
1Scientific RepoRts | 7: 1188  | DOI:10.1038/s41598-017-01343-w

www.nature.com/scientificreports

A Chemically Patterned Microfluidic 
Paper-based Analytical Device 
(C-µPAD) for Point-of-Care 
Diagnostics
Trinh Lam1, Jasmine P. Devadhasan2, Ryan Howse2 & Jungkyu Kim  2

A chemically patterned microfluidic paper-based analytical device (C-µPAD) is developed to 
create fluidic networks by forming hydrophobic barriers using chemical vapor deposition (CVD) of 
trichlorosilane (TCS) on a chromatography paper. By controlling temperature, pattern size, and CVD 
duration, optimal conditions were determined by characterizing hydrophobicity, spreading patterns, 
and flow behavior on various sized fluidic patterns. With these optimal conditions, we demonstrated 
glucose assay, immunoassay, and heavy metal detection on well-spot C-µPAD and lateral flow C-µPAD. 
For these assays, standard curves showing correlation between target concentration and gray intensity 
were obtained to determine a limit of detection (LOD) of each assay. For the glucose assays on both 
well-spot C-µPAD and lateral flow C-µPAD, we achieved LOD of 13 mg/dL, which is equivalent to 
that of a commercial glucose sensor. Similar results were obtained from tumor necrosis factor alpha 
(TNFα) detection with 3 ng/mL of LOD. For Ni detection, a colorimetric agent was immobilized to 
obtain a stationary and uniform reaction by using thermal condensation coupling method. During the 
immobilization, we successfully functionalized amine for coupling the colorimetric agent on the C-µPAD 
and detected as low as 150 μg/L of Ni. These C-µPADs enable simple, rapid, and cost-effective bioassays 
and environmental monitoring, which provide practically relevant LODs with high expandability and 
adaptability.

A microfluidic paper-based analytical device (µPAD) presents a promising alternative to traditional laboratory 
tests by allowing for the rapid and low-cost diagnoses of diseases in resource-limited settings. Recently, µPADs 
have received considerable attention since the world health organization (WHO) suggested that µPADs are prom-
ising diagnostic tools for the developing world1–3. µPADs offer many advantages as simple and portable platforms 
that require only a drop of target sample for detecting various analytes such as proteins, environmental con-
taminants, pathogens, chemicals, heavy metals, and drugs4–9. Unlike the active microfluidic devices, µPADs can 
transport target samples and reagents via capillary action without the need for mechanical components, external 
pumps, or controllers.

µPADs are fabricated by forming hydrophobic barriers onto various paper platforms10. Currently, several tech-
niques have been reported to fabricate µPADs such as photolithography5, 6, 11, plotting with an analogue plotter12, 
ink jet etching13, 14, plasma treatment15, 16, paper cutting17, 18, wax printing19–21, inkjet printing16, 22, 23, flexography 
printing24, screen printing25, and laser patterning techniques26. The fundamental principle of these µPAD fabrica-
tion techniques is to form hydrophilic-hydrophobic barriers on a chromatography or filter paper to create fluidic 
channel networks. Liquid follows hydrophilic wicking matrices by capillary forces which can be predicted and 
analyzed by Lucas–Washburn and Darcy equations27, 28.

Although several µPAD fabrication techniques have been reported, each technique has its own drawbacks. 
For example, µPAD fabrication via wax printing is a simple, rapid, and cost effective method. However, this wax 
printed µPAD is unstable under high temperature and sensitive to organic solvents which can penetrate through 
wax barriers. Photolithography technique requires an extra washing step to remove un-crosslinked polymers11. 
Inkjet etching requires the paper substrate to be coated with polystyrene for 2 hours prior to printing to have high 
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stability13, 14. Other µPAD fabrication techniques such as flexography printing and screen printing are sensitive to 
organic solvents as well22. In contrast, chemical modification techniques such as inkjet printing using alkyl ketene 
dimer (AKD) and plasma treatment result in proper solvent resistance since chemical agents effectively couple 
with hydroxyl groups on cellulose fiber in chromatography paper covalently27. However, the plasma treatment 
requires different masks for creating different microfluidic patterns on a paper and inkjet printing technique 
requires an extra heating step for eight minutes after AKD deposition16, 22, 23. Kwong et al. developed an initi-
ated chemical vapor deposition (iCVD) method to deposit poly (methacrylic acid-co-ethylene glycol dimeth-
acrylate) and poly (methacrylic acid) (PMMA) on a chromatography paper. However, the fabrication process 
requires more than 15 minutes including multiple washing steps to remove the ungrafted PMMA from the paper 
substrate29.

To resolve these drawbacks, we developed a chemical vapor deposition (CVD) method to create a thermally 
and chemically stable hydrophobic barrier for µPADs which is called “C-µPAD”. This C-µPAD fabrication tech-
nique requires a chromatography paper, trichlorosilane (TCS) as a hydrophobic agent, and a vacuum chamber 
to create hydrophobic patterns. The fabrication requires a single step that takes only two minutes to create a 
C-μPAD. Various C-µPADs were fabricated to show the versatility of this device by demonstrating glucose assay, 
immunoassay and heavy metal detection.

