
1 
 
 

Barrier-free microfluidic paper analytical devices for multiplex colorimetric 
detection of analytes  
 
Ayushi Chauhan, Bhushan J. Toley* 
 

Department of Chemical Engineering 
Indian Institute of Science  
Bangalore, India  
 
Keywords: uniform rehydration, paper microfluidics, point of care diagnostics, Richards 
equation, partial saturation, low resource settings 
 

 

*Correspondence to: 
Bhushan J. Toley 
Department of Chemical Engineering 
Indian Institute of Science Bangalore 
Malleswaram 
Bangalore 560012 
Phone: +91-9146142296 
Email: bhushan@iisc.ac.in 
 

 

 

 

 

 

 

 

 

 

 

 

 



2 
 
 

Abstract 

In recent years, microfluidic paper analytical devices (μPADs) have been extensively utilized 

to conduct multiplex colorimetric assays. Despite their simple and user-friendly operation, the 

need for patterning paper with wax or other physical barriers to create flow channels makes 

large scale manufacturing cumbersome. Moreover, convection of rehydrated reagents in the 

test zones leads to non-uniform colorimetric signals, which makes quantification challenging. 

To overcome these challenges, we present a new device design called barrier-free μPAD (BF-

μPAD) that consists of a stack of two paper membranes having different wicking rates – the 

top layer acting as a fluid distributing layer and the bottom layer containing reagents for 

colorimetric detection. Multiple analytes can be detected using this assembly without the need 

to pattern either layer with wax or other barriers. In one embodiment, a device is capable of 

delivering the sample fluid to 20 distinct dried reagent spots stored on an 8cm x 2cm membrane 

in as few as 30 seconds. The multiplexing feature of BF-μPAD is demonstrated for colorimetric 

detection of salivary thiocyanate, protein, glucose, and nitrite. Most importantly, the device 

improves the limit of detection of colorimetric assays performed on conventional μPADs by 

more than 3.5x. To understand fluid imbibition in the paper assembly, the device geometry is 

modelled in COMSOL Multiphysics using Richards equation; the results obtained provide 

insights into the non-intuitive flow pattern producing perfectly uniform signals in the barrier-

free assembly.  
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Introduction 

Microfluidic paper analytical devices (μPADs) have become a powerful tool for point-of-care 

(POC) diagnosis owing to their portability, user-friendliness, biodegradability, compatibility 

with biological fluids, and the ability to store dried reagents1. One of the most popular 

applications of μPADs has been the multiplexed colorimetric detection of analytes in a sample 

fluid1,2. Detection of multiple analytes is performed by patterning hydrophobic barriers on the 

membrane to create flow channels, a technique first demonstrated by Martinez et al.3 Multiple 

techniques have since been utilized for the creation of such barriers, e.g.  wax printing, inkjet 

printing, photolithography, chemical modification of paper etc.; these techniques have been 

well reviewed by Cate et al.2  

 

Despite their popularity, the techniques used for patterning paper require specialized equipment 

that increase the cost of fabrication. Further, each technique has associated limitations, e.g. low 

print resolution in wax printing and inkjet printing, and the need for a clean room, UV exposure 

facility, and skilled personnel for photolithography techniques. An alternative to patterning is 

to precisely cut the paper membrane in the desired shape4. But this method limits the smallest 

features that can be created because of limitations of mechanical stability. In addition to 

cumbersome fabrication processes, the problem of slow flow rate and imperfect mixing leading 

to non-uniform colorimetric signals5 remain the major challenges for multiplex colorimetric 

detection in μPADs. 

 

In this article, we introduce a new device design called barrier-free microfluidic paper 

analytical device (BF-μPAD) that can simultaneously detect multiple targets without patterning 

barriers in paper. This was enabled by stacking two paper membranes with significantly 

different wicking rates. The top layer having a high wicking rate is used as a sample fluid 
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distributor, and detection reagents are spotted on the bottom membrane having a low wicking 

rate. The large difference in wicking rates ensures that the flow of sample fluid to the detection 

zones is predominantly in the vertical direction, from the top to the bottom membrane. Further, 

lateral flow in the bottom membrane is practically eliminated, obviating the need for barriers, 

and producing highly spatially uniform colorimetric signals. Our group has previously 

demonstrated the application of such an assembly in uniform rehydration of sample 

stabilization reagents stored on the bottom membrane, which aided in effective sample 

stabilization6. To better understand flow patterns in such an assembly, we present a Richards 

equation model of wicking flow in this stacked assembly. Richards equation7 accounts for 

partial saturation in paper membranes and our group8,9 and others10,11 have previously 

established its use in modelling flow in paper microfluidic devices. We demonstrate the 

multiplexing feature of BF-μPAD by simultaneously testing four analytes thiocyanate12, 

protein3, glucose4,13, and nitrite14,15 in a 2cm x 2cm assembly. The barrier free assembly 

presented here overcomes important limitations of current single layer barrier-patterned 

μPADs. 

