the gray-

scale level of 102 also completely penetrated when heated

for 480 s. Based on these calibration plots, one can find a

proper combination of the grayscale level and the heating

time to form wax barriers with desired penetration depth.

For example, if wax with a grayscale level of 0 is printed

on both sides of a 3MM chromatography paper, similar to

wax 1 and wax 2 in Fig. 1b, it will take approximately 80 s

for the wax to form a complete barrier across the paper

thickness. Similarly, for the channel design in Fig. 1c, one

can pre-calculate the height of enclosed channels to be

formed when a combination of grayscale levels for wax

printing on both sides of the paper is chosen.
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4.2 Wax-barrier quality

For channel patterns shown in Fig. 2a, we found that wax

barriers formed through single-sided printing at gray-

scale = 0 (corresponding to the highest wax density) had

poor quality and cannot hold liquids without leakage

(Fig. S3), despite the fact that the melted wax had pene-

trated the whole paper after heating. The leaks mainly

happened on the back side of the device (opposite to the

printed side) because the wax on the back side (wicked from

the printing side) was insufficient to form hydrophobic

barriers. The channel shapes were also severely distorted

due to accumulated non-uniformity of lateral wicking of the

wax during longtime heating (Fig. S3). Since we used the

highest wax density in the single-sided printing, the poor

barrier quality indicates that, on Whatman� 3MM chro-

matography paper (315.4 lm thick), wax barriers made

through single-sided printing cannot function properly.

For wax barriers formed via double-sided printing,

Fig. 2b–d shows typical photographs of un-leaked and

leaked wax barriers with different widths and the corre-

sponding success rates of holding the red dye without

leakage (e.g., 5/5 means 5 out of 5 barriers successfully

held the dye without leakage). Calculated from the cali-

bration results of wax penetration depth (Fig. 3), the depths

of barriers, formed through wax printing at grayscale levels

of 0, 102, and 204 on the paper top surface, are 157.1,

146.2, and 98.8 lm, respectively. One can see that, the

smallest widths of wax barriers, which can reliably hold the

dye with a success rate of 100 %, are 752.6 ± 56.7 lm

(grayscale = 0), 583.3 ± 24.9 lm (grayscale = 102), and

337.5 ± 36.4 lm (grayscale = 204), all with a nominal

printing dimension of 150 lm. Because lower wax density

leads to limited lateral wicking on paper, grayscale 204

generates a much smaller reliable barrier width (337.5 lm)

than grayscale 0 (752.6 lm) and grayscale 102 (583.3 lm).

4.3 Characterization of enclosed channels

Figure S1 (C) illustrates the experimental results of the

evaporated volumes of 1 9 PBS versus time in 64 mm 9

64 mm paper reservoirs with and without ‘ceiling’ wax

barriers. We found that there was no difference in the

evaporation rates in enclosed and open paper reservoirs,

and thus concluded that the enclosement of paper channel,

formed by the presented technique, cannot reduce evapo-

ration of solutions in the channel. We attributed this finding

to the fact that the melted wax only wicks through paper

microfibers to form hydrophobic barriers but does not

completely fill the pores of the paper to generate gas-

impermeable ‘ceilings’ of the enclosed channels.

We tested fluid permeability of ‘ceiling’ wax barriers

through passing blue dye through an enclosed channel

sandwiched with blotting paper and inspecting any leaks

from the enclosed channel to the blotting paper. For 75.2-

lm-thick ‘ceiling’ wax barriers fabricated from printing at

a grayscale level of 204, we did not observe any leak in five

tests. This result confirmed that the enclosed channel can

effectively prevent the solutions from contact with the

environment and the user, and thus avoid potential

contaminations.