Results
Characterization of C-µPAD. In the C-µPAD fabrication, hydrophobic barriers were achieved by CVD 
process of TCS as shown in Fig. 1(a) to silanize a chromatography paper; the reaction took place readily with 
TCS vapor and required a low-pressure chamber and heat block as a source of heat supply30. In this study, vapor-
ized TCS molecules from CVD process penetrated through the paper to form covalent bonds with hydroxyl 
groups on cellulose fibers that provided extremely stable and highly reproducible hydrophobic barriers. TCS is a 
highly volatile compound which has 594 mmHg of vapor pressure at 25 °C. The deposition of TCS molecules is 
strongly dependent on pressure, CVD duration, temperature, volume of TCS, and the mobility of the molecules. 
By controlling the duration and temperature in the CVD process, the chemical molecules will travel through 
the chromatography paper and immobilize uniformly throughout the paper. Thus, different CVD duration and 

Figure 1. Development of paper-based microfluidic platform using C-µPAD technique. (a) Schematic 
illustration of fabrication process: A vinyl tape was cut based on a designed CAD file and then transferred onto 
4.5 × 5 cm chromatography paper. The patterned paper was placed into the vacuum chamber with 100 µL of 
TCS solution placed on a 53 °C heat block. After vacuum process, the tape was removed and fluidic pattern 
was ready for bioassay. (b) and (c) Positive and negative features of 2 dimensional channels on C-µPAD (d) 
Demonstration of a multi-layered C-µPAD including top layer (TTU letters) and bottom layer (interconnection 
channels between letters).
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temperature were followed to find the optimum. After CVD processes with different durations, contact angle 
measurement was used to demonstrate the strength of hydrophobic barrier of TCS. Previous studies demon-
strated that the contact angle of the water droplet on a highly hydrophobic filter paper was 110~125°31, 32. In the 
C-µPAD fabrication process, the relationship of contact angle and the CVD duration was proportional until 
reaching the saturation point. The hydrophobicity of the C-µPAD surface was observed by an increase in the 
contact angle that is shown in Supplementary Figure S1. From 0 to 10 minutes of the CVD duration, the contact 
angle was 115° at 30 seconds and reached the saturation point of approximately 125° after 10 minutes. Moreover, 
the contact angle measurement ensured the quality and reproducibility of various C-µPADs. Hence, well-con-
trolled hydrophilic barrier could be created by maintaining a standard contact angle. Based on our results, the 
contact angle of 115° on the top side of the pattern was stable and strong enough to carry out the bioassay. After 
the C-µPAD fabrication process, silanized hydrophobic patterns are invisible to the eyes and the modified area 
retains its original flexibility. Figure 1(b–d) shows various C-µPAD patterns on chromatography paper with food 
dyes. The patterns show both single layered C-µPAD with multiple color depositions and double layered C-µPAD. 
These C-µPADs exhibited the well-defined hydrophobic borders to wick uniformly throughout the hydrophilic 
paper networks. In addition, the aforementioned CVD process can be extended to fabricate the C-µPAD on other 
types of paper without any significant modification.

Optimal CVD duration with various sized rectangle patterns was characterized to determine resolution of this 
C-µPAD fabrication technique. Figure 2 shows the result of this experimental characterization. Figure 2(a) and (b)  
present the front and back side of the patterned papers. Both sides formed the proper hydrophobic barriers 
without any spreading issues. Figure 2(c) shows the relationship between channel area and CVD duration for the 
respective channel size. As shown in Fig. 2(c), 30 seconds CVD duration at 53 °C is the best fit with the ideal case 
which is the same hydrophilic area for both front and back side of the patterned paper. For CVD durations longer 
than 30 seconds, the hydrophilic area decreased because the hydrophobic reagent penetrated the hydrophilic 
barrier under the vinyl tape patterns. For CVD durations shorter than 30 seconds, the spreading degrees on both 
sides were larger than the original area since the vaporized TCS molecules could not penetrate through the paper 
completely to form hydrophobicity on the back side of the paper. From this characterization, with 30 seconds 
CVD duration at 53 °C, the C-µPAD enabled us to fabricate as low as 500 μm width channel with the best hydro-
philic and hydrophobic contrast. This fabrication limit is due to aspect ratio of channel width and paper thickness 
under penetration speed of vaporized TCS molecules. Using current chromatography paper, we achieved aspect 
ratio up to 0.4 on the 200 μm thick chromatography paper. Random mobility of TCS vapor molecules in vacuum 
chamber results in relatively low aspect ratio. The aspect ratio of this fabrication method can be improved by 
choosing a thinner paper having high density of hydroxyl functional groups.