 

EXPERIMENTAL SECTION 

Materials and fabrication 

Standard 17 glass fiber (referred to as ‘Standard 17’ here onward) and Whatman filter paper 

Grade 1 (referred to as ‘filter paper’ here onward) membranes were acquired from GE 

Healthcare Life Sciences (Bangalore, India). Transparent acrylic sheets of thickness 2.16 mm 

and 5 mm were acquired locally. All layered devices were fabricated using 2.16 mm acrylic 

sheets and circular fluid reservoirs were cut into 5 mm acrylic sheets. Double-sided pressure 

sensitive adhesive (PSA; 3M 9731) and PDMS tape (ARclad IS-7876) were used to secure the 

paper layers and acrylic sheets together. All designs were created in AutoCAD (Autodesk, San 
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Rafael, CA). All materials were cut using a 50 W CO2 laser in a VLS 3.60 laser engraver 

(Universal Laser Systems, Scottsdale, AZ). Images were captured using a Redmi 5 smartphone 

and a Canon LiDE 220 flatbed scanner. 

 

Chemicals and assays 

All reagents and stock solutions were prepared in DI water unless otherwise mentioned. The 

pH experiment was performed using 10 mg/ml bromophenol blue solution (Sisco Research 

Laboratories Pvt. Ltd. India) as the dried reagent and 1 M HCl (Thomas Baker Chemicals Pvt. 

Ltd.) as the sample fluid. Thiocyanate detection assay: The assay for colorimetric detection of 

thiocyanate was adapted from Pena-Pereira et al.12 Reagents for the test were prepared by 

dissolving 10.1g of Fe(NO3)3.9H2O in 20 ml of DI water followed by addition of 2 ml of 1 M 

nitric acid. The final volume was adjusted to 25 ml using DI water. Stock solution for 

thiocyanate detection was prepared as 1 M NaSCN. Protein detection assay: This assay was 

adapted from Martinez et al.3 Detection reagents were prepared by mixing equal volumes of 

250 mM citrate buffer (pH =1.8) and 3.3 mM bromophenol blue (Sisco Research Laboratories 

Pvt. Ltd. India) in 95% ethanol. Citrate buffer was prepared by dissolving10.5 mg of citric acid 

and 47.3 mg of sodium citrate in 10 ml of DI water. Bovine serum albumin (BSA; Sigma-

Aldrich A2153), 20 mg/ml, was used as a stock solution for protein detection. Glucose 

detection assay: Glucose detection assay was adapted from Zhu et al.4 and Santana-Jimenez et 

al.13, and reagents were prepared by mixing equal volumes of glucose oxidase (20 mg/ml), 

horseradish peroxidase (1 mg/ml), 4-amino antipyrine (20 mg/ml), and 2,4,6-tribromo-3-

hydroxybenzoic acid (5 mg/ml). Stock solution was prepared using dextrose (200 mg/dl). All 

chemicals for glucose testing were obtained from Sisco Research Laboratories Pvt. Ltd. India. 

Nitrite detection assay: Nitrite was detected by the Griess reaction as described by Klasner et 

al.14 and Blicharz et al.15  Equal volumes of 50 mM sulfanilamide (Sigma-Aldrich), 330 mM 
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citric acid, and 10 mM n-(1-napthyl) ethylenediamine in methanol were mixed. Stock solution 

for nitrite was prepared as a 100 mM solution of NaNO2. 

 

Reagents for thiocyanate, protein, and nitrite detection were stored at room temperature in 

amber centrifuge tubes and were used for 15 days without any noticeable loss of activity, while 

that for glucose detection were freshly prepared. Stock solution for thiocyanate and nitrite 

detection were stored at 4 ̊ C and used for one week without recording loss of signal while that 

of glucose and BSA were freshly prepared. For paper-based assays, reagents were manually 

pipetted on the paper and dried for 15 min followed by device assembly and immediate 

introduction of sample. The following chemicals were obtained as kind gifts: sodium 

thiocyanate, ferric nitrate, methanol, sodium nitrite, citric acid, and sodium citrate from Dr 

Venugopal Santhanam, and n-(1-napthyl) ethylenediamine from Prof Santanu Bhattacharya 

(both from IISc, Bangalore). 

 

Image analysis and determination of limits of detection 

All images were analyzed in ImageJ software. Color images (8-bit) were first split into red, 

blue, and green channels. For the pH experiment and thiocyanate assay, signal intensities were 

measured using the blue channel; for glucose and nitrite assays using the green channel; and 

for protein assay using the red channel. A circular region of interest (ROI) covering ~80% of 

the diameter of the signal was created to measure the mean intensity, !, of a signal spot; the 

size of the ROI was fixed for all analyses. The blank signal,	!!"#$%, measured as the mean (N=3) 

of the signal intensity generated by introducing DI water into identical detection zones was 

subtracted from all test signals. Prior to subtraction, all intensities were inverted by subtracting 

from 255 to account for generation of colored spots over a white background. Final signal 

intensities were thus reported as !&'(& = (255 − 	!) − (255 −	!!"#$%). The limits of detection 
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for BF-μPAD and μPAD were calculated using a 4-parameter logistic curve described by 

Holstein et al16. The method includes variance of mean of all data points performed in replicates 

(N=4) for 7 different analyte concentrations including the blank. 

