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ABSTRACT: The flexible sensing platform is a key component for the
development of smart portable devices targeting healthcare, environmental
monitoring, point-of-care diagnostics, and personal electronics. Herein, we
demonstrate a simple, scalable, and cost-effective strategy for fabrication of a
sensing electrode based on a waste newspaper with conformal coating of parylene C
(P-paper). Thin polymeric layers over cellulose fibers allow the P-paper to possess
improved mechanical and chemical stability, which results in high-performance
flexible sensing platforms for the detection of pathogenic E. coli O157:H7 based on
DNA hybridization. Moreover, P-paper electrodes have the potential to serve as
disposable, flexible sensing platforms for point-of-care testing biosensors.
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B INTRODUCTION

Flexible technology is leading to a new era in the IT industry, as
it allows the manufacture of flexible displays,’ artificial skins,”
and flexible electronics.” Numerous concepts for flexible
sensors have been proposed and are being recognized as key
components of smart portable devices targeting healthcare, s
environmental momtormg, point-of-care dlagnostlcs, and
personal electronics.”>” To realize flexible sensors, many
fabrication processes have been devised, such as the coating
of active materials on flexible substrates involving plastics,”
papers,”~"> and textiles® that replace conventional rigid and
planar counterparts. Thus, fully flexible platforms with excellent
mechanical strength, controlled wettability and functionality,
and unique morphologies (e.g, porosity) are required for
sensing applications. Recent research has focused mainly on
means of producing nanostructured electrochemical active
materials, and rather less attention has been paid to technology
platforms, even though their features can substantially affect
sensor performance.

Of the various platforms used to date, paper is probably the
cheapest and most widely used flexible and eco-friendly
substrate in daily life, and it includes writing, wiping, wrapping,
and packaging applications.”>™"* Paper is a sheet material

-4 ACS Publications  © 2016 American Chemical Society

produced by pressing moist lignocellulosic microfibers together,
and papers exhibit chemical stability, strong mechanical
strength, biodegradability, functionality, and permeability."’
These attractive features make paper a promising platform for
the construction of flexible devices, such as electronics,16
microfluidic devices,'” energy storage,'® gas sensors,"” bio-
sensors,”””" and piezoelectric papers.” In particular, the porous
nature of paper, which originates from interconnected wood
cellulose fibers, is useful for electrochemical applications (e.g,
energy storage and electrochemical sensors), and in combina-
tion with high specific surface area allows eflicient and rapid
mass transport, and enhanced electrochemical perform-
ance.”'**">* However, when paper is wet, its mechanical
properties are badly affected.”* Furthermore, although paper
porosity is attractive in terms of electrochemical reactions, the
high porosities and surface roughness of common papers limit
good electrical connections with metal nanoparticle lines
deposited on paper.”® In order to use paper as a platform,
some surface treatment is required, and various materials, such
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Figure 1. (a) Schematic illustration of fabrication process of P-paper. (b) Photographs of pristine newspaper and P-paper. Top-view SEM images of
(c) pristine newspaper and (d) P-paper. (e) Cross-sectional SEM image of P-paper. Photographs of P-paper after (f) bending, (g) twisting, and (h)

folding. (Insets show SEM images for each from the samples.)

as wax, organic/inorganic polymers, and ceramics, have been
extensively investigated to determine how they modify paper
surfaces (e.g, wettability, functionality, and roughness).”* ™" In
most cases, solution-based coating methods have been adopted,
but these methods often require a complicated experimental
procedure, involving polymer synthesis, a coating process, and
curing step. * Moreover, surface tension effects when solution-
based methods are used lead to poor coating conformity and
may bury the porous structure of papers.*®

Herein, we developed a simple and scalable process for the
fabrication of flexible and disposable sensor platforms based on
coating the surface of paper with parylene C by chemical vapor
deposition (CVD). A parylene C coating was selected as barrier
layer for fabrication of paper electrodes because of its low
surface energy (19.6 mN m™") and low stick coefficient (<1 X
1072 at room temperature).** In addition, because CVD is a dry
and single step process, it enables an efficient approach for a
conformal surface modification and enhances mechanical
properties as well as increases the hydrophobicity of paper
while maintaining its porous nature.”>™>’ Using waste news-
paper as a flexible and disposable sensor platform, we were able
to fabricate a sensing electrode via patterning of gold and silver
layers on parylene-C-coated paper (P-paper). Produced paper
electrodes were applied in an electrochemical pathogen sensor
and showed excellent electrochemical performances with

considerable potential as biosensor platforms for point-of-care
testing biosensors.