Figure 2. Characterization of C-µPAD technique by controlling CVD duration and channel area (a) Front 
side of the patterned chromatography paper at 30 seconds of CVD duration. (b) Back side of the patterned 
chromatography paper at 30 seconds of CVD duration. (c) Different dimensions of channels (4, 3, 2, 1, 0.5 mm 
width × 10 mm length) were analyzed with different CVD duration (20, 25, and 30 seconds).
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The flow velocity of C-µPAD was compared with that of a normal chromatography paper. During the CVD 
process, vaporized TCS molecules can penetrate from the top or side of masking film. This unwanted exposure 
influences the wicking properties of the paper which alters fluid transport properties of the C-µPAD. Figure 3(a–d)  
shows the difference between fluid velocities in a normal chromatography paper and the C-µPAD. There was only 
~5% variation for overall velocities as shown in Fig. 3(e). This much variation can originate from paper itself since 
the internal structure of chromatography paper consists of highly heterogeneous fiber directions, pore size, and 
pore distribution.

Assay Demonstrations. Glucose Assay. To show bioassay capabilities of C-µPAD, glucose assays were 
demonstrated on well-spot C-µPAD and lateral flow C-µPAD platforms using standard glucose samples. 
Figure 4(a) shows that color intensity increases as glucose concentration increases from 0 to 160 mg/dL in glu-
cose well-spot C-µPAD. Based on the LOD calculation33, 13 mg/dL of LOD was achieved in well-spot C-µPAD, 
which is equivalent to the LOD of the commercially available glucose meter (AccuCheck). Furthermore, a lateral 
flow glucose assay was developed by using a dumbbell-shaped channel. In the reaction zone of the lateral flow 
C-µPAD, 5 µL of assay reagent was immobilized by spotting 4 times since the reaction zone can accommodate 
only 1.25 µL. For a glucose assay using the lateral flow C-µPAD, 2.5 µL of glucose sample was then applied on the 
sample inlet, allowed to flow, and reacted in the detection zone. Figure 4(b) shows the gradient of color intensity 
depending on the glucose concentration. Figure 4(c) clearly indicates the differences between the color intensity 
for each concentration of glucose in lateral flow C-µPAD. The lateral flow assay was successfully demonstrated 
with the same range of glucose concentration with well-spot C-µPAD glucose assay and 23 mg/dL of LOD was 
achieved. To determine the correlation between 96-well plate and lateral flow C-µPAD methods, the results from 
both measurements were compared. As shown in Supplementary Figure S2, lateral flow C-µPAD data has a good 
agreement with the standard 96-well plate assay measured by spectrophotometer. Even though the same concen-
tration of glucose was used for both well-spot C-µPAD and lateral flow C-µPAD, the well-spot C-µPAD showed 
higher color intensity. For well-spot C-µPAD, there was no volume loss since all applied glucose samples reacted 
with immobilized assay reagents. For lateral flow C-µPAD, 2.5 µL of glucose sample was applied on the sample 
inlet, which had to flow through the channel to reach the reaction zone. From volume calculation, ~0.8 µL of 
glucose samples reacted with the immobilized assay reagents.

To demonstrate the C-µPAD ability for point-of-care diagnostics (POC), a human blood glucose assay on 
well-spot C-µPAD was conducted. A plasma separation membrane (Pall Corporation) was fixed on the front side 
of the well-spot C-µPAD to extract plasma from the blood shown in Fig. 4(d). Figure 4(e) shows the assay results 
on the back side of the well-spot C-µPAD from glucose-spiked blood samples. As expected, overall color intensity 
increases as the total amount of glucose increases from glucose-spiked blood samples. Compared to the standard 
well-spot glucose assay in Fig. 4(f), the color intensities from the blood samples are less than those of the standard 
glucose samples due to differences in fluidic properties and mild reaction inhibitors in the extracted plasma34. 
Even overall intensity is shifted down a bit, sensitivity from the blood samples is almost identical with that from 
the standard glucose samples.

Immunoassay. In addition to glucose assays, a sandwich immunoassay for TNFα quantification was demon-
strated on well-spot C-µPAD by following the procedure shown in Fig. 5(a). 1 µm sized amine terminated mag-
netic particles was suitable to apply on the well-spot C-µPAD since the pore size of the paper is in the range 
of ~1 µm and can physically trap the beads. EDC/NHS was used to activate the carboxyl group of human 

Figure 3. Distance vs. time analysis on normal chromatography paper and patterned fluidic device with red 
dye solution. (a–f) Red dye color solution was applied onto both untreated chromatography paper and treated 
paper-based microfluidic device to demonstrate the different time point flow rate. (g) The distance that red dye 
color travels inside the channel of C-µPAD in terms of time was then compared with the data of fluid flows in a 
normal chromatography paper.
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anti-TNFα capture antibody that would lead to covalent conjugation between human anti-TNFα antibody and 
amine-terminated magnetic particles. The immune complex was formed on the amine functionalized magnetic 
particles. On positive well-spot, the appearance of blue color confirmed the formation of immune complex. 
Further, TMB stop solution interrupted the reaction which would lead color changes from blue to yellow as 
shown in Fig. 5(b). The intensity of yellow color developed in each well-spot was proportional to the amount 
of TNFα formed on the well-spot C-µPAD. Figure 5(c) shows a log-linear correlation for various concentra-
tions of TNFα demonstrating that the color intensity increased to the concentration ranges of 1~1000 ng/mL. 
From this TNFα immunoassay demonstration, 3 ng/mL of LOD was achieved under well-spot C-µPAD. This 
result of immunoassay in well-spot C-µPAD is less sensitive than conventional ELISA. However, in conventional 
ELISA techniques, larger volume of analytes and reagents including long incubation due to the diffusion limit 
are required. Compared to the traditional ELISA, C-µPAD decreased the reaction time significantly since this 
C-µPAD offered 3-dimensional matrix to create immune complex by transporting all liquid samples with wicking 
force. Furthermore, less than 15 µL of total reagents was sufficient to carry out this sandwich immunoassay on 
well-spot C-µPAD. Based on this concept, we can implement the C-µPAD for the detection of cardiovascular dis-
ease markers, respiratory disease markers, HIV, HBV, etc., using blood or saliva with POC diagnostic approach. 
As well, the requirements of small reagent volume, rapid analysis, portable, multiplex detection and low cost are 
the important qualities to POC diagnostics in both developed and developing countries.