 

MODELLING SECTION 

To understand fluid flow profiles in BF-μPAD, the device was modelled in COMOSL   

Multiphysics 5.4 software using Richards equation using methods previously described by our 

group8,9. Liquid imbibition in porous media, considering partial saturation, is described by 

Richards equation as:  

	)*)& =	∇. +
+(*)
. 	∇(,(-) + /01)2 --------(1) 

where - is volumetric liquid content in the membrane, , is capillary pressure (Pa) induced by 

the membrane on the liquid, 3 is permeability (m2) of the membrane, and μ is viscosity (Pa.s) 

of the liquid.  Since the assembly was kept horizontal and the membranes were very thin (~10-

4 m), gravitational head /01 was neglected. A normalized saturation parameter was defined as  

45 = (- − -/)/(-( − -/), where θs is the maximum volumetric content at saturation, θr is the 

residual volumetric content (assumed to be 0). θ varies from θr to θs and therefore Se varies 

from 0 to 1. In order to solve the Richards equation, , and 3 as a function of Se must be known 

for each porous material. A popular set of constitutive relations for 3(45) and ,(45) is the 

Van Genuchten formulation that involves three parameters: 6, 8, 9 for each material. These 

parameters were obtained by fitting experimental data for ,(45) for Standard 17 and filter 

paper previously acquired in our lab6. Details of the Van Genuchten formulation and all 

parameters used for COMSOL simulations are provided in Supporting Information (SI) Section 

1.  
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RESULTS AND DISCUSSION 

Design and function of BF-μPAD  

BF-μPAD consists of a stack of a Standard 17 membrane placed flush on top of a filter paper 

membrane (Fig. 1A). Reagents for analyte detection are spotted at distinct locations in the filter 

paper membrane and the sample fluid is added on top of the Standard 17 membrane (Fig. 1A). 

The top Standard 17 layer has a higher wicking rate compared to the bottom filter paper layer. 

The T4-cm, i.e. time required for fluid to wick 4 cm from the source in horizontally placed 

membrane strips, are 12 s and 110 s for Standard 17 and filter paper, respectively6. 

 

Prior to multiplex detection, an 8 cm x 2 cm BF-μPAD was tested for uniformity of signals 

over the surface by depositing multiple spots of a pH dye on the detection layer (Fig. 1A). 

Sixteen 1 μl spots of 10 mg/ml bromophenol blue were hand pipetted on the detection layer 

using a custom-made 8 cm x 2 cm acrylic stencil containing equispaced holes of 0.6 mm radius. 

The generated spots were allowed to dry for 15 minutes at room temperature before placing 

the Standard 17 distribution layer on top. PSA layers, 8 cm x 2 cm, were used to adhere the 

detection layer to the bottom acrylic base and to adhere the distribution layer to the top acrylic 

cover. The top acrylic cover and the top PSA layer had 4 mm radius holes at the center for 

sample introduction. The entire assembly was secured with PDMS tape along the longer edges 

to prevent fluid leakage.  A fluid reservoir made out of acrylic was adhered on the top acrylic 

cover. The top and bottom acrylic layers had small protrusions on both ends (Fig. 1A) to enable 

supporting the device at an elevation to enable imaging from both sides. 

 

A direct comparison of colorimetric signal development in BF-μPADs and control devices was 

performed. A control device consisted of a single 8 cm x 2 cm filter paper detection layer 

spotted identically with reagents but lacking the top distributor layer (Fig. 1B). For this, a 1 M 
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HCl solution was introduced into both: 255 μl in control and 895 μl in BF-μPAD. These 

volumes were chosen to match the fluid absorption capacities of the respective devices. On 

addition of acid, the blue pH indicator changes color to yellow. When HCl was added to 

control, by the time the fluid fully wet the membrane (t = 150s), the yellow spots merged into 

each other generating smudges of yellow color (Fig. 1B; Control). However, the BF-μPAD 

generated 16 distinct signal spots (Fig. 1B; BF-μPAD), even though the detection regions were 

not separated by physical barriers. Further, the time of rehydration reduced to 30s owing to the 

rapid wicking rate of the distribution layer. The smudges in control are explained by the 

laterally wicking fluid pushing (convecting) the dried reagents along with it. On the other hand, 

in BF-μPAD, the lateral flow primarily occurs in the distribution layer; there is practically zero 

lateral flow in the bottom detection layer. These flow patterns are modelled in the following 

section.  

 

The uniformity of signal across all 16 spots in the BF-μPAD was then assessed. Fig. 1C shows 

the mean intensity of the 16 spots when imaged from the bottom (detection layer side) using a 

flatbed scanner (empty squares; Fig. 1C) and a smartphone camera (solid circles; Fig. 1C). 