B EXPERIMENTAL SECTION

Materials. The Korea Herald newspaper was used for paper
samples. Parylene C was purchased from Specialty Coating Systems
(Indianapolis, IN). Tris(2-carboxyethyl) phosphine (TCEP), 6-
mercapto-1-hexanol (MCH), sodium phosphate, phosphate-buffered
saline (PBS), potassium ferricyanide, and potassium ferrocyanide were
obtained from Sigma-Aldrich. PCR kit was purchased from iNtRON
Biotechnology (Seongnam, South Korea). The S0-base oligonucleo-
tides were synthesized by Bioneer Inc. (Daejeon, South Korea) and
had a sequence as follows: single-strand probe DNA (ssDNA), 5'-/
SThioMC6-D/TGC CGA ACC TAA AAG TGG TAG TGC ACT
GTA TTC AAA GGG AAG TTT TTT GA-3’; target complementary
DNA (cDNA), 5'-TC AAA AAA CTT CCC TTT GAA TAC AGT
GCA CTA CCA CTT TTA GGT TCG GCA-3'.

Preparation of Paper-Based Electrode. The top and bottom of
the paper were totally coated by parylene C. Initially, parylene C (S g)
was placed into a parylene specialty coating system (PDS 2010
Labcoater 2, Speedline Technology, Camdenton, MO) for further
vaporization, and pristine paper was placed in a vacuum chamber. The
parylene coating process consists of three distinct steps. The first step
of vaporization of the solid dimer of parylene C occurred at ~180 °C,
and then, there is cleavage of the dimer at the two methylene—
methylene bonds at ~690 °C to yield the stable monomeric diradical.
Finally, as soon as the monomers enter the room temperature of
deposition chamber, the monomer of parylene C simultaneously
adsorbed and polymerized on the paper. The obtained paper after
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parylene C coating was denoted as the P-paper. A 200-nm-thick gold
and silver with 20-nm-thick Ti as an adhesion layer were evaporated
through stencil mask using an E-Beam evaporator (KVE T-C500200,
South Korea), which forms a three-electrode design on P-paper. We
used the gold and silver as working/counter and reference electrodes,
respectively.

Immobilization and Hybridization. To prepare the self-
assembled capture probe monolayer, 1 M ssDNA solution involving
10 mM TCEP was deposited directly on the working electrode surface
via gold—thiol bonds for 1 h. TCEP was used to break down the
disulfide bonds between thiolated DNA. The electrodes were washed
with buffer solution several times. MCH monolayer was formed by
immersion into MCH aqueous solution (1.4 mM) on working
electrode for 1 h to minimize nonspecific binding to the bare gold
surface.’® After immobilization of ssDNA + MCH on the gold
electrode, the hybridization reaction was conducted by dropping 50 uL
of sodium phosphate buffer solution containing the synthetic cDNA or
denatured amplicon of Escherichia coli O157:H7 (E. coli O157:H7, 384
base pair) at room temperature for 1 h. The electrode was then rinsed
thoroughly using the PBS buffer solution. Denaturation of the purified
PCR amplicon was performed at 95 °C for 10 min and at 0 °C for §
min.

Material Characterization. The contact angles (CAs) of pristine
newspaper, P-paper, and gold surface were measured using a contact
angle meter (Phoenix 300 plus, SEO, South Korea). Scanning electron
microscopy (SEM) images were obtained using an S-4800 (Hitachi,
Japan) instrument. Prior to SEM measurements, a thin Pt layer (about
S nm) was deposited on the specimens by magnetron sputtering.
Structural properties were analyzed by Raman spectroscopy
(NTEGRA spectra, NT-MDT, Russia). The mechanical property
changes of both pristine and parylene C coated newspapers were
analyzed using universal testing machine (UTM, Instron 5583, Instron
Corporation, Canton, MA). An elemental analysis of Ca in the samples
was performed by an inductively coupled plasma optical emission
spectrometry analysis under standard conditions (iCAP 6300, Thermo
Scientific, Waltham, MA). Electrical conductivity was measured by a 4
point probe method (CMT-SR2000, AIT, South Korea).

