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ABSTRACT: Nanostructured flexible electrodes with biological compatibility and — SWNT*¥'3 Polyelectrobe | Enoyme
intimate electrochemical coupling provide attractive solutions for various emerging : ' B € A
bioelectronics and biosensor applications. Here, we develop all-inkjet-printed flexible
nanobio-devices with excellent electrochemical coupling by employing amphiphilic
biomaterial, an M13 phage, numerical simulation of single-drop formulation, and rational
formulations of nanobio-ink. Inkjet-printed nanonetwork-structured electrodes of single-
walled carbon nanotubes and M13 phage show efficient electrochemical coupling and
hydrostability. Additive printing of the nanobio-inks also allows for systematic control of
the physical and chemical properties of patterned electrodes and devices. All-inkjet-printed
electrochemical field-effect transistors successfully exhibit pH-sensitive electrical current
modulation. Moreover, all-inkjet-printed electrochemical biosensors fabricated via
sequential inkjet-printing of the nanobio-ink, electrolytes, and enzyme solutions enable
direct electrical coupling within the printed electrodes and detect glucose concentrations
at as low as 20 uM. Glucose levels in sweat are successfully measured, and the change in sweat glucose levels is shown to be highly
correlated with blood glucose levels. Synergistic combination of additive fabrication by inkjet-printing with directed assembly of
nanostructured electrodes by functional biomaterials could provide an efficient means of developing bioelectronic devices for
personalized medicine, digital healthcare, and emerging biomimetic devices.
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B INTRODUCTION For stable jetting, nano inks should possess colloidal stability
and satisfy specific rheological conditions. In general, most
pristine electronic materials, including nanocarbon materials
such as carbon nanotubes, carbon nanofiber, and graphene, are
hydrophobic and are prone to aggregation in aqueous solution
unless appropriate functionalization is carried out. Chemical
functionalization of nanomaterials enhances the colloidal
stability, but it can degrade the intrinsic electronic properties
of nanomaterials and can suffer from dissolution of printed
electrodes in an aqueous environment. Uniform dispersion of
nanomaterials via physical means, e.g,, using small surfactant
molecules or polymers, can retain their excellent electronic
properties. However, the dissolution of printed electrodes
made of surfactant-dispersed nanomaterials during washing
and the prohibited intimate electrochemical coupling by
polymer coating are major issues of physical functionalization.
Also, the printing condition should be mild enough to retain

Intimate electrochemical coupling between biological materials
and electronic materials has been of tremendous importance
for various bioelectronic devices and electrochemical bio-
sensors for digital healthcare, point-of-care, and biomimetic
devices.'~* Nanostructured electrodes have been widely
explored for intimate electrical contact with biological
materials owing to their comparable dimensions with biological
materials and large effective surface area.”” Various fabrication
processes using nanomaterials have been developed for
excellent electrochemical coupling between biological and
electronic materials.” Specifically, solution-based processes of
nanomaterials, such as drop-casting, screen printing, and inkjet
printing are attractive because those processes are compatible
with biological materials.>’ Among these, an inkjet printing
method which deposits digitally controlled ejected drops of
inks on specific locations of the substrate in a noncontact
manner is particularly useful for device fabrication owing to the
greater control of the spatial resolution of the printed
electrodes, broad range of printable materials, high reprodu-
cibility, and additive and direct patterning capability.'
However, to inkjet print nanobio-hybrid electrodes, inks
must be carefully formulated for ensuring both stable jetting
and hydrostability of printed electrodes.
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the functionality of biological materials, including enzymes.
Therefore, the formulation of inks that enable colloidal stability
and hydrostability and intimate electrical coupling of nano-
structured electrodes and their inkjet printing technology
should be studied strategically.

Peptides can bind electronic materials via molecular
recognition and provide additional functionalities to the
electronic material without chemical functionalizations.'' ™"
An M13 phage, a filamentous biological material that expresses
peptides on its body surface for strong binding with graphene
and single-walled carbon nanotubes (SWNTs) has been
successfully demonstrated to assemble nanocarbon materials
onto functional electrodes with highly controlled nanostruc-
tures and material properties.3‘1 16718 particular, the
hydrophobic segments of the amphiphilic body surface
proteins of the MI13 phage enabled stable binding with
SWNTs through their long length in aqueous conditions, while
the remaining hydrophilic segments provided additional
functionality to the SWNTs in a nondestructive manner.”"®
However, few studies have been performed for the inkjet
printing of such nanobio complexes, although such an
approach would greatly facilitate the fabrication of bioelec-
tronic devices and sensors with high-performance.

Herein, we developed all-inkjet-printed flexible nanobio-
devices with excellent electrochemical coupling capabilities by
employing amphiphilic biological material, M13 phage,
numerical simulation of single-drop formulation, and rational
formulations of nanobio-ink. The numerical simulation of
jetting behavior enabled the single-drop formation of the
nanobio-ink. Moreover, the use of biological template materials
in combination with inkjet printing technology allowed for the
directed assembly of nanostructured hybrid electrodes with
controllable physical and chemical properties in a scalable
manner. All-inkjet-printed electrochemical field-effect transis-
tors exhibited pH-sensitive electrical current modulations. In
addition, the all-inkjet-printed enzymatic biosensors success-
fully detected the glucose levels in human sweat and showed a
correlation with blood glucose levels. The current work
presents a potentially powerful approach for fabricating high-
performance nanobio-devices for digital healthcare, point-of-
care, and emerging bioelectronic devices.

B EXPERIMENTAL SECTION

Preparation of Nanobio-Ink Solutions. The as-received SWNT
solution (1000 pg mL™} SuperPure SWNTSs, Nanointegris Inc.) was
surfactant-exchanged with sodium cholate (SC) solution (2% w/v in
deionized water) using dialysis method (dialysis membrane product
#132706, MWCO 12000—14000 Da, SpectraLabs). M13 phage
clones expressing specific peptide sequences on its body surface for
strong binding affinity toward SWNTs were prepared according to a
previously reported method.'® Briefly, the M13 phage clone was
amplified using E. coli (XL-1 Blue, Stratagene) in a shaking incubator
and centrifuged. The amplified M13 phage that remained in the
supernatant was purified using the polyethylene glycol (PEG)/NaCl
precipitation method and dissolved in Tris-buffered saline (TBS)
solution. Polyethylenimine (PEI) (Mn 60000 g mol™', Sigma-
Aldrich) was dissolved in deionized (DI) water, and glucose oxidase
(GOx) enzyme solutions were prepared in 10 mM phosphate-
buffered saline (PBS) solution.

Numerical Simulation and Optimization of Inkjet Printing
Conditions. The numerical simulation was performed to determine
the processing parameters under which the solution formed a single
drop. Comsol Multiphysics was used to simulate the jetting behavior
of the SWNT—M13 nanobio-ink (10:1). The simulations were based
on a structured Eulerian grid, a finite element discretization, and a

level-set method. Simulation details are described in the Supporting
Information (SI). A piezoelectric-type inkjet printer equipped with 16
nozzle-cartridge (DMC-11610, Fujifilm) was used. Drops were
generated by shear mode actuators based on the reverse piezoelectric
effect, and the droplet jetting was concomitantly monitored by a
stroboscopic method using LED light for synchronization. The images
of moving drops from the nozzle were taken at 5—10 ps interval up to
100 ps.

Fabrication of All-Inkjet-Printed Electrochemical Field-
Effect-Transistors. For the source (S), drain (D), and gate (G)
electrodes, 10 layers of a molar ratio of SWNT/M13 phage = 10:1
were inkjet-printed. The size of the S and D electrodes was 2 mm (H)
X 1 mm (W), and the S and D electrodes were separated by 300 ym.
To form a semiconducting channel, a single layer of a nanobio-ink of a
molar ratio of SWNT/M13 phage = 2:2, which had a lower SWNT
concentration and a higher M13 phage concentration, was inkjet-
printed between the S and D electrodes.

Fabrication of All-Inkjet-Printed Electrochemical Glucose
Biosensors. SWNT—M13 nanobio-ink of a molar ratio of SWNT/
M13 phage = 10:1 was inkjet-printed on a glossy paper (Hansol,
glossy photo paper). The printed electrodes were rinsed using DI
water to remove residual surfactants and TBS and dried in ambient
conditions. In order to nondestructively and intimately couple
negatively charged GOx enzymes (isoelectric point (IEP) ~ 4.3), a
positively charged polyelectrolyte (PEI) solution was first inkjet-
printed on the negatively charged SWNT—M13 nanobio-electrode
and dried. Then, excess polyelectrolyte was rinsed using DI water and
dried. Ten layers of enzyme ink solution were inkjet-printed on the
PEI-coated SWNT—-M13 electrodes. To construct the reference
electrode, a commercial Ag/AgCl paste (ALS. Co., Ltd.) was screen
printed to the inkjet-printed electrode using a prepatterned stencil
mask. After applying the paste, the electrode was dried at room
temperature for 1 h to evaporate the remaining solvent in the paste,
and then washed with DI water and dried.

Characterization. The sheet resistance of the inkjet-printed
nanobio-electrodes was measured using the van der Pauw method
(HMS-3000, Ecopia). The thickness was measured using a surface
profiler (KLA-Tencor Alpha-Step IQ, KLA-Tencor). The surface
morphologies of the printed electrodes were examined using scanning
electron microscopy (SEM) (Nova Nano SEM 200 (FEI) and JSM-
7600F (JEOL)). For transmission electron microscopy (TEM), the
nanobio-ink of SWNTs and M13 phage was printed on a TEM grid
(Ted Pella, Carbon Grid Type-A, 300 mesh, Cu), washed with DI
water, and then dried at room temperature. TEM analysis was
performed using FEI Titan operated at 80—200 kV. Energy-filtered
transmission electron microscopy (EF-TEM) was done using a
Quantum 966 of FEI Titan, operated at 300 kV. All the
electrochemical measurements were performed using a PARSTAT
MC potentiostat (Princeton Applied Research). The transfer
characteristics and output curves of the eFET were measured after
dropping 10 L of 10 mM phosphate-citrate buffer into an open