Error bars represent standard deviations in mean intensities at each spot location across three 

replicates of the device. There was no statistically significant difference in the mean intensity 

across the 16 spots, which confirms that the performance of a detection spot is not dependent 

on its distance from the fluid source. Coefficients of variation in mean intensity of all 48 spots 

across 3 replicate devices were 6.94% when imaged by a smartphone and 3.49% when imaged 

using a flatbed scanner. While demonstrated using 16 detection spots here, an 8 cm x 2 cm BF-

μPAD can also incorporate 20 reagent spots of 1 μl each of pH dye (SI Section S2 and Movie 

S1) and 32 reagent spots of 0.4 μl each of glucose assay (SI section S2 and Movie S2).  



10 
 
 

 

Figure 1. Design and function of BF-μPAD. (A) Schematic of an 8 cm x 2 cm device 
containing 16 detection zones. Sample added through the reservoir flows rapidly through the 
Standard 17 distribution layer and acts as a source for rehydrating the detection reagents in 
the filter paper detection layer directly underneath. (B) Comparison of rehydrated reagents 
with and without the distribution layer, on addition of 1M HCl. In control, rehydrated 
reagents merge into each other, while in BF-μPAD, all 16 rehydrated reagent spots remain 
segregated. (C) End-point color intensities of the 16 detection spots in BF-μPAD for images 
captured by a smartphone and a flatbed scanner. Error bars represent standard deviations 
(N=3). 

 

 

Modelling flow in an assembly of Standard 17 and filter paper  

Wicking flow in an assembly of a Standard 17 layer placed on top of a filter paper membrane 

was modelled using Richards equation to understand flow patterns. Our group has previously 

demonstrated the use of Richards equation in modeling wicking flow through a serial assembly 

of two different membranes9. However, this is the first demonstration of the use of Richards 

equation for modelling flow through a stack of paper membranes. For this, a 2D spatial domain 

is considered – x direction being the direction of lateral flow along the length of the device, 
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and y direction being the vertical direction spanning the thickness of the two membranes (Fig. 

2A). Because the flow profile would be uniform around the central fluid reservoir, only half of 

the device was modelled, representing a side view of the assembly (Fig. 2A). The top rectangle 

(or domain) represents the 370 μm thick Standard 17 distribution layer and the bottom rectangle 

represents the 180 μm thick filter paper detection layer (Fig. 2A). Fluid inlet was represented 

by a 4 mm horizontal line at y = 0, initiating from the origin. Note that the representation of the 

domain in Fig. 2A is not to scale. 

 

The Richards equation solves for Se, the normalized saturation, as a function of space and time. 

Therefore, boundary conditions and initial conditions are needed on Se, which is directly 

correlated to capillary pressure, ,, for each material (SI Section S1). 

Boundary conditions: Fluid reservoir was assumed to be fully saturated, so an inlet condition, 

Se = 1, was imposed along the 4 mm horizontal fluid entry line at y = 0. A symmetric boundary 

condition was imposed along the y axis. A flux continuity boundary condition was assigned to 

the common edge of the two rectangles. All other edges in the model geometry were set to a 

non-flux Neumann boundary condition. 

Initial condition: Initially, both membranes were dry, i.e. Se = 0. However, ,  asymptotically 

reaches infinity at Se = 0, which causes computational errors. Therefore, Se corresponding to 

the maximum experimentally measured capillary pressure at which the model produced 

wicking rates that matched experimental observations were set as the initial conditions for both 

domains (see SI Section S1). 

 

Convective velocity in partially saturated domains is given by9: 

:59;<=>? = +(*)
. 	∇@,(-)A-----------(2) 
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After solving the model, horizontal (u) and vertical (v) velocity components in the two domains 

were extracted using 6 spatial points – 1 cm, 2 cm, and 3 cm from the origin in the x direction, 

and at the centers of the two domains in the y direction (-185 µm and -460 µm for top and 

bottom domain, respectively; Fig. 2A). In the top domain, horizontal velocity, u, decreased 

over time for all three spatial points (Washburn-like behavior), ultimately reaching zero at full 

membrane saturation (Fig. 2B(i)). On the other hand, the vertical velocity, v, at all three points 

in the top domain was ephemeral and appeared as sharp spikes at time points when the fluid 

fronts reached those spatial points (Fig. 2B(ii)). Moreover, the magnitudes of v are ~1 order of 

magnitude lower than that of u (Fig. 2B (i)-(ii)). These spikes in vertical velocity, v, represent 

movement of the fluid from the top to the bottom domain. The short durations of these spikes 

suggest that the membranes saturate rapidly in vertical direction. A similar analysis was 

conducted for the chosen spatial points in the bottom membrane. In stark contrast to the top 

domain, the horizontal velocity, u, in the bottom domain only appeared as spikes (Fig. 2B(iii)). 

Vertical velocities, v, in the bottom domain reflect those in the top domain and also appear as 

spikes (Fig. 2B(iv)) with peak velocities being ~1 order of magnitude less than horizontal 

velocities, u. Two important observations may be made from these data: a) the dominant 

direction of flow in the assembly is the horizontal direction, and b) there is no continuous flow 

of fluid in any direction in the bottom membrane. These observations were corroborated by a 

direct comparison of horizontal velocities, u, in the top and bottom domains along horizontal 

lines (x = 0 to 4 cm) at y = -185 µm (top domain) and y = -460 µm (bottom domain) (Fig. 2C). 