Electrochemical Measurement. Cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) experiments were
performed on PalmSens 3 electrochemical workstation to characterize
the step-by-step assembly process and evaluate performance of P-
paper electrodes. The electrolyte solution for CV and EIS experiments
was S mM of Fe(CN) /4", CV curves were recorded in a range from
—0.5 to 0.5 V at a scan rate of 50 mV s~'. EIS measurements were
carried out at the equilibrium potential of the redox probe (0.1 V vs
Ag) with ac voltage amplitude of 10 mV in the frequency range 0.1 Hz
to 10 kHz.

B RESULTS AND DISCUSSION

The process used to make P-paper is illustrated schematically in
Figure la. A continuous and conformal thin film of parylene C
was coated onto paper by CVD polymerization of chloro-p-
xylene. This CVD process consists of three steps: (1)
vaporization of the solid dimer at approximately 180 °C, (2)
the quantitative pyrolysis of the dimer at about 690 °C to yield
stable monomeric diradical chloro-p-xylene, and (3) adsorption
and polymerization of monomers onto paper to form thin
layers of parylene C.***” The parylene C coating formed was
uniform, thin, and transparent and, thus, did not obscure print
(Figure 1b). SEM was performed to investigate the surface
morphologies of pristine newspaper and P-paper (Figure lc—
e). Figure lc shows the typical morphology of pristine
newspaper, in which microfibers are randomlgr interconnected
to generate hierarchical porous structure.””*’ The conformal
coating of parylene C on individual fibers under controlled
thickness secured the intrinsic porous feature of paper (Fi;ure
1d,e), compared with the solid wax coating process.*”** In

order to use P-paper as an electrochemical sensor electrode, we
deposited a 200 nm layer of gold and silver on its surface to
design a three-electrode pattern using stencil lithography
(Figures S1 and S2). To ensure strong attachment of gold
and silver on the P-paper surface, 20-nm-thick titanium was
used as adhesion layer. P-paper electrodes were designed to be
easily torn by hand along perforated lines (Figure S3). We
found that P-paper electrodes had excellent flexibility and
stability against harsh mechanical stress, such as bending,
twisting, or folding; this electrode retains its original state
without any cracks or damage (Figure 1f—h). Furthermore, its
porous structure was maintained even after metal deposition
(Figure S4). A P-paper electrode exhibited a negligible change
of electrical conductivity after Scotch tape testing, indicating
strong adhesion of the metal layer on P-paper (Table S1).
Examination by Raman spectroscopy revealed a uniform
conformal coating of parylene C on the entire cellulose fibers
(Figure 2). Representative Raman spectra of thick parylene C
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Figure 2. (a) Representative Raman spectra of P-paper, thick parylene
C film, and pristine newspaper. (b) Lateral and (c) cross-sectional
distribution of Raman spectra on the P-paper. The scale bars for the
optical microscope images are 50 ym.

film and pristine paper are shown in Figure 2a. Obviously, the
Raman spectrum of the P-paper exhibits characteristic bands of
both parylene C and pristine paper. In the Raman spectrum of
P-paper, the prominent peaks at ~687, 1004, and 1335 cm™
were attributed to C—Cl stretching vibrations, CH in-plane
deformations, and CH, wagging/twisting vibrations, respec-
tively, of parylene C.**~* Thus, these peaks are used as
indicators to confirm the existence of parylene C in cellulose
fiber matrices. For examination of the homogeneity of parylene
C over cellulose fibers, Raman spectra were obtained at five
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Figure 3. Photographs after dropping a water droplet on (a) pristine newspaper, (b) P-paper, and (c) Au-coated P-paper electrode (Inset is CA
images for each from the samples). Photographs of (d) wetted pristine newspaper and (e) wetted P-paper before/after mechanical stretching. (f)
Stress—strain curves at vertical pulling of both pristine newspaper and P-paper before/after exposure to water droplets. Water resistance test of (g)
pristine newspaper and (h) P-paper using water immersion. (i) Change of weight for pristine newspaper and P-paper as a function of immersion

time.

separate points on P-paper (Figure 2b). Moreover, for
investigation of diffusion of parylene C inside the porous
structure of the cellulose matrix, Raman spectra were also
obtained at five points in the cross-sectional area of P-paper
(Figure 2c). The characteristic Raman bands of parylene C are
clearly discernible in all the Raman spectra, indicating that
CVD resulted in the uniform coating of cellulose fibers.
Furthermore, all of the colors from the three major peaks were
properly attributed to both surface and cross sections of P-
paper, indicating uniform coating of cellulose fibers.