Printing the ‘ceiling’ wax at different grayscale levels

and/or heating it for different periods of time lead to dif-

ferent wax penetration depths and thus different height (or

thickness) of the enclosed channels. We characterized the

wicking speed of 1 9 PBS in 2-mm-wide paper channels

Fig. 4 Experimental results of wicking time versus distance inside

2-mm-wide enclosed channels with different channel heights

(N = 6). The channel heights were calculated based on the data

obtained through wax penetration depth calibrations. Error bars

represent 1 SD

Fig. 3 Experimental results of wax penetration depth versus

grayscale level and heating time (N = 4). Error bars represent 1

SD (color figure online)
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with heights of 83.2, 117.9, and 165.0 lm. From the

measurement results shown in Fig. 4, one can find that,

with the same width, higher channels transported liquid

faster than shallower ones. While being plotted in the

format of wicking distance versus square root of time (inset

in Fig. 4), the measurement data followed straight lines in the

time range of 0–12 min, and agreed with the prediction of

Washburn equation (Washburn 1921). The data deviated from

straight lines in longer wicking periods ([12 min) due to the

effect of evaporation. Although we only performed testing of

wicking speeds in enclosed channels with a typical width of

2 mm, one can readily acquire measurement data for channels

with different widths by following the same experimental

procedure. These characterization data can be used for

designing enclosed channels with desired wicking speeds; this

could be used for fluidic timing, which has been demonstrated

in previous lPAD designs (Noh and Phillips 2010; Lutz et al.

2011; Li et al. 2013).

4.4 Demonstration of a 3D-lPAD for multiplexed

colorimetric detection

Using the presented technique, we demonstrated the fabri-

cation of a 3D-lPAD with three-layer channels for multi-

plexed colorimetric detection of glucose, lactate, and uric

acid in artificial urine. The device, as illustrated in Fig. 5a,

b, has a single inlet on its top side, nine test zones (three for

each analyte) on its bottom side, and enclosed paper chan-

nels connecting the inlet and the test zones. Comparing to

single-layer multiplexing lPADs with open or lamination-

enclosed channels, our design produced enclosed branching

channels through simple fabrication and does not need

device packaging to prevent contaminations. The 3D-lPAD

was fabricated from a single layer of 3MM chromatography

paper, through double-sided printing of wax patterns at

different grayscale levels (Fig. 5a). After heating the prin-

ted paper piece to form the wax barriers, labels were printed

on the bottom side of the device (Fig. 5b) to indicate test

zones for detecting different analytes (G: glucose, L: lac-

tate, and U: uric acid). Colorimetric reactions for detecting

the three analytes were all based on the oxidation of these

analytes by corresponding oxidase enzymes, during which

hydrogen peroxide was produced and the subsequent color

change of colorimetric indicator was induced upon oxida-

tion by the generated hydrogen peroxide. The details of

required reagents, device preparation, and experimental

conditions are described in the Online Resource.

In the experiments, we added 10 lL of artificial urine,

spiked with the three analytes at different concentrations, to

the device inlet, waited for 10 s to let the urine wick to the

reaction zones, and measured the colorimetric signals after

10-min reactions using a desktop scanner (LiDE 210, Cannon,

Japan). The analyte labels (G, L, and U) printed on the back

side of the device made the signal measurements more

straightforward, enhancing the user-friendliness of the device.

The acquired data of colorimetric grayscale intensity versus

concentration are plotted in Fig. 5c, and the inset shows a

scanned photograph of nine test zones with colored precipi-

tates. The glucose reactions usually generated much deeper

red participate than these of lactate and uric acid. As expected,

the calibration curves revealed a linear relationship of the

grayscale intensity and the analyte concentrations.

4.5 Demonstration of compatibility with conventional

fabrication technique of 3D-lPADs

Although the presented technique allows one to achieve

multilayer of channels in one piece of paper, it cannot

Fig. 5 A three-layer lPAD for multiplexed colorimetric detection.

a Cross-sectional schematic of the three-layer channel structure of the

lPAD. b Photographs of top and bottom surfaces of the lPAD. Letters

wax printed on the bottom sides indicate a group of three test zones for

the same marker (G glucose, L lactate, U uric acid). c Experimental

results of the colorimetric intensity data versus the marker concentra-

tion (N = 5). Error bars represent 1 SD. The inset shows a photograph

of the test zones after colorimetric reaction
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completely replace the conventional stacking-based

technique for constructing 3D-lPADs. The major reason

is that the presented technique cannot generate crossing

channels stacked with one on top of another in the same

piece of paper, given the fact that the melted wax can

only penetrate into the paper from one side and thus

cannot form thin-film hydrophobic wax barriers inside

the paper to separate two stacked crossing channels.