Velocities were extracted at three different time points – 5s, 10s, and 15s. In the top domain, 

non-zero velocities exist all the way up to the fluid fronts (solid lines; left y-axis; Fig. 2C), 

while in the bottom domain, non-zero velocities exist only locally in the vicinity of the fluid 

fronts (dotted lines; right y-axis; Fig. 2C). Further, the magnitude of horizontal velocity is about 

an order of magnitude higher in the top domain compared to bottom (left vs right y-axis; Fig.  
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Figure 2. Results of flow modelling. (A) Model geometry representing side view of BF-
μPAD with a 4 mm horizontal line at y=0 as the fluid inlet. (B) Comparison of horizontal (u) 
and vertical (v) velocity components at three different x locations along the centers of 
membrane thicknesses for top domain (i, ii) and bottom domain (iii, iv). (C) Variation of 
lateral flow velocity along 4 cm horizontal lines passing through the centers of membrane 
thicknesses at three different time points. (D) Surface plots of horizontal velocity profiles at 
different time points. 

 

2C). Surface plots of horizontal velocity, u, at different time points (t = 0.5s, 2.5s, 7s, and 13s) 

shed more light on the flow patterns (Fig. 2D). While the top domain contains large regions 

having a significant convective velocity at any time, the bottom domain only has local regions 
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of convection just below where the fluid fronts exist in the top domain. Further, these local 

convective velocities are temporary (Fig. 2B(iii)-(iv)). 

 

From these results, the following can be concluded about wicking flow in the BF-μPAD 

assembly. Fluid introduced into the top layer wicks rapidly away from the source in the lateral 

direction and continuously feeds fluid to the bottom layer in the vertical direction. As soon as 

the bottom layer receives fluid, it saturates and there is no more movement of fluid in the 

bottom layer. Instead, the unsaturated regions of the bottom membrane continue to receive fluid 

from the top distribution layer. This explains why rehydrated reagents in the detection layer of 

BF-µPAD do not move away from their locations via convection, enabling barrier-free 

multiplex detection. Note that diffusion of rehydrated reagents would still occur in the bottom 

domain and could carry reagents away from the detection zones, but the time scale for diffusion 

is significantly longer than the test time; within the time span of the detection experiment (< 6 

min), diffusion over these length scales may be safely neglected. 

 

Multiplex detection in BF-μPAD 

The application of BF-μPAD for multiplex colorimetric detection is demonstrated next using 

a 2 cm x 2 cm device containing 4 analyte detection zones, prepared by manually pipetting 1 

µl each of the corresponding colorimetric detection reagent. The user experience is shown in 

Fig. 3A; the user is required to add a predefined sample volume equal to volumetric capacity 

of the two membranes into the sample reservoir (244 µl for a 2 cm x 2 cm device), wait for 30 

seconds for the sample to saturate the assembly and develop signal, and flip the device to image 

the bottom layer using a smartphone. Multiplexing is demonstrated using four clinically 

relevant analytes: thiocyanate (SCN-), protein (BSA), glucose, and nitrite (NO2-)3,4,12–15. While 

all these analytes are adequately present in saliva, the demonstration here uses samples 
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prepared in DI water. However, our group has previously demonstrated that such a stacked 

assembly is compatible with flow of more viscous fluids like sputum6. Eight different samples 

having varying concentrations of the 4 analytes were prepared. Concentrations were chosen 

such that they spanned the clinically relevant range of these analytes in saliva. Fig. 3B shows 

an actual fabricated BF-μPAD device before sample addition, along with the locations of the 

four detection reagents. The SCN- reagent turns colorless to brown, glucose and NO2- reagents 

turn colorless to pink, and the BSA reagent changes from yellow to blue with increasing analyte 

concentration. Results of detection from 8 different samples containing SCN- ion and glucose 

concentrations in decreasing order and BSA and NO2- ion concentration in increasing order 

(from top to bottom row) are shown in Fig. 3C. Four distinct reaction zones were maintained 

throughout the test. The intensity of color generated over the circular ROI for each analyte 

increased monotonously with increasing analyte concentration (Fig. 3D).   
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Figure 3. Multiplex detection in BF-μPAD. (A) The user experience: the user adds the 
sample into the reservoir, waits for 30s, flips the device and captures the result using a 
smartphone. (B) Image of filter paper-side of BF-μPAD with dried reagents before sample 
addition. (C) Results from BF-μPAD after introduction of samples containing different 
concentrations of 4 analytes: thiocyanate, BSA, glucose, and nitrite. Black circle around 40 
mg/dl glucose shows the representative region of interest for signal analysis. (D) Calibration 
plots for thiocyanate, nitrite, BSA, and glucose. Error bars represent standard deviations 
(N=3). 

