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Abstract In this work, we demonstrated an all-dry, top-

down, and one-step rapid process to fabricate paper-based

microfluidic devices using fluorocarbon plasma polymeri-

zation. This process is able to create fluorocarbon-coated

hydrophobic patterns on filter paper substrates while

maintaining the trench and detection regions intact and free

of contamination after the fabrication process, as confirmed

by attenuated total reflectance–Fourier transform infrared

spectroscopy and X-ray photoelectron spectroscopy. We

have shown that the processing time is one critical factor

that influences the device performance. For the device

fabricated with a sufficiently long processing time (180 s),

the sample fluid flow can be well confined in the patterned

trenches. By testing the device with an 800 lm channel

width, a sample solution amount as small as 4.5 lL is

sufficient to perform the test. NO2
- assay is also performed

and shows that such a device is capable for biochemical

analysis.

1 Introduction

Over the past few years, there has been an upsurge of

interest in the development of paper-based microfluidic

devices used for biochemical, environmental, and general

health applications (Ballerini et al. 2012; Choi et al. 2011;

Cheng et al. 2010). Paper-based microfluidic devices can

be built by demarcating hydrophilic paper by hydrophobic

barriers. Compared with conventional microfluidic devices,

paper-based microfluidic devices are great candidate in

point-of-care device in developing countries because they

are low cost, easy to process, available in abundance,

disposable, and no pumps are required to transport fluids on

a porous paper substrate due to capillary action (Martinez

2011). A promising paper-based microfluidic device was

introduced by Whitesides group at Harvard University

using the photolithographic process (Martinez et al. 2007).

Since then, there has been a great number of literatures

reporting fabrication of paper-based microfluidic devices

using different techniques, such as ink-jet printing (Abe

et al. 2008), plasma-assisted fabrication (Li et al. 2008,

2010), wax printing (Carrilho et al. 2009), plotting (Bru-

zewicz et al. 2008), flexographic printing (Olkkonen et al.

2010), and cutting (Cassano and Fan 2013; Fu et al. 2011).

Significant progress has been made and a top-down, all-

dry, and one-step rapid fabrication process with good pat-

tern transfer fidelity is highly desired. Such a process is

efficient and cost effective. Particularly, an all-dry process

allows for the fluidic channel and the detection region

remaining intact and free of potential contamination by wet

chemicals during the fabrication steps. Among various

types of fabrication processes, whether or not the chemical

composition of the detection region (and/or the fluid

channel) on the paper substrate remains unchanged after

the fabrication process is still unexplored.

In this work, we report an all-dry and rapid one-step

process to fabricate paper-based microfluidic devices using

fluorocarbon plasma polymerization. By using octafluoro-

cyclobutane (c-C4F8) as the precursor, paper-based

microfluidic devices, i.e., filter paper substrates with

fluorocarbon-containing-polymer-coated area as hydro-

phobic boundaries, can be fabricated. We utilize Fourier

transform infrared spectroscopy (FTIR) and X-ray photo-

electron spectroscopy (XPS) to examine the chemical

composition of coated and uncoated areas on the paper
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substrate. The effect of the deposition time on the device

performance is studied. Finally, NO2
- assay is performed

to test the fabricated paper-based device.

2 Experimental section

2.1 Materials

In this work, NO2
- assay was utilized for quantitative anal-

yses. The NO2
- stock solution was prepared by dissolving

sodium nitrite (99 %, Sigma-Aldrich) in deionized water.

The NO2
- indicator contains 10 mmol/L N-(1-naphthyl)

ethylenediamine (98 %, Sigma-Aldrich), 50 mmol/L sulfa-

nilamide (99 %, Sigma-Aldrich), and 330 mmol/L citric acid

(99.5 %, Sigma-Aldrich) (Blicharz et al. 2008). The dye

solution used for fluid transportation observation was pre-

pared by dissolving Orange II (Acros) in deionized water. All

chemicals are used as received without further purification.