Static water CA measurements were performed to investigate
the effect of the parylene C coating on paper surface properties
(Figure 3a—c). Pristine newspaper was extremely hydrophilic
and instantly absorbed water. After parylene C coating, pristine
paper became far more hydrophobic; the contact angle
increased significantly to approximately 90°. On the other
hand, Au coating changed the wettability of P-paper to a CA of
40° (Figure 3c). Consequently, parylene C coating smoothed

the surface of the newspaper and provided a nonabsorbing
platform that efficiently prevented a drop spreading beyond the
confinement of the hydrophilic Au surface. The mechanical
properties of pristine paper and P-paper were evaluated in the
dry and the wet states (Figure 3d—f and Movie S1). Clearly, the
Young’s modulus (E) and tensile strength (o) of dried P-paper
were 83.3 and 45.9 kPa, respectively, and were much higher
than those of dried pristine paper (E, 45.3 kPa; 5, 16.1 kPa). In
contrast, the wetted pristine paper was easily torn. The
wettability test was also carried out to investigate the
performance of water resilience of P-paper. After immersion
of the newspaper into water for S min, the significant
discoloration of newspaper indicates water absorption because
of its porosity and hydrophilicity (Figure 3g). In contrast, P-
paper exhibits no color changes and excellent water resiliency
even after exposure to water for 24 h due to the conformal
coating of parylene C (Figure 3h). The weight changes of both
newspaper and P-paper were also observed at different time
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Figure 4. (a) Electrochemical detection of food-borne pathogen using the P-paper electrode. (b) CV curves of P-paper before/after 100 cycles of a
fatigue test. (c) CV curves of bare gold electrode, probe ssDNA, ssDNA + MCH- and cDNA/MCH + ssDNA-modified gold electrode (The
concentration of cDNA was 10 nM). (d) Nyquist plots of the modified electrode after hybridization with different concentrations of target cDNA.
(e) The linear relationship between AR,/R., and logarithmic target concentration. (f) Specificity of P-paper electrodes for detection of E. coli

0157:H7 against Salmonella; the concentration was 5 X 10° CFU mL™".

frames. After exposure to water, the newspaper rapidly
absorbed water and reached saturation only after 1 h while P-
paper shows almost no weight changes (Figure 3i). Moreover,
the parylene C acted as an efficient barrier layer to block
releasing undesirable chemicals from the paper. This is
demonstrated via a leaching test of calcium carbonate that
used as filler in papers, confirming superiority of parylene
coating and elimination of a potential interference in
electrochemical sensing (Table S2). These results confirm the
merits of parylene C coating, which substantially improves the
mechanical properties of paper-based platforms as well as
completely blocks penetration of undesirable molecules (e.g,
water and calcium carbonate) for flexible and bendable
electrochemical device applications (Figure 3g—i and Figure
S5).

In order to demonstrate the superior performance of P-
paper, we used it as an electrode platform for an electro-
chemical biosensor used to detect foodborne pathogens (Figure
4a). Foodborne diseases are among the most widespread public
health problems, especially in developing countries, because of
poor hygiene and limited access to diagnostics and clinical
treatment.”® To address this issue, cost-effective, rapid, and
reliable pathogen detection is essentially needed to protect
humans from these potential threats. In this regard, our P-paper
is suitable for the fabrication of electrochemical pathogen
sensors because of its scalable production, disposability, low
cost, and environmental friendliness. On P-paper, two gold
patterns and one silver pattern were prepared according to the
three-electrode system by stencil lithography, in which two gold
patterns acted as working and counter electrodes, and a silver
pattern acted as a reference electrode (Figure S2).