 

Investigation on cross-mixing 

Because BF-μPADs lack flow barriers in between detection zones, it was important to 

determine whether reagents from one detection zone affected colorimetric signals in another 

detection zone directly downstream the convective flow. For this, two types of 4 cm x 2 cm 

BF-μPADs were fabricated – a singleplex device with 4 nitrite detection spots at four corners 

(Fig. 4A; singleplex device) and a multiplex device containing 2 spots each for glucose and 

BSA detection, in addition to the 4 nitrite detection spots (Fig. 4A; multiplex device). In the 

multiplex device, the nitrite-containing sample introduced into the sample reservoir must flow 

over the region containing detection zones for BSA and glucose. Solutions containing 4 

different nitrite ion concentrations and one blank solution were added as a sample fluid to both 

devices. The signal intensity of nitrite detection zones increased monotonously with increasing 

nitrite ion concentration and the signal response was identical for the singleplex and multiplex 

devie (Fig. 4B). Students t-test comparison of signal intensities for singleplex vs multiplex 

devices at all nitrite concentration produced P values > 0.41 (N=4), showing that the signals 

were virtually indistinguishable. It may be noted that the developed pink color for different 

nitrite concentrations in this experiment was visibly darker than the corresponding pink color 

produced in the previous multiplex detection experiment (Fig. 3C).  This is because the nitrite 

assay develops signal slowly and, in this analysis, we waited for the color to fully develop and 

captured images after 6 minutes of sample addition. The longer wait time ensured that enough 

time was provided for cross reactivity between reagent zones to occur, if any. However, no 
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cross reactivity was found. In a separate set of experiments, the specificity of the colorimetric 

assays within paper were tested to check whether the presence of multiple analytes in the 

sample affected the performance of any particular colorimetric assay (SI Section 3). No such 

cross reactivity was found.  

 

Figure 4. Investigations of reagent cross mixing in BF-μPAD. (A) Test results from a 
singleplex BF-μPAD containing detection spots for nitrite, and from a multiplex BF-μPAD 
containing detection spots for BSA and glucose in addition to nitrite. Top row: schematic; 
middle and bottom rows: results from blank and 0.6 mM NO2- solution, respectively. (B) 
Variation of mean intensity with NO2- concentration in singleplex and multiplex devices. 
Error bars represent standard deviations (N=4).  

 

Comparative performance of BF-μPAD and μPAD  

The performance of the colorimetric assay for the detection of BSA in a 4-zone BF-μPAD (Fig. 

5A; top row) was compared to that in a conventional single layer μPAD made from filter paper 

(Fig. 5B; bottom row).  The single layer μPADs tested here did not contain wax or hydrophobic 

barriers; instead flow channels were created by cutting the desired paper shapes using a laser 

cutter (Fig. 5B; bottom row). These devices replicate the flow patterns and rehydration profiles 
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found in conventional wax patterned single layer μPADs. Dimensions of the laser cut μPADs 

are provided in SI section 4. Sample solutions containing six different BSA concentrations 

were introduced into the two types of devices – μPADs and BF-μPADs. Sample volumes were 

22 μl and 244 μl for μPADs and BF-μPADs, respectively, chosen to match the volumetric 

capacities of the two devices. Images were acquired using a smartphone camera, 6 minutes 

after sample introduction. When 0.1 mg/ml and 0.2 mg/ml BSA were added to μPAD, the 

signals were undistinguishable from blank (0 mg/ml BSA; Fig. 5A; bottom row), whereas when 

these samples were added in BF-μPAD, faint but distinguishable blue color was generated (Fig. 

5A; top row). Further, at all concentrations, blue color in single layer μPADs only developed 

near the inlet to the detection zone, producing non-homogeneous signals over the circular 

detection zones (Fig. 5A; bottom row). On the contrary, homogeneous colorimetric signals 

were generated at all concentrations in BF-μPAD (Fig. 5A; top row). Uniformity in signals in 

BF-μPAD is a result of rehydration of the reagents in the vertical direction from the distribution 

layer and a near absence of convection in the bottom detection layer.  

 

A direct comparison of the limits of detection (LODs) for the two devices was then performed 

using the method described by Holstein et al17 (insert ref again). Detailed calculations of LOD 

are provided in supporting information (SI section 4). For the BSA assay performed in BF-

μPAD, the LOD and corresponding 95% confidence interval (CI) were found to be 0.1817 and 

0.1283-0.3682 mg/ml, respectively calculated. For the same assay performed in μPAD, the 

LOD and corresponding 95% confidence interval were found to be 0.6727 and 0.5314-0.8217, 

respectively. BF-μPADs thus improved the LOD by 3.7x compared to single layer μPADs. Fig. 

5B shows the variation of signal intensity with BSA concentration, and LOD and 95% CI for 

BF-μPAD and μPAD.  This improvement in LOD is at least in part because of the ability of 

BF-μPAD to probe a larger volume of sample residing in the combination of the two layers. At 
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low analyte concentration, analyte molecules are limiting while the detection reagent molecules 

are in excess. By enabling the detection reagents to interact with a greater number of analyte 

molecules in the combination of two layers in BF-μPAD, more product is formed and therefore 

the LOD improves. This advantage may be lost at higher analyte concentrations where the 

analyte may no longer be limiting (Fig. 5B; 2 mg/ml BSA). 