Whatman filter paper (No. 2) was used as the paper

substrate. The filter paper was sandwiched between two

metal masks and subsequently exposed to the plasma to

deposit fluorocarbon films in a plasma reactor. Metal masks

were made by mechanically cutting of stainless steel sheets

2 mm in thickness. The dimensions of the stainless steel

mask are as follow: channel width 1 mm and channel

length 7.5 mm with detection region 3 mm 9 3 mm. The

two masks are aligned manually. The paper substrate is

tightly sandwiched between the two masks to minimize the

space between the metal mask and the paper. A thick mask

(2 mm) has been used to ensure a close contact between the

mask and the paper substrate in the patterned region, which

is critical for good pattern transfer fidelity. The mask on the

top of the filter paper was a positive mask, while the one

beneath the paper was a negative mask as shown in Fig. 1a.

The positive (top) mask serves as the mask to define the

channel and detection areas and to ensure trench and

detecting area remaining intact during the process. The

negative (bottom) mask allows for the deposition of

hydrophobic fluorocarbon films on the bottom of the

channel and detection areas. Such a two-side deposition

allows for a better confinement of the analyte within the

trench and detection areas, which gives higher pattern

transfer fidelity. This also ensures that the channel is well

confined by hydrophobic boundaries, as shown in Fig. 1b.

The cross-section view of the treated paper trench area

shown here also indicates that the trench region is confined

at the upper surface of the substrate. It also shows that the

vertical penetration depth of the deposition species is

approximately 120 lm. We note that the penetration depth

is a strong function of the processing time and plasma

conditions, and this depth is obtained using the present

operating condition.

2.2 Plasma polymerization process

The plasma system used was a parallel-plate capacitively

coupled discharge sustained by a 13.56 MHz power source

(CAESAR 136) with an L-type matching network. The

electrode diameters of the two parallel plates are 15 cm,

and the gap between the top and bottom electrodes is 6 cm.

The bottom electrode is the powered electrode, while the

top electrode is grounding. After placing a sample on the

powered electrode, the reactor was evacuated to base

pressure (\0.1 mTorr). The deposition gas mixture con-

sisted of a precursor gas (c-C4F8 flowing at 1 sccm) and an

inert gas (argon flowing at 50 sccm). The process pressure

is 130 mTorr, and the RF power applied to the powered

electrode is 15–50 W. A schematic illustration of this one-

step paper-based microfluidic device fabrication method is

shown in Fig. 1b.

2.3 Chemical characterization of the coated films

FTIR analysis was performed with an IR spectrometer

(Perkin Elmer spectrum 100) equipped with a liquid-

nitrogen-cooled mercury-cadmium-telluride detector in the

attenuated total reflectance (ATR) mode. XPS (Thermo

Scientific, Theta Probe) analysis was performed using a

monochromated Al K-a x-ray source.

2.4 Data processing

To quantify the color response of the NO2
- assay, we per-

form a color scan of the device using a commercially

available scanner (HP, Deskjet F4280 Printer) after the

analyte is applied to the test device for 5 min. The scanned

image was then deconvoluted using the color image obtained

from the detection region into red (R), green (G), and blue

(B) components. Two processing schemes using this RGB

components are tested to quantify the color image. The first

scheme (scheme I) is summarizing the normalized RGB

components, as an indicator of the ‘‘brightness’’ of this

image. The scheme weights RGB components equally and is

somewhat different from the gray scale, which weights RGB

components differently. The second scheme (scheme II) is to

take the ratio of R/(R?G?B) as the quantification, since the

colorimetric output produced from the NO2
- assay is a red-

violet azo compound (Blicharz et al. 2008).

3 Results and discussion

3.1 One-step paper pattering by plasma polymerization

Figure 2 shows the visual appearance of a set of the

microfluidic pattern on a paper substrate after 10 lL of
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Orange II dye solution is absorbed. This microfluidic

pattern was fabricated with 150 s of deposition time with

the RF power of 15 W. Ten microliters of the dye solu-

tion is applied into the central square of the patterned

paper. It is shown that after absorbing 10 lL of the

solution by the capillary force, the dye solution is nearly

fully confined in the microfluidic channel with very little

leak outside of the channel. The flow of the dye solution

shows that the fluid transports in all four directions but

with slight variation in the transportation speeds. With a

stainless steel mask 1 mm in width in the trench area,

800 lm-wide trenches can be obtained. Such a slightly

smaller patterned trench width compared with the mask is

a result of the lateral diffusion of the deposition species

such as CF2. We note that a smaller trench width can be

obtained using a mask with a thinner trench width. Given

the lateral and vertical diffusion of the deposition species,

the smallest trench width can be fabricated using this

process is 300–500 lm. Based on the comparison made

by Martinez et al. (2009), such a resolution and feature

transfer fidelity is inferior to photolithographic processes,

but is comparable or superior to several other processes

such as wax printing, plotting, inkjet etching, plasma

etching, and cutting.