Another reason is that given the limited thickness of a

paper substrate, the maximum number of channel layers

that can be fabricated in one sheet of paper is limited

(e.g., four layers of channels for a 315.4 lm 3MM

chromatography paper).

However, this fabrication technique is compatible with

the conventional techniques for constructing 3D-lPADs.

To form a 3D-lPAD with crossing channels or with a large

number of channel layers, one can use our technique to

readily pattern multiple layers of 3D channels in single

layers of paper, and then follow the conventional approach

to stack these paper sheets together and form more com-

plex channel networks. Here, we demonstrated the fabri-

cation of 3D-lPADs with four-layer paper channels by

stacking two layers of patterned paper, each of which

contained two layers of channels fabricated using the pre-

sented technique. For fabrication of each paper layer, we

printed wax on both sides of the paper at a grayscale

level = 0, and then heated the paper at 100 �C for 80 s.

We used a layer of double-sided adhesive tape, laser-cut

with through-holes, for adhering the two layers of patterned

paper together. We employed a mixture of cellulose pow-

der and water (w/w ratio: 1:3) to fill the through-holes of

the tape layer. We made two demonstration devices, as

shown in Fig. 6, to distribute dye solutions with three

different colors from single inlets on the top of the devices

to multiple outlets on the bottom of the devices (which

could serve as test zones in analytical tests), and formed

specific color patterns (an array of circular zones in Fig. 6a,

and a ‘McGill’ logo in Fig. 6b). Both types of devices

worked properly and distributed the three dye solutions

into desired outlets.

In a conventional fabrication process, both devices in

Fig. 6 would require four layers of paper and three layers

of adhesive tapes, while only two layers of paper and one

layer of tape were used in our demonstration. More

importantly, the alignment/stacking steps of layers of

paper and tape, which are the most tedious and chal-

lenging in the whole fabrication process, were reduced

from three times to one time. Hence, we believe the

presented fabrication technique, combined with the con-

ventional stacking method, can improve the efficiency and

convenience of fabricating 3D-lPADs with complex

channel networks.

Fig. 6 Photographs of

multilayer devices and the

illustrations of the consisting

layers. a Top and bottom sides

of the spot distribution device

and the consisting layers. 20 lL

blue, 80 lL red, and 40 lL

green dye solutions were

dropped to corresponding inlets.

b Top and bottom sides of the

‘McGill’ logo device and the

consisting layers. 60 lL blue,

30 lL red, and 30 lL green dye

solutions were dropped to

corresponding inlets (color

figure online)
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5 Conclusion

We reported a novel wax-printing-based technique for

fabricating 3D microfluidic channels inside a single layer

of cellulose paper. By controlling penetration depth of

melted wax on both sides of the paper substrate, multiple

layers of paper channels were formed at different levels

along the paper thickness. Major fabrication parameters for

controlling the penetration depth were characterized, pro-

viding guidelines for designing this type of paper-based

devices. It was demonstrated that the technique allowed

easy fabrication of up to four layers of paper channels in a

315-lm-thick paper substrate, without any process opti-

mization. Using this simple technique, we created a lPAD

with a three-layer channel network and demonstrated

multiplexed colorimetric detection of three biomarkers

(glucose, lactate, and uric acid). We also showed that the

presented technique is compatible with the conventional

fabrication techniques of 3D-lPADs. This technique, we

believe, can significantly simply the fabrication of 3D-

lPADs and improve the device quality.
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