 

 

Figure 5. Comparison of LOD between BF-μPAD and μPAD. (A) End point image of 
detection layer of BF-μPAD and μPAD at different BSA concentration. (B) Variation of blue 
colored intensity in BF-μPAD and μPAD with BSA concentration. LOD and its 95% 
confidence interval reveal that BF-μPAD has better sensitivity than μPAD. (N=4) 

 

Overall, we have demonstrated a new paper-based device design that enables multiplex 

colorimetric detection from fluid samples without pattering paper with physical barriers. The 

new BF-μPAD design improves the LOD compared to conventional μPADs. However, 

compared to conventional μPADs, BF-μPADs require larger sample volumes, which may be a 

shortcoming. But for several sample types like saliva, urine, environmental wastewater, food 

and beverages etc. larger sample volumes are readily available. BF-μPAD is based on a 
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strategic combination of two porous membranes that produce a desired flow pattern. While 

different combinations of paper materials6,18 and combinations of papers with ducts19,20 have 

been developed for manipulating flow rates in paper channels, their utilization for multiplex 

colorimetric detection is first demonstrated in this article. An important advantage of BF-μPAD 

over conventional μPADs is that it would be more compatible with viscous fluids and 

emulsions like milk etc., which are difficult to flow through cellulosic membranes alone. The 

Standard 17 layer in BF-μPADs has a significantly larger permeability and enables the flow of 

viscous fluids as our group has previously demonstrated using sputum samples6. This work 

also advances the area of modelling wicking flow in paper membranes – this is the first report 

of the use of Richards equation to model flow in a stack of paper membranes having different 

wicking properties. 

 

In this work, reagents were manually deposited using a plastic stencil to guide the pipette to 

desired locations, which led to inconsistent shape and size of reaction zone. This issue can 

easily be overcome using automated reagent dispensers, which are any way needed for the 

large-scale fabrication of conventional μPADs. Out of the 4 colorimetric assays, three assays 

generated self-contained circular colorimetric signals, but the thiocyanate assay produced 

signals that spread outside the detection zone (Fig. 3C). This is likely because the thiocyanate 

assay generates color instantaneously and some colored product diffuses back into the top layer 

where it moves away from the source by convection. The other three colorimetric reactions 

were slower and took of the order of 2-5 minutes for the color to fully develop, by which time, 

there was no more convection in the top layer. This puts a theoretical limit on the types of 

assays that can be incorporated in BF-μPAD for generation of self-contained signals – the rate 

of reaction must be slower than the rate of convection in the distribution layer. However, if this 
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is not possible, assays that generate color instantaneously must be placed at the corners of the 

device, so the colored product does not convect into downstream reaction zones.  

 

CONCLUSION 

The BF-μPAD design overcomes two important limitations of existing μPADs while 

improving upon the LODs – i) the need to pattern paper with physical barriers like wax, and ii) 

spatially non-uniform colorimetric signal generation. Obviating the need to pattern physical 

barriers will significantly reduce the infrastructure associated with manufacturing of paper-

based analytical devices. The only instrument needed to manufacture BF-μPADs at a large 

scale would be a benchtop reagent dispensing robot that can handle microliter volumes, which 

are widely available commercially. Our future work on the development of BF-μPAD would 

include systematically studying combinations of distributor and detection layer materials for 

optimized performance, testing compatibility with viscous samples, and deployment of BF-

μPADs for field testing. 
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Supporting Information 

SI section 1. COMSOL modelling data 

 

 

Figure S1. Capillary pressure vs saturation data for standard 17 glass fiber membrane 
(distribution layer) and Whatman filter paper grade 1 membrane (detection layer). Horizontal 
dashed lines represent the value of initial capillary pressure (Po) of each membrane used in 
model. 
 

Van Genuchten formulations: 

We have used Van Genuchten equations to describe capillary pressure	(#) and permeability 

(%) as function of saturation	(&')1: 

&' = 	)1 + ,
-#
./0

!
1
"#

 

%$ = &'%21 − 21 − &'&/#4#4
(
 

where 5 = 1 − &
! and %$ =	

)
)!
, 7ℎ'9'	%$ is relative hydraulic conductivity, %* is saturated 

hydraulic conductivity and (-, :, ;) are Van Genuchten parameters. Saturated permeability 

and saturated liquid content values were obtained from literature1,2.  
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Table S1. Characteristics of membrane used in COMSOL simulation 

 

SI section 2. Study of uniform rehydration over larger number of spots 

8cm x 2cm assembly of BF-µPAD was tested for 20 spots of 1 µl each of bromophenol blue 

dye. Device was assembled as described in main text (refer to “Design and function of BF-

μPAD” section in main article). On addition of 1 M HCl, blue spots change to yellow and 

uniform rehydration was achieved for 20 spots device with statistically similar intensities for 

image taken by smartphone and flatbed scanner (Fig S2). This shows that the device can detect 

as much as 20 different chemistries independent of their distance from fluid entry source.  

 

Figure S2. Uniform rehydration of 20 reagents. (A) End point image of an assembly 
consisting of 20 spots of Bromophenol blue dye post addition of 1M HCl. (B) Variation of 
signal intensity with position of spots for the end point image taken by smartphone and 
scanner. The final image intensity does not vary with location of spots and is similar for 
image taken using a smartphone (CV = 8.63%) and scanner (CV = 3.63%). N=3. 