Figure 4. Demonstration of glucose assay on well-spot C-µPAD and lateral flow C-µPAD. (a) Different 
concentrations of glucose solutions from 0 to 160 mg/dL were applied onto each spot on a well-spot C-µPAD. 
(b) Glucose assays with various concentrations of glucose from 0 to 160 mg/dL were analyzed on lateral flow 
C-µPAD. Assay reagents were added into the reaction zone, the other end of channel allowed to flow glucose 
solution freely into the reaction zone. (c) This plot shows a linear relationship between various concentrations 
of glucose and their differential gray intensity in lateral flow C-µPAD. (d) Front side of C-µPAD after extracting 
plasma separation from the human blood. Each spot shows similar color since each glucose-spiked sample uses 
the same amount of blood. (e) Well-spot glucose assays from various concentrations of glucose-spiked blood 
samples. (f) Glucose assay results on the well-spot C-µPAD using standard glucose samples and glucose-spiked 
whole blood samples. These results show a strong linear relationship between glucose concentrations and gray 
intensity.
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Heavy metal detection. Heavy metal detection on C-µPAD was demonstrated on both well-spot and chemical 
symbol patterned C-µPAD. Nickel (Ni) is one of the heavy metals that could enter into the environmental water 
through mining, industrial activities, and leaching from wastes. Generally, colorimetric reagents of heavy metal 
detection spread easily towards the edge of reaction zone on the µPADs which generate cross-reaction and poor 
detection sensitivity35. To resolve this critical problem, we performed amine functionalization on the patterned 
C-µPAD with APTES by condensation between APTES and OH groups of cellulose fibers on the chromatogra-
phy paper. Amine functionalization on the “Ni” patterned C-µPAD was then confirmed by a standard ninhydrin 
test. As shown in Fig. 6(a), bluish-purple color was developed only on the letter “Ni” and hydrophobic barrier on 

Figure 5. (a) Procedure of immunoassay on C-µPAD. (b) C-µPAD shows a clear concentration gradient after 
the assay with different concentration of TNFα (0 ng/mL~1000 ng/mL). (c) Immunoassay results acquired by a 
smartphone camera and analyzed by image J software. These results show log-linear relationship between TNFα 
concentrations and differential gray value.

Figure 6. (a) Immobilization of amine functional group on “Ni” symbol patterned C-µPAD (b) Ni detection 
on “Ni” symbol patterned C-µPAD (c) Various concentrations of Ni on the well-spots C-µPAD (d) A standard 
curve for Ni detection. Gray intensity increases with a log-linear relationship with concentration of Ni.
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the C-µPAD was maintained well even after heating at 95 °C. Generally, the most common fabrication for µPAD 
is to use a wax printing technique which is thermally unstable above 60 °C22. For the common µPAD, selective 
silane functionalization will be extremely challenging due to thermal instability of printing material. Using this 
unique property of C-µPAD, Ni detection was demonstrated on amine functionalized well-spot C-µPAD by cou-
pling dimethylglyoxime (DMG). DMG is a colorimetric reagent which can be covalently attached on the amine 
functionalized C-µPAD and reacted with nickel to form DMG-Ni complex presented in Fig. 6(b). By adding 
various concentration of Ni solution, color intensity is proportional to concentration of Ni as shown in Fig. 6(c). 
A standard curve of Ni detection is presented in Fig. 6(d). From this Ni detection demonstration, we were able to 
detect as low as 150 μg/L of Ni concentration which shows two folds improvement with the previous report36, 37.  
This heavy metal assay demonstration proves that the C-µPAD enables us to use for silane functionalization 
which requires thermal condensation to form covalent bonds. In addition, hydrophobicity on the C-µPAD was 
extremely stable since the TCS molecules altered wetting property of cellulose fibers in the chromatography 
paper. To estimate overall shelf-life of the C-µPAD, the patterned C-µPADs were stored at ambient conditions for 
more than six months. There is no significant alteration on hydrophobic barriers for maintaining fluidic patterns 
on the patterned C-µPADs.

Conclusion
Here, we demonstrated a CVD method to form hydrophilic-hydrophobic barriers by depositing vaporized TCS 
on a chromatography paper. TCS treated region on the paper established strong hydrophobic layers compared to 
an untreated chromatography paper. This C-µPAD technique is a simple, rapid, and thermally insensitive pro-
cedure compared to the previously reported µPAD fabrication techniques. In addition, this C-µPAD technique 
has a high commercial potential with low-cost fabrication and mass production capabilities. With this C-µPAD 
technique, various bioassays such as glucose and immunoassay have been demonstrated with clinically relevent 
LODs. Furthermore, all assays were performed with ~5 µL target sample volume without the use of a spectropho-
tometer or other advanced equipment. All assay demonstrations show that this C-µPAD enables us to revolution-
ize POC diagnostics by further validations with clinical samples. Additional assay demonstrations such as cardiac 
panel, cytokines, and liver panel screenings are required to show adaptability of this platform. The heavy metal 
detection analysis proves that the C-µPAD is capable to detect the environmental contaminants by immobilizing 
amine functional group using thermal condensation. Functionalizing the C-µPAD using thermal condensation is 
a significant achievement to improve stability, sensitivity, and specificity for point-of-care chemical and biological 
analysis. With extension, other functional groups such as carboxyl and thiol terminated silane compounds can be 
easily immobilized for conjugating nucleic acids, proteins, hormones, drugs, and enzymes selectively for multi-
plexing biological and chemical analysis.

Methods
Materials and Equipment. Trichlorosilane (97%) was purchased from Sigma-Aldrich and used as hydro-
phobic agent. D-(+)-Glucose (99.5%), glucose oxidase/peroxidase (from Aspergillus niger, 215 U mg−1), and 
o-dianisidine were purchased from Sigma-Aldrich to carry out the enzymatic glucose assay. Human whole blood 
with potassium oxalate/sodium fluoride anticoagulant was purchased from BioreclamationIVT and Vivid Plasma 
Separation GX membrane was obtained from Pall Corporation. Human tumor necrosis factor alpha (TNFα) 
protein, anti-human TNFα antibody, and biotinylated anti-human TNFα antibody were purchased from Abcam 
for immunoassay demonstration. Streptavidin conjugated horseradish peroxidase (HRP), Tetramethylbenzidine 
(TMB), stop solution (contains 0.16M sulfuric acid), and sample diluents were purchased from Thermofisher 
Scientific. Food coloring dye (McCormick & Company, Inc., MD) and Whatman No. 1 chromatography paper 
(Carolina biological, NC) were used for characterization and fabrication of C-µPAD.

C-µPAD Fabrication and Characterization. Fabrication of C-µPAD. The procedure of C-µPAD fabrica-
tion is schematically represented in Fig. 1(a). At first, a desired fluidic pattern was drawn in AutoCAD and cut on 
a vinyl tape by using a vinyl cutter (Roland RX-1). This patterned tape was transferred to 4.5 × 5 cm chromatog-
raphy paper which was then fixed on top of a vacuum chamber containing 100 µL of TCS solution on a 53 °C heat 
block. In this CVD process, pre-vacuum was applied for 90 seconds and maintained to vaporize liquid TCS before 
actual deposition was performed to obtain ideal hydrophobic barriers. After CVD process, the patterned paper 
was heated on a hot plate for 1 minute at 75 °C to remove the vinyl tape. The paper area under the tape would be 
hydrophilic while all other areas of the paper would be hydrophobic. This chemically patterned chromatography 
paper was further evaluated by using color dyes shown in Fig. 1(b–d).

Characterization of C-µPAD. CVD duration was characterized by measuring contact angle on hydrophobic area 
of the paper and the patterned channel size of C-µPAD. To characterize hydrophobicity of the exposed paper with 
respect to CVD duration, a quarter of original chromatography paper (11 cm × 11 cm) was fabricated by CVD 
method for times varying from 10 seconds to 60 minutes. After CVD treatment, each treated paper was cut and 
fixed onto a slide glass for the contact angle measurement using a goniometer (Wet Scientific). 5 μL of DI water 
was dropped on the surface of each treated paper to measure the contact angle.

In addition, the relationship between CVD duration and fabrication resolution of the C-µPAD was inves-
tigated. At first, rectangular channel patterns with dimensions of 4, 3, 2, 1, and 0.5 mm in width with 10 mm 
in length were prepared with the vinyl cutter and performed CVD process with CVD duration of 20, 25, and 
30 seconds. After processing this fabrication, food dye solution was applied on each channel to determine total 
spreading area on front and back side of the channel in each CVD duration. Furthermore, flow velocity within 
the hydrophilic channel was characterized and compared with an intact chromatography paper. A C-µPAD was 
created with a 20 mm dumbbell-shaped channel and a similar shape was cut on a chromatography paper using the 
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vinyl cutter. Food coloring dye solution was applied onto both C-µPAD and normal chromatography paper at the 
same time, and a videotape was recorded in order to compare the flow velocity with each other.

Glucose Assay. Glucose assay on well-spot C-µPAD. D-(+)-Glucose powder was dissolved in deionized 
(DI) water and serially diluted to prepare 0~160 mg/dL concentration of a standard glucose solution. Then, the 
combination of glucose oxidase/peroxidase and o-dianisidine was prepared to serve as the assay reagent. 5 μL 
of assay reagent was physically immobilized and dried onto each well of well-spot C-µPAD. 1 μL of standard 
glucose solutions with various concentrations was then applied on each well-spot. After 10 minutes, oxidized 
o-dianisidine produced brown color on each well depending on the glucose concentration. Optical images of this 
well-spot glucose assay were converted to the 8-bit gray scale and gray intensity of each well was measured by 
imageJ. All well-spot data was adjusted with background (0 mg/dL) to obtain the absolute values.

Glucose assay on lateral flow C-µPAD. A lateral flow glucose assay using lateral flow C-µPAD was developed 
to demonstrate the additional step of sample transport to the spotted detection reagents. A lateral flow C-µPAD 
with dumbbell-shaped patterns was created for this lateral flow glucose assay. 5 μL of assay reagent was physically 
immobilized and dried onto reaction wells. 2.5 μL of various concentration of glucose solutions such as 0, 40, 80, 
120, and 160 mg/dL was then dropped onto the sample inlet and allowed to flow freely to each reaction well. After 
10 minutes, oxidized o-dianisidine produced brown color at reaction well depending on the glucose concentra-
tion. The aforementioned process was followed to measure the gray intensity. Furthermore, the standard glucose 
assay was performed in a 96-well plate for comparison with the glucose assay on C-µPAD. For this standard assay, 
the same concentrations with the lateral flow C-µPAD were tested by following a commercial protocol (Sigma 
Aldrich glucose assay kit) and analyzed by microplate reader (Genesys, Tecan).

Whole blood glucose assay on well-spot C-µPAD. D-(+)-Glucose powder was dissolved in phosphate-buffered 
saline (PBS) and serially diluted for various concentration of 0 mg/dL, 40 mg/dL, 80 mg/dL, and 120 mg/dL 
and then spiked into 140 mg/dL of human whole blood with the volume ratio of 1:1. 5 μL of assay reagent was 
physically immobilized on each well of well-spot C-µPAD and allowed to dry in the room temperature. 2.5 mm 
in diameter of Vivid Plasma Separation GX membrane was soaked with PBS and dried in the room tempera-
ture before assembly. The dried plasma separation membrane was then attached on each well spot with a vinyl 
ring-shaped tape. 3 μL of each spiked blood sample was applied on each membrane to quantify glucose level. 
After 5 minutes, brown color spot was observed on back side on the each well and gray intensity of each well was 
analyzed as the aforementioned procedure.

Immunoassay on Well-spot C-µPAD. Well-spot C-µPAD was developed with 4 mm in diameter well-spot 
array pattern. For the immunoassay, 1 µg/mL TNFα antibody was incubated with 1 µg/mL of EDC/NHS for 
30 minutes and applied on the 1 µm size of amine functionalized magnetic particles. The magnetic particles 
were physically immobilized on the well-spot C-µPAD. 1 µL of various concentrations including 1, 10, 100, and 
1000 ng/mL of human TNFα was then applied on each well-spot and incubated for 10 minutes. Then, 1 µg/mL 
of human TNFα biotinylated antibody, and followed by 2 µL of streptavidin- HRP reagents was applied on the 
substrate; again, the substrate was incubated for 10 minutes at room temperature. Subsequently, the well-spot 
C-µPAD was placed into a petri dish, covered in 500 µL of PBS, and rinsed 2 times to remove unbound proteins. 
Further, the spots were dried using laboratory wipes. 2 µL of TMB substrate was then applied on each spot and 
incubated for 10 minutes to induce the peroxidase reaction. 2 µL of TMB stop solution was then added in each 
spot to stop the reaction that produced yellow color based on the antigen concentration. For a negative control, 
1% of BSA solution was immobilized on the amine-terminated magnetic particles instead of TNFα and their 
respective antibodies. Finally, TMB solution was applied on the control spot. Furthermore, gray intensity of each 
well was analyzed using ImageJ after acquiring high resolution photographs and converting to gray scale.

Heavy Metal Detection. Immobilization of the amine functional group by thermal condensation. Chemical 
symbol “Ni” and well-spot patterned C-µPADs were created using CVD process shown in Fig. 1. 1.5 µL of 3% 
(3-aminopropyl) tri-ethoxysilane (APTES) was then applied on the patterned chemical symbol and well-spot area 
and heated at 95 °C for condensation. These C-µPADs were then washed with DI water to remove the unbound 
APTES and gently dried on a hot plate at 50 °C. After these functionalization steps, amine immobilization was 
confirmed by a standard ninhydrin colorimetric test.

Nickel detection on thermally stable C-µPAD. On amine-modified chemical symbol “Ni” and 4 mm diameter 
well-spot C-µPAD, 2 µL of colorimetric reagent (10 mg/mL of Dimethyl glyoxime (DMG) in 50% Ethanol) was 
applied on the amine functionalized area of the C-µPAD. These C-µPADs were then heated at 65 °C for dehy-
dration. On the “Ni” patterned C-µPAD, 5000 μg/L of NiSO4 was applied to confirm the colorimetric reaction. 
On spot-well patterned C-µPAD, various concentrations of NiSO4 (5000 μg/L, 2500 μg/L, 1250 μg/L, 600 μg/L, 
300 μg/L, 150 μg/L, 0 μg/L (DI water)) were applied on each well on the C-µPAD to obtain a standard curve. All 
color intensity measurement and analysis methods are the same with previous assays.

References
 1. 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).
 2. Sia, S. K. & Kricka, L. J. Microfluidics and point-of-care testing. Lab Chip 8, 1982–1983 (2008).
 3. Yang, X. & Wang, E. A Nanoparticle Autocatalytic Sensor for Ag+ and Cu2+ Ions in Aqueous Solution with High Sensitivity and 

Selectivity and Its Application in Test Paper. Anal. Chem. 83, 5005–5011 (2011).
 4. Apilux, A. et al. Lab-on-Paper with Dual Electrochemical/Colorimetric Detection for Simultaneous Determination of Gold and 

Iron. Anal. Chem. 82, 1727–1732 (2010).



www.nature.com/scientificreports/

9Scientific RepoRts | 7: 1188  | DOI:10.1038/s41598-017-01343-w

 5. Martinez, A. W., Phillips, S. T., Butte, M. J. & Whitesides, G. M. Patterned paper as a platform for inexpensive, low-volume, portable 
bioassays. Angew. Chem. Int. Ed. Engl. 46, 1318–1320 (2007).

 6. Martinez, A. W., Phillips, S. T. & Whitesides, G. M. Three-dimensional microfluidic devices fabricated in layered paper and tape. 
Proc. Natl. Acad. Sci. USA 105, 19606–19611 (2008).

 7. Dungchai, W., Chailapakul, O. & Henry, C. S. Electrochemical Detection for Paper-Based Microfluidics. Anal. Chem. 81, 5821–5826 
(2009).

 8. Li, C.-z et al. Paper based point-of-care testing disc for multiplex whole cell bacteria analysis. Biosens. Bioelectron 26, 4342–4348 
(2011).

 9. Yetisen, A. K., Akram, M. S. & Lowe, C. R. Paper-based microfluidic point-of-care diagnostic devices. Lab Chip 13, 2210–2251 
(2013).

 10. Xia, Y., Si, J. & Li, Z. Fabrication techniques for microfluidic paper-based analytical devices and their applications for biological 
testing: A review. Biosens. Bioelectron 77, 774–789 (2016).

 11. Klasner, S. A. et al. Paper-based microfluidic devices for analysis of clinically relevant analytes present in urine and saliva. Anal. 
Bioanal. Chem. 397, 1821–1829 (2010).

 12. Bruzewicz, D. A., Reches, M. & Whitesides, G. M. Low-Cost Printing of Poly(dimethylsiloxane) Barriers To Define Microchannels 
in Paper. Anal. Chem. 80, 3387–3392 (2008).

 13. Abe, K., Kotera, K., Suzuki, K. & Citterio, D. Inkjet-printed paperfluidic immuno-chemical sensing device. Anal. Bioanal. Chem. 
398, 885–893 (2010).

 14. Abe, K., Suzuki, K. & Citterio, D. Inkjet-Printed Microfluidic Multianalyte Chemical Sensing Paper. Anal. Chem. 80, 6928–6934 
(2008).

 15. Li, X., Tian, J., Nguyen, T. & Shen, W. Paper-Based Microfluidic Devices by Plasma Treatment. Anal. Chem. 80, 9131–9134 (2008).
 16. Li, X., Tian, J. & Shen, W. Progress in patterned paper sizing for fabrication of paper-based microfluidic sensors. Cellulose 17, 

649–659 (2010).
 17. Fenton, E. M., Mascarenas, M. R., López, G. P. & Sibbett, S. S. Multiplex Lateral-Flow Test Strips Fabricated by Two-Dimensional 

Shaping. ACS Appl. Mater. Interfaces 1, 124–129 (2009).
 18. Wang, W., Wu, W.-Y., Wang, W. & Zhu, J.-J. Tree-shaped paper strip for semiquantitative colorimetric detection of protein with self-

calibration. J. Chromatogr. A 1217, 3896–3899 (2010).
 19. Lu, Y., 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).
 20. 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).
 21. Leung, V., Shehata, A.-A. M., Filipe, C. D. M. & Pelton, R. Streaming potential sensing in paper-based microfluidic channels. Colloid 

Surface A 364, 16–18 (2010).
 22. Li, X., Tian, J., Garnier, G. & Shen, W. Fabrication of paper-based microfluidic sensors by printing. Colloid Surface B 76, 564–570 

(2010).
 23. Delaney, J. L., Hogan, C. F., Tian, J. & Shen, W. Electrogenerated Chemiluminescence Detection in Paper-Based Microfluidic 

Sensors. Anal. Chem. 83, 1300–1306 (2011).
 24. Olkkonen, J., Lehtinen, K. & Erho, T. Flexographically Printed Fluidic Structures in Paper. Anal. Chem. 82, 10246–10250 (2010).
 25. Dungchai, W., Chailapakul, O. & Henry, C. S. A low-cost, simple, and rapid fabrication method for paper-based microfluidics using 

wax screen-printing. Analyst 136, 77–82 (2011).
 26. Chitnis, G., Ding, Z., Chang, C.-L., Savran, C. A. & Ziaie, B. Laser-treated hydrophobic paper: an inexpensive microfluidic platform. 

Lab Chip 11, 1161–1165 (2011).
 27. Li, X., Ballerini, D. R. & Shen, W. A perspective on paper-based microfluidics: Current status and future trends. Biomicrofluidics 6, 

11301–1130113 (2012).
 28. Ahmed, S., Bui, M.-P. N. & Abbas, A. Paper-based chemical and biological sensors: Engineering aspects. Biosens. Bioelectron 77, 

249–263 (2016).
 29. Kwong, P. & Gupta, M. Vapor Phase Deposition of Functional Polymers onto Paper-Based Microfluidic Devices for Advanced Unit 

Operations. Anal. Chem. 84, 10129–10135 (2012).
 30. Glavan, A. C. et al. Omniphobic “RFPaper” Produced by Silanization of Paper with Fluoroalkyltrichlorosilanes. Adv. Funct. Mater. 

24, 60–70 (2014).
 31. Cappelletto, E. et al. Hydrophobic siloxane paper coatings: the effect of increasing methyl substitution. J. Sol-Gel Sci. Technol. 62, 

441–452 (2012).
 32. Shen, W. et al. Contact angle measurement and surface energetics of sized and unsized paper. Colloid Surface A 173, 117–126 (2000).
 33. Armbruster, D. A. & Pry, T. Limit of Blank, Limit of Detection and Limit of Quantitation. The Clin. BioChem. Rev. 29, 49–52 (2008).
 34. Songjaroen, T., Dungchai, W., Chailapakul, O., Henry, C. S. & Laiwattanapaisal, W. Blood separation on microfluidic paper-based 

analytical devices. Lab Chip 12, 3392–3398 (2012).
 35. Mentele, M. M., Cunningham, J., Koehler, K., Volckens, J. & Henry, C. S. Microfluidic paper-based analytical device for particulate 

metals. Anal Chem 84, 4474–4480 (2012).
 36. Wang, H. et al. Paper-based three-dimensional microfluidic device for monitoring of heavy metals with a camera cell phone. Anal. 

Bioanal. Chem. 406, 2799–2807 (2014).
 37. Li, M. et al. “Periodic-table-style” paper device for monitoring heavy metals in water. Anal. Chem. 87, 2555–2559 (2015).

Acknowledgements
J. Kim would like to thank Texas Tech University for financial support of this project through new investigator 
start-up funding. This research was primarily supported by National Science Foundation Grant NSF-
EECS/1509746.

Author Contributions
All authors conceived the idea for the study and designed the experiments. T.L. and J.P.D. contributed equally to 
this work and performed the experimental work and data analysis. R.H. helped with experimental methodology 
and J.K. advised in the experimental work, data analysis and contributed to the writing of the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-01343-w
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

http://dx.doi.org/10.1038/s41598-017-01343-w


www.nature.com/scientificreports/

1 0Scientific RepoRts | 7: 1188  | DOI:10.1038/s41598-017-01343-w

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) 2017

http://creativecommons.org/licenses/by/4.0/

	A Chemically Patterned Microfluidic Paper-based Analytical Device (C-µPAD) for Point-of-Care Diagnostics
	Results
	Characterization of C-µPAD. 
	Assay Demonstrations. 
	Glucose Assay. 
	Immunoassay. 
	Heavy metal detection. 


	Conclusion
	Methods
	Materials and Equipment. 
	C-µPAD Fabrication and Characterization. 
	Fabrication of C-µPAD. 
	Characterization of C-µPAD. 

	Glucose Assay. 
	Glucose assay on well-spot C-µPAD. 
	Glucose assay on lateral flow C-µPAD. 
	Whole blood glucose assay on well-spot C-µPAD. 

	Immunoassay on Well-spot C-µPAD. 
	Heavy Metal Detection. 
	Immobilization of the amine functional group by thermal condensation. 
	Nickel detection on thermally stable C-µPAD. 


	Acknowledgements
	Figure 1 Development of paper-based microfluidic platform using C-µPAD technique.
	Figure 2 Characterization of C-µPAD technique by controlling CVD duration and channel area (a) Front side of the patterned chromatography paper at 30 seconds of CVD duration.
	Figure 3 Distance vs.
	Figure 4 Demonstration of glucose assay on well-spot C-µPAD and lateral flow C-µPAD.
	Figure 5 (a) Procedure of immunoassay on C-µPAD.
	Figure 6 (a) Immobilization of amine functional group on “Ni” symbol patterned C-µPAD (b) Ni detection on “Ni” symbol patterned C-µPAD (c) Various concentrations of Ni on the well-spots C-µPAD (d) A standard curve for Ni detection.