Prior to fabrication of electrochemical pathogen sensors, the
electrochemical behavior of a P-paper electrode was inves-
tigated by CV in aqueous 5 mM Fe(CN)>™/* electrolyte

solution. The obtained CV curves of a P-paper electrode
exhibited a pair of well-defined redox peaks with a peak-to-peak
separation (AEP) of 110 mV (Figure 4b), indicating close to
reversible electron transfer kinetics.”” Even after 100 folding
cycles, the P-paper electrode produced overlapping CV curves
with an electrochemical response of the normal state of P-paper
(Figure 4b). As the scan rates increased, the P-paper electrode
being folded 100 times exhibited stable and increased CV
curves, indicating the flexible electrochemical electrode
characteristics of the P-paper (Figure S6).

To examine the sensing performance of an electrochemical
biosensor constructed using a P-paper electrode (Figure 4a),
we selected E. coli O157:H7 as a model foodborne
pathogen.***’ The ssDNA, which can sensitively recognize its
target cDNA of E. coli O157:H7, was immobilized on top of a
bare Au electrode. The CV technique was used to characterize
the electrode at each modification step (Figure 4c). Bare Au
electrodes showed a couple of reversible redox peaks with AE,
of 100 mV. After immobilization of the probe ssDNA and
blocking with the MCH monolayer, peak current decreased
significantly, and AE, (310 mV) increased versus the bare Au
electrode due to the repulsion between Fe(CN)> /4~ by
negatively charged ssDNA. Target cDNA was subsequently
hybridized with probe ssDNA on the electrode, which led to a
continual decrease in peak current and increase in AE, to 330
mV. These results indicate that probe ssDNA was successfully
immobilized on the surface of electrode and hybridized with
target cDNA. In order to better investigate the sensing
performance of P-paper electrodes, electrochemical impedance
spectroscopy (EIS) was also performed using Fe(CN)>~/* as
indicator. The sensitivity of the paper-based electrode for E. coli
was evaluated by measuring the EIS parameter and fitting with
a Randle equivalent circuit model (Figure S7), where R
represents internal resistance of the circuit, R, and Cy are
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charge transfer resistance and double layer capacitance at the
electrode, respectively, and Z, is associated with Warburg
impedance which is related to diffusion processes of the redox
probe.”® Nyquist plots in Figure 4d show the gradual increase
in R that occurred on increasing target cDNA concentration.
This indicates target cDNA bound to probe ssDNA
immobilized on the electrode to produce a more negatively
charged surface that attenuates the electron transfer kinetics of
Fe(CN)™/*". Normalized R, changes (namely AR./R.,)
between the ssDNA/MCH (R.,) and after ¢cDNA hybrid-
ization (R_) were used as measurement signals. As shown in
Figure 4e, a good linear relationship (R* = 0.9988) was
observed between R, and the logarithm of target cDNA
concentration with a detection limit of 0.16 nM (defined as S/
N = 3), which was comparable to other reported electro-
chemical detection methods for pathogenic DNA (Table S3).
In addition, the specificity of P-paper-based electrodes was also
evaluated (Figure 4f). After hybridization with a PCR sample
containing Salmonella DNA sequence, the change of R value
was negligible, indicating little hybridization. This P-paper
could be readily disposed by simply burning it after cDNA
detection (Movie S2) and, thus, provides a reliable, low-cost,
and disposable means of measuring the concentrations of target
biomolecules.

B CONCLUSIONS

We demonstrated a straightforward and scalable process for
fabrication of newspaper-based sensing platforms by CVD of
parylene C and a subsequent electrode patterning process. The
resulting P-paper electrodes exhibited strong water resistance
and a high mechanical integrity. A parylene C deposition
enabled a uniform conformal coating and porous structure. P-
paper electrodes showed superior electrochemical perform-
ances for the application of biosensors. We also examined the
biosensing performance for detection of pathogenic E. coli
0157:H7 based on DNA hybridization detection. The P-paper
electrode showed high sensitivity and specific detection of
pathogenic E. coli O157:H7. The P-paper electrodes developed
in this work could provide reliable, low-cost, and disposable
sensing platforms for point-of-care testing biosensor systems.
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