3.2 Chemical analysis of the patterned paper

To perform chemical analysis of the patterned paper, ATR–

FTIR and XPS are utilized. ATR–FTIR is able to analyze

the property of the paper substrate at the top surface hun-

dreds of nm to a few lm deep. XPS analysis is aimed for

the compositional analysis at the very surface, few nm

Fig. 1 Schematic of the

fabrication process of the paper-

based microfluidic devices

using fluorocarbon plasma

polymerization: a the geometric

design of the stainless steel

masks and b the cross-sectional

illustration of the plasma

polymerization process and the

photo image of the cross-section

of the treated paper trench area.

Notes (i) the schematic is not

drawn in scale, (ii) in this photo

image, dye solution is applied to

the trench area to visualize the

hydrophilic and hydrophobic

areas
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deep, of the paper surface. Comparing with XPS, ATR–

FTIR analysis reveals the compositional information more

toward the ‘‘bulk’’ of the paper substrate.

We first use ATR–FTIR to identify the carbon- and

fluorine-containing bonding of the paper substrate. The

untreated filter paper, the detection region (covered by the

mask), and the hydrophobic area (coated region) are

examined. The ATR–FTIR spectra shown in Fig. 3a indi-

cate typical IR spectra of the filter paper: O–H stretching

vibration region from 3,200 to 3,500 cm-1, C–O–C

asymmetric vibration in cellulose at 1,162–1,125 cm-1,

and C–O stretch in cellulose at 1,030–1,060 cm-1 (Schw-

anninger et al. 2004). It is worthy to note that all the spectra

shown here are nearly identical, and no CF-related signal is

observed in the detection region, which suggests that the

deposited layer thickness is few hundreds of nm or thinner.

The variation among these three spectra is within 5 %. This

observation shows two important features of this proposed

process: (i) the major chemical composition of the filter

paper remains intact, even with plasma treatment; (ii) it

only requires a thin fluorocarbon layer for the device to

work, guaranteeing the efficiency of the process.

In order to exam the chemical composition of the

deposited films, and to further confirm that the detection

area remains intact after the deposition process, we used a

condition (c-C4F8/Ar = 30/50 sccm and RF power 30 W)

that is c-C4F8 richer with elongated treatment time

(30 min) to perform the paper substrate treatment using the

same set of masks. This condition allows for the plasma

polymerization occurring at a higher deposition rate and

forming a much thicker deposited layer, which is detect-

able by ATR–FTIR. Figure 3b shows the ATR–FTIR

spectra of the detection and the hydrophobic regions. We

first note that even under this selected condition with an

elongated processing time, the spectrum of the detection

region remains nearly identical with the untreated filter

paper. In the spectrum of the hydrophobic region, a strong

CFx(x = 1, 2, and 3) stretching modes between 1,100 and

1,400 cm-1 appears. This band mostly appears in an

amorphous cross-linked fluorocarbon film (Favia et al.

2003). In addition, the characteristic signals of O–H band

and C–O stretch in cellulose (paper substrate) are still seen,

but with lower intensities.

To further analyze the surface composition of the paper

substrate, XPS spectra are examined. C(1s) and F(1s)

spectra of untreated filter paper, the detection region, and

the hydrophobic area are examined, and Fig. 4 shows the

results. The C(1s) spectrum of the untreated filter paper can

be deconvoluted into C–C/C–H (binding energy (B.E.)

*285.0 eV) and C–O (B.E. *286.6 eV). The most

noticeable peak, C–O, is most likely related to the C–O

bond of cellulose or the paper sizing agents remained in the

matrix surrounding between microfibrils. For the detection

region, a nearly identical C(1s) spectrum comparing with

the untreated filter paper is observed. This shows that the

chemical composition of the detection region remains the

same as the untreated filter paper. The C(1s) spectrum of the

hydrophobic region clearly shows CF (B.E. *289.0 eV),

CF2 (B.E. *292.0 eV), and CF3 (B.E. *294.0 eV) bind-

ings, which clearly demonstrates the occurrence of fluoro-

carbon plasma polymerization (Martin et al. 2004) at the

paper surface. The F(1s) spectra show that both the filter

paper and the detection region are free of fluorine, while the

fluorine exists in the hydrophobic area. Based on XPS and

FTIR analysis, we believe that this process allows for fab-

rication of paper-based microfluidics devices with fluoro-

carbon-based hydrophobic barriers while keeping chemical

composition of the trench and detection area nearly iden-

tical as the untreated filter paper. Such a process feature

makes it unique comparing with processes that the whole

Fig. 2 Pattern of the device

fabricated by fluorocarbon

plasma polymerization under

the following condition:

c-C4F8(1 sccm)/Ar(50 sccm),

RF power 15 W, and 150 s

processing time a the front side

of the device with 800 lm

microfluidic channel wetted by

dye solution and b the

magnification of the image in

(a)
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paper is coated with hydrophobic agent, and selected area is

treated and becomes hydrophilic (Abe et al. 2008; Li et al.

2008). The left of agent residue on the paper substrate after

the treatment potentially interferes in the following analysis

step, especially when the agent residue is not inert.

3.3 Parametric study: effect of processing time on fluid

transportation behavior

The requirement of the sample solution amount and the

confinement of the test solution in the channel during

transportation are two critical elements for paper-based

microfluidics. It is found that the plasma processing time is

one of the key parameters that influence the device per-

formance. To test how the processing time for plasma

polymerization influences the fluid transportation behavior,

devices fabricated with different processing time are

examined. Dye solution (Orange II dissolved in deionized

water) is initially applied into the central area drop by drop,

allowed for the solution flowing through the channels, and

reaching the detection regions. The amount of sample

solution required is defined by the minimal solution vol-

ume applied to completely wet one channel and reach the

detection region. As shown in Fig. 5a, the volume of

sample solution used decreases significantly from 25 to

4.5 lL as the processing time increases from 15 to 180 s.

The patterned trench width decreases slightly with the

increase in the process time due to the lateral diffusion of

fluorocarbon-containing species during the process, as

noted earlier. This observation shows that the lateral dif-

fusion does not significantly deteriorate the pattern transfer

Fig. 3 The FTIR spectra of different regions of treated and untreated

paper under different processing condition: a c-C4F8 (1 sccm)/Ar (50

sccm), 15 W RF power for 30 s, and b c-C4F8 (30 sccm)/Ar(50

sccm), 30 W RF power for 30 min plasma polymerization

Fig. 4 XPS C(1s) and F(1s) spectra of fluorocarbon deposited

hydrophobic region and detection region on a paper substrate using

c-C4F8(1 sccm)/Ar(50 sccm), 30 s, and power input 15 W. The

spectra of untreated filter paper are also shown
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fidelity. This is superior to processes that require the

spreading of liquid phase agent into paper substrate to

define the microfluidic channels, such as wax printing. Due

to the anisotropic nature of paper substrate, lateral

spreading of liquid agent in the paper substrate is usually

more rapid than vertical spreading, as stated by Carrilho

et al. Such a lateral spreading results in inferior pattern

transfer fidelity as opposed to the plasma polymerization

process proposed in this work. We also observe that for the

device fabricated with insufficiently long plasma process-

ing time, the sample solution is not well confined in the

channel and ‘‘leaks’’ out to the hydrophobic region. In

order for the solution to fully wet the channel and to reach

the detection area, it needs a larger amount of sample

solution. Under such a situation, it is not only wasting the

sample solution, but also not suitable for practical appli-

cations. When the processing time is sufficiently long, i.e.,

180 s, the fluid is well confined in the channel and it only

requires a minimal amount, 4.5 lL, of sample solution to

wet the channel and to reach the detection area. Figure 5b

shows series of photographs taken to visualize the trans-

portation of sample solution in the patterned filter paper

fabricated under different processing time. It is clearly

shown that it only requires a single step and 180 s of

processing time to fabricate a paper-based microfluidics

device with desired hydrophobic patterns. It also shows

that such a device demonstrates good pattern transfer

fidelity, which is a key feature of plasma-based processes.

3.4 Quantitative analysis

In order to test the paper-based microfluidic devices for

quantitative biochemical analyses, we perform NO2
- assay

using devices fabricated by plasma polymerization. NO2
-

was chosen as the analyte since it is a reliable biological

marker for many human health conditions (Nagler 2008).

We first applied 7 lL of NaNO2 solution with concentra-

tions of 10, 5, 1.5, 0.25 mM to the central area of four

devices. The color images of these tested devices are

shown in Fig. 6. The different color responses of the ana-

lytes with different concentration are clearly observed. The

color responses in the four detection areas are reasonably

uniform, proving the performance in test solution trans-

portation on this device. The color response is then

Fig. 5 a Effect of plasma processing time on sample solution

required and patterned channel width under the plasma condition of

c-C4F8(1 sccm)/Ar(50 sccm) with RF power input of 15 W. b Series

of photographs taken for visualizing sample solution transported in

patterned paper made with different plasma processing time: 60, 120,

and 150 s

Fig. 6 Color response of NO2
- assay on the patterned paper for

NaNO2 concentration of 10, 5, 1.5, and 0.25 mM
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analyzed by the two schemes described in the experimental

section. The calibration curves obtained by using two color

analysis schemes are shown in Fig. 7. Fitting using linear

regression analysis is also performed. The R2 values for

scheme I and II are 0.97 and 0.98, respectively. In this

calibration curve, we intentionally test a range of NO2
-

concentration up to 10 mM, which is a wider range com-

paring with those reported in the literature [e.g., up to

1.3 mM in the work reported by Klasner et al. (2010) and

Li et al. (2010)]. The purpose for the test over a wider

range is to further understand our device behavior, rather

than comparing the device performance with those reported

in the literature. For this set of test, we choose identical

analyte and indicator concentrations as those reported by

Klasner et al. (2010), with an analyte to indicator volume

ratio of 3.5. This ratio is smaller than that used in Klasner’s

work, which has an analyte to indicator volume ratio of 10.

Such a relatively smaller amount of analyte usage is rele-

vant to the geometric design of the microfluidic pattern. It

prevents the complete consumption of the indicator,

leading to a linear response over a wide range up to

10 mM. This demonstrates that the process proposed in this

work is capable of fabricate paper-based microfluidics

devices with reasonable performance.

4 Conclusions

In this work, we demonstrated a process to fabricate paper-

based microfluidics devices using plasma processing. This

process uses a physical mask to perform plasma polymer-

ization by forming hydrophobic fluorocarbon-based

regions on paper substrates. This is a top-down, all-dry, and

rapid process to fabricate paper-based microfluidic devices

in one step. While this process is able to create fluorocar-

bon-coated patterns on paper substrates, the trench and

detection regions remain intact and free of contamination

after the fabrication process, as confirmed by ATR–FTIR

and XPS. As shown above, this process demonstrates good

pattern transfer fidelity, which is a key feature of plasma

processes. Given the above-mentioned process advantages,

the disadvantages of this process are the requirement of

different masks for different channel design as well as the

high cost of the plasma system. We note that in spite of the

high plasma equipment cost, one key feature of dry pro-

cesses is the smaller amount of chemical usage as opposed

to wet processes. We have assessed the effect of the pro-

cessing time on the device performance and found that it is

a very critical factor. With sufficiently long processing

time (180 s), the patterned trenches are able to strictly

confine the transport of the sample solution. By testing

devices with 800 lm channel width, a sample amount as

small as 5 lL is sufficient to fully wet the trench and to

reach the detection region. NO2
- assay is also performed

and shows a reasonable performance. It is demonstrated

that such a device is capable for biochemical analysis.
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