 

Uniformity of rehydrated spots over further higher number of spots was demonstrated using a 

sensitive bienzymatic assay of glucose detection. 32 spots of glucose chemistry, 0.4 ul each 
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were dried on 8 cm x 2cm paper assembly and 20 mg/dl dextrose solution was added as sample 

fluid (refer to SI video 2). On rehydration, 32 distinct pink signals were observed in 3 minutes 

which include time to fully develop colour. This is attributed to faster wicking rate of 

distribution layer which act as fluid source for detection layer having dried reagents.  

 

SI section 3. Effect of competing ions on signal intensity  

BSA chemistry was selected to test specificity of assay by adding competing ions in sample 

fluid. Comparison was made by flowing 0 mg/ml BSA, i.e. DI water and 2 mg/ml BSA with 

and without the presence of interfering species: 20 mg/dl glucose, 0.5 mM SCN-, 0.8 mM NO2- 

in sample fluid. No statistical difference in signal intensity was found when samples with and 

without interfering species were added for both 0 mg/ml and 2 mg/ml BSA (P>0.74). 

 

Supporting figure 3. Investigation of interfering species in signal intensity. (A) Image of detection 
layer after rehydration with 0 mg/ml and 2 mg/ml BSA in the absence (single analyte) and presence 
(multiple analytes) of other analytes. (B) Bar graph comparing mean intensity at two different BSA 
concentration for image shown in (A). (N=4) 
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SI section 4. Comparison of signal intensity in BF-μPAD and μPAD 

 

Supporting figure 4. Design of μPAD  

 

Calculation of Limit of detection of protein assay performed on BF-μPAD and μPAD 

Method for calculating LOD was directly adapted from Holstein et al.3 

Step 1. Calculating LC 

Limit of detection (LOD) of assay in blank solution (Lc) is given by: 

<+ =	=,%-!. + >(1 − -, : − 1)?,%-!. 

Where =,%-!. and ?,%-!. are mean and standard deviation of n replicates of ban, - is 

probability of generating false positive results, and >(1 − -, : − 1) is 1 − - percentile of t 

distribution at (: − 1)  degree of freedom.  

Step 2. Calculating LD 

Limit of detection of assay in test solution (LD) is given by: 

</ =	<+ + >(1 − @,5(: − 1))?01*0 

?01*0 is pooled standard deviation of all test signals, calculated as:  

?01*0 = A∑ ?2(#
23&
5  

5 is number of test samples, @ is probability of generating false positive signals, and >(1 −

@,5(: − 1)) is 1 − @ percentile of t distribution at	5(: − 1) 	degrees of freedom.  
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Step 3. Generating calibration curve between signal and concentration domain  

Four parameters logistic (4PL) curve is used to translate the LD value in the signal domain to 

an LOD estimate in the concentration domain in MATLAB using curve fitting toolbox. The 

equation is given by:  

C(D, E, F, G, H) = & = 	
D − G

1 + ,log&4(H + 2)F 0
, + G 

S is signal intensity measured at C concentration of analyte. We define a matrix containing 

the fitted parameters, @ = (D, E, F, G). 			

Step 4. Calculating limit of detection in concentration domain 

Inverting eq. (4) to make C as function of S and replacing S by LD we get the LOD in 

concentration domain as:  

M(D, E, F, G, </) = 	log&4(<NO + 2) = F P,
D − G
</ − G

0 − 1Q
&/,

 

Step 5. Calculating 95% confidence interval of limit of detection 

To calculate 95% confidence interval, we need first calculate residual variance, given by:  

?( =
RS5	TC	RUSD9'	'99T9	(&&V)

: − W  

SSE is obtained from MATLAB curve fitting toolbox. p is number of parameters calculated, 

for 4PL curve, p = 4. 

Next, we calculate variance-covariance ∑ 	5  

X 	= 	Y:Z [
1
?( ,

\C
\@0

6
× ^(5: ×5:) × ,

\C
\@0

_
	5
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^ is identity matrix. Using σ2 and we calculate asymptotic variance as:  

ZD9YD:a'-*7# =	
?(

: ,
\M
\</

0
(
+ ,

\M
\@0

6
X ,

\M
\@05

 

All partial derivatives and ZD9YD:a'-*7#are calculated in MATLAB with the help of 

MATLAB code provided by Holstein.  

Standard error of LOD is given by R' = 	bZD9DYD:a'-*7# 

Finally, LOD 95% CI as [LOD0.025, LOD0.975] is calculates using the formula  

log&4(<NO4.4(9 + 2) = 	 log&4(<NO + 2) +	c4.4(9R' 

log&4(<NO4.:;9 + 2) = 	 log&4(<NO + 2) +	c4.4;9R' 

z0.025 and z0.975 are lower 2.5th and 97.5th percentile of standard normal distribution. 

 

Supporting table 2. Calculated and derived parameter for protein assay in BF-μPAD and 

μPAD. 
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