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Abstract
Paper, as a material, has been attracting considerable attention for developing analytical
devices and sensors after the introduction of a simple and easy method for patterning
hydrophobic materials on paper. In this study, a survey is conducted and statistical data
are produced by taking into account a number of published articles on paper research for
the last 10 years since 2008. Technologies related to patterning hydrophobic materials on
paper, namely, wax printing and photolithography methods, are also introduced. Accordingly,
representative cases of using paper as a material to develop analytical devices and sensors
have been introduced in the biomedical, food safety, agriculture, and environment fields.
The use of paper in the development of analytical devices and sensors provides the following
advantages: i) no need for additional apparatus to operate; ii) biomolecules can be immobilized using cellulose surface chemistry; iii) simple and reproducible patterning on paper;
and iv) easy to carry, use, and dispose of the single-use sensor. The number of studies
that refer to paper or paper microfluidics, particularly for developing analytical devices
and sensors, are expected to constantly increase and gain popularity in various fields.
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1. Introduction

tions. In recent years, paper has also become a
popular material for the research and development

Paper is a well-known material to record informa-

of analytical devices and sensors.

tion for handwriting and printing. Nowadays, paper

Sensors are commonly developed using electrical,11)

is used in various applications, after appropriate

optical, or spectral12-14) imaging15-17) technology to

modifications and engineering. For example, it can

identify and/or quantify properties of interest.

be used for packing and storing applications,1,2) for

However, when a biological and/or chemical reaction

packaging food and drink,

3,4)

as an absorber of

during a measurement is required, a sensor spatial

physical shocks,5,6) as a heat and electromagnetic

area and volume are needed for the reaction to

-wave insulator,

7,8)

as a shield for oscillating

occur. Typically, a well-plate is commonly used in

sounds,9) for filtration,10) and in many other applica-

many assays like enzyme-linked immunosorbent
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assay. The assay requires multiple stages of washing

covalently bound to the surface of the cellulose. In

and reaction processes in each well, and the whole

addition, due to the high surface-to-volume ratio,

plate is taken to a specifically developed reader, in

these biomolecules can be efficiently covered on the

18)

order to obtain the result from each well. The use

cellulose surface and enhance the signal-to-noise

of well-plates requires a tedious and handful process

ratio of the sensor.

at each stage during complex procedures. A micro-

Paper has become a very popular material in the

fluidic chip system is introduced during the sensor’s

field due to the introduction of a hydrophobic

research and development stages in order to

material patterning technique on the paper. There

overcome the difficulties associated with the use of

are two major techniques of patterning hydrophobic

well-plates. The microfluidic chip is fabricated

barrier on paper: a) photolithography21) and b) wax

with transparent polymers (i.e., polydimethylsi-

printing.22) Easier paper patterning techniques

loxane or polymethylmethacrylate) that have pat-

have resulted in its application not only in the

terned channels to allow liquid samples to flow

analytical device and sensors but also in numerous

through. Micro-pumps deliver multiple samples

other fields, such as electronics and biology. The

into the microfluidic chip during the reaction.19,20)

pattern guides the liquid flow to generate separation

The system requires a small number of samples

and mixing in order to control the liquid flow on

and can become automated by programming the

the paper. This patterned-paper platform is called

operation of the micro-pumps. However, the cost

paper microfluidics and has been applied to the

of such a system is high because of a) the etching

development of sensors for various applications,

process on a silicon wafer to generate the patterned

such as clinical, pharmaceutical, environmental,

mold for the polymer chip and b) the cost of

agricultural, and food applications.

purchasing the micro-pump. On the other hand,

In this paper, we analyze research trends by in-

paper has become an alternative material with

vestigating a number of scientific articles related

increasing interest in the microfluidic apparatus for

to paper microfluidics and the application of paper

the development of analytical devices and sensors.

microfluidics to the sensors’ development. General

Paper-based analytical devices or sensors have

information related to the commonly used paper

several advantages because they are cost-effective,

patterning methods for the fabrication of paper

easy to carry, and disposable; they do not require

microfluidics is presented. Moreover, representative

filters for purifying the samples or pumping appa-

research cases of using the paper microfluidics in

ratuses to deliver the liquid sample. These advan-

the development of sensors are described.

tages are based on the cellulose fibers, which form
the porous structure of the paper. The porous
structure which filters out macro-size molecules in
the sample, are mostly irrelevant to the material of

2. Research Trends in Paper
Microfluidics

interest. The pores (with a size of <100 μm) create
a capillary structure for the liquid sample to flow

The hydrophobic patterning technique introduced

through. Also, the cellulose fiber has a high affinity

in 2007 enabled paper to contain a liquid sample or

with hydrophilic substances due to the abundance

a mix of different liquid samples in a controlled

of the hydroxyl group in the cellulose molecules,

manner.21) Since then, the number of articles related

leading to strong wetting and capillary effect with

to paper research has drastically increased in the

hydrophilic liquids. Moreover, biomolecules can be

science and engineering field. Two-dimensional,23)
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three-dimensional flow24) paper microfluidics, and
25,26)

even paper origami

were investigated for various

purposes.

papers related to paper microfluidics is constantly
increasing and paper microfluidics has gained
popularity.

Statistical data were produced by analyzing the
number of studies related to paper and paper microfluidics for various research purposes for the
last 10 years since 2008. The number of the

3. Hydrophobic Paper Patterning
Methods

published articles has continuously increased, and
the largest number of papers was published last

3.1 Wax printing method

year, 2018. Most of these publications are related to

In the wax printing method, the wax printer is

paper or paper microfluidics with respect to the

used to print wax on paper with a custom designed

development of analytical devices and sensors (Fig. 1).

pattern. The wax is a hydrophobic substance that

Other research studies on paper presented appli-

can create a barrier and a guide for a hydrophilic

27,28)

cations, such as paper-based battery,

electrical

sample to flow through the hydrophilic region of

circuit on paper boards and flexible electronics,29,30)

the paper. Wax printing method requires two simple

paper-based antennas,

31,32)

RFIDs,

33)

capacitive

steps to create a pattern on the paper. In the first

touch pads,34) and cell culture.35,36) Almost 80% of

step, the pattern is printed on paper using the wax

the research articles are related to the use of paper

printer, and in the second step wax is melted to fill

for the development of sensors. This is due to the

the entire paper layer (Fig. 2).

attractive properties of paper as a material for

The wax printing method has a limitation that

sensor development. A paper-based sensor is

relates to limited pattern accuracy. This is because

relatively cheap, easy to carry, easy-to-use, and

printed wax above the paper diffuses in all directions

disposable; therefore, it fulfills the demand of sensor

through the fibers in the paper during the heating

being the point-of-use. The number of research

process (Fig. 2B). The blurred pattern created after
heating may cause a change in the flow rate in the
channel and in the amount of sample to be introduced for analysis. However, this patterning
method has the great advantage of being a faster
process with bulk production method compared
with the photolithography method.

3.2 Photolithography method
In the photolithography method, a light-sensitive
material (photoresist) is applied on the paper and

Fig. 1. Number of articles published that are
related to paper research in general and
to sensor development using paper in
particular, during the last 10 years. Data
were mined from the Web of Science using
the following keywords: “Paper-based,”
“Paper microfluidics,” and “Microfluidic
paper-based analytical device.”

covers it with a patterned photomask during the
UV exposure. The residue of the photoresist is
removed (Fig. 3). The remained photoresist pattern
on the paper functions as a barrier and guides the
liquid sample to flow within the cellulose fibers of
the paper. The photolithography method is a
reproducible and sophisticated method suitable for
J. of Korea TAPPI Vol.51 No.3 May-Jun. 2019
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Fig. 2. Overview of the patterning process using a wax printer (A). A pattern is created using design
programs (B). Shape of the printed wax on paper before the melting process and details of
the front and back of the paper from which the pattern was printed (C). Front and back of
the paper with blurred wax (D)22) after the heating process.

Fig. 3. (A) A brief description of the patterning process using a photoresist. (B) Fabrication of the
photomask of a designed pattern. (C) UV light is radiated on the paper that is impregnated
with the photomask and photoresist. (D) After the irradiation of UV light, the photomask is
removed from the paper. (E) Application of heating to bake the paper. (F) After the application
of the washing process using the organic solvent, the completed paper-based microfluidic
chip21) is created. (G) SEM image of the border between the paper channel (left) and the photoresist layer (right), modified from Park et al.37)
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developing a pattern on the paper. However, it has

paper microfluidics for potentiometric44,45) and

disadvantages, such as the use of materials and

amperometric46,47) measurements during oxidation/

instruments and requires a longer time to create a

reduction between the sample and the electrodes.

pattern.

Carbon nanotubes,48) carbon tape,49) graphene,46)
and pencil drawings50) were used to create the
electrodes in the paper microfluidics.

4. Analytical Device and Sensor
Applications Using Paper Microfluidics

4.1 Paper microfluidics for POC devices
The POC testing is an advanced method for the

The applications of paper-based analytical devices

immediate medical treatment of patients on the

and sensors can be classified into four categories:

site and typically includes blood glucose level,

a) point-of-care (POC) testing in biomedical

urine, and tumor marker tests. A three-dimen-

engineering, b) food safety, c) agriculture, and d)

sional paper-based microfluidic chip was developed

environmental monitoring. The detection of the

for detecting tumor markers that can identify the

material of interest is accomplished using mostly

presence of cancer cells at an early stage.51) Tumor

optical and electrochemical detection methods.

marker testing is a type of cancer test that uses

Measurements of color change38-40) or the fluo-

blood as a sample. The tumor markers include

41,42)

rescence signal

from reactions are the most

prostate-specific antigen, r-fetoprotein (AFP),

common of the optical methods in paper microflu-

carcinoma antigen 125 (CA125), carcinoma antigen

idics. Recently, these optical detections from the

199 (CA199), carcinoma antigen (CA15-3), and

paper microfluidics were measured and analyzed by

carcinoembryonic antigen (CEA), four tumor

a smartphone camera and an app.37,43)

markers (AFP, CA125, CA199, and CEA) were

Electrochemical detection requires electrodes on

analyzed using paper microfluidics (Fig. 4). A

Fig. 4. Schematic diagram of the analysis procedures and three-dimensional paper-based microfluidic chips for the detection of tumor markers. An antibody that causes a specific response
to a particular tumor marker is immobilized on the surface of the carbon working electrode.51)
J. of Korea TAPPI Vol.51 No.3 May-Jun. 2019
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sample that is dropped on the center circle of the

using the colorimetry method was developed to

paper microfluidics flows through each of the six

detect a food-borne pathogen.54) Escherichia coli

channels. Tumor markers in the sample bind with

O157:H7, Listeria monocytogenes, and Salmonella

antibody that is immobilized on each detection site.

Typhimurium, which are typical pathogens causing

A second antibody that is pre-bound with

food poisoning, were detected in this research

Ru-labeled binds to the tumor marker creates a

work. In order to determine the concentration of

sandwich binding that generates the electrochemi-

pathogens, the colors produced by specific reac-

luminescence signal to quantify the amount of

tions between enzymes and substrates by each

tumor present in the sample.

microorganism were analyzed. Esterase with

Tumor markers were detected using an electro-

5-bromo-6-chloro-3indolyl caprylate (magenta

chemiluminescence method that combines the

caprylate) reaction, β-galactosidase with chloro-

advantages of chemiluminescence and electro-

phenol red β-galactopyranoside (CPRG) reaction,

chemistry. Two working electrodes are placed per

and phosphatidylinositol-specific phospholipase

each tumor marker. Four standard curves of each

C (PI-PLC) with 5-bromo-4-chloro-3indolyl

tumor marker were created. All correlation coef-

-myo-inositol phosphate (X-InP) reaction were

ficients have values of 0.99 or higher (R=0.9978

used for the detection of Salmonella Typhimurium,

(AFP), R=0.9971 (CA125), R=0.9968 (CA199), and

E. coli O157:H7, and L. monocytogenes, respectively.

R=0.9963 (CEA)). The limit of detection for each

Ready-to-eat meat products were inoculated

tumor marker was as follows: 0.15 ng/mL (AFP),

with bacteria and cultured sufficiently. The samples

0.6 U/mL (CA125), 0.17 U/mL (CA199), and 0.5 ng/mL

were used as extracts with bacterial concentration

(CEA). Alternatively, the sensor of the tumor

values of 101, 102, and 103 CFU/cm2. The paper

marker CEA using an indium tin oxide electrode

-based sensor was able to detect bacteria at a

with chitosan was produced, without using paper

concentration of 101 CFU/cm2 after they were

52)

as a material.

The CEA was detected using the

enriched for about 8 to 12 h in media (Fig. 5). Al-

electrochemiluminescence method. The standard

though the detection range is limited, this method

curve created indicated a detection range of

has the advantage of time saving when compared

0.005-200 ng/mL and a correlation coefficient

with the conventional plate culture method. Addi-

value of 0.998. Compared with three-dimensional

tionally, bacteria can be detected from real food,

paper-based microfluidic chips, they exhibit a

and there is no need for any additional equipment

wider limit of detection and detection range.

to be used in the analysis. Moreover, there is no

Considering that the cutoff value of the CEA tumor

need of a biosensor that reacts with specific

marker is 5 ng/mL in the actual clinical diagnosis,

pathogens or a separate filtration stage to remove

the performance of the tumor marker detection

foreign substances from actual extracts. The porous

sensor when paper is used is also sufficiently

structure of the paper helps to filter out substances

53)

meaningful.

larger than the pore size except for the biomolecules
to be analyzed.

4.2 Paper microfluidics for food safety
analysis

Another method for detecting food-borne pathogens is the combination of paper microfluidics with a

In the field of food safety, the main point of

smartphone camera. The surface of the sub-micron

interest is to detect microorganisms and toxins

size poly-styrene particle was immobilized and

that cause food poisoning. A paper-based sensor

covered by the antibody for Salmonella Typ. The
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Fig. 5. After inoculating pathogens into ready-to-eat meat products, the extracts were used as
samples and analyzed by applying them to a paper-based microfluidic chip (A) E. coli
O157:H7, (B) Salmonella Typhimurium, and (C) L. monocytogenes.54)

J. of Korea TAPPI Vol.51 No.3 May-Jun. 2019
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particle was preloaded in the middle of the paper

done in a fast and simple way, using a three-di-

channel ready to bind and form aggregates with the

mensional origami fabricated paper microfluidic

introduction of bacteria. The particle exhibits

(Fig. 7). Proline–ninhydrin reaction is executed in

different light scatter characteristics depending on

the paper microfluidics, and the reagent required

the degree of aggregation that corresponds to the

for the reaction is loaded on the sensing part of

amount of target bacteria present in the sample.

the sensor. After the sample from a plant leaf is

The difference in light scattering before and after

dropped on the sensing area, the reaction occurs

the particle aggregation was measured by a smart-

and a red color is developed. The color intensity is

phone camera, and the result of Salmonella in the

measured and analyzed to diagnose the early stage

sample was printed out (Fig. 6).37)

of drought stress on the plant.55)

4.3 Paper microfluidics for agricultural and
environmental applications

of toxins or heavy metals that cause soil and water

Environmental monitoring is mainly the detection
pollution. Gold nanoparticles that are immobilized

Measuring the amount of proline in a plant's leaf

with single-stranded DNA (ssDNA) on the surface

helps to analyze and diagnose the degree of

are spread on paper microfluidics to detect mer-

drought stress applied to the plant. The detection

cury(II) ions.56) If mercury(II) ions exist in the

and estimation of the amount of proline can be

sample, the ssDNA forms Thymine-Hg2+- Thymine

Fig. 6. Images of the smartphone workflow application to detect Salmonella on multi-channel paper
microfluidics. Smartphone loads the developed app (A); the app guides the user to adjust the
angle and the distance between the camera and the paper microfluidics (B), locking auto
exposure and auto focus of the camera (C), taking a reference image with dried Ab-PS
loaded on the paper microfluidics (D), sample loading on the paper microfluidics (E), and
displaying the assay result after taking the signal image of the paper microfluidics (F).37)
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Fig. 7. Schematic diagram of (a), manufacturing process (b), fabricated paper-based sensor for
drought stress diagnosis in plants (c).55)

Fig. 8. Schematic diagram representing the process from actual sampling to application into paper
-based microfluidic chip.56)
bonds and then loses its binding affinity with the

degree of the color change (Fig. 8). Samples are

nanoparticle surfaces. At this moment, aggregation

collected from actual ponds and rivers and used to

occurs between nanoparticles without ssDNA on

create the standard curve. The detection range of

the surface, and the color changes depending on

the developed standard curve is 25-100 nM, and

the degree of aggregation. The concentration of

the limit of detection is about 50 nM.

mercury(II) ions is determined by analyzing the
J. of Korea TAPPI Vol.51 No.3 May-Jun. 2019

85

Paper and Paper Microfluidics for Analytical Devices and Sensors

5. Conclusions

of hardwood bleached kraft pulp, Journal of
Korea TAPPI 49(1):3-8 (2017).

In this article, the use of paper as a sensor

3. Kyung, G., Yang, H., Lee, W., Park, J., and

material for the development of analytical devices

Ko, S., Evaluation of the antibacterial and

and sensors was analyzed and presented. Paper can

physical properties of paper coated with chitosan

be applied to develop POC diagnosis and analytical

-Ag nanocomposite prepared by green synthesis,

devices and sensors for food-borne pathogens and

Journal of Korea TAPPI 46(4):28-36 (2014).

for agricultural and environmental purposes. It has

4. Back, S. R., Melani, L., and Kim, H. -J.,

been proved that paper is a promising sensor

Physical properties and antimicrobial behaviour

material that has many advantages. First, no

of food packaging paper by green tea extracts,

additional apparatus such as pumps are required

Journal of Korea TAPPI 49(6):5-12 (2017).

to transport or deliver the sample due to the cap-

5. Lee, Y. -M., Kim, C. -H., Kim, J. -O., Kim, G.

illary effect of paper. Second, paper can provide

-Y., Shin, T. -G., Song, D. B., and Park, C. -Y.,

scaffolds capable of immobilizing a substrate that

Development of environment-friendly cushioning

has a specific binding to a particular biomolecule

materials by pulping of waste residual woods,

and channels to transport a sample. Third, simple

Journal of Korea TAPPI 38(2):61-71 (2006).

and reproducible patterning technology makes it

6. Kim, G. -Y., Kim, C. -H., Lee, Y. -M., Song,

easy to fabricate patterns on paper. Finally, since

D. -B., Shin, T. -G., Kim, J. -O., and Park,

the paper is composed of cellulose fiber, it is easily

C. -Y., Utilization of wastepaper fibers for

disposable for the single-use sensor. Because of

development of environment-friendly

these merits of using paper in the sensor develop-

shock-absorbing materials, Journal of Korea

ment, it is expected that research on paper appli-

TAPPI 38(2):52-60 (2006).

cations will significantly grow and gain popularity.

7. Sung, Y. J., Heo, M. H., Chung, H. S., and Lee,
J. Y., Effects of the structure and the inorganic
filler type on the heat insulation of paper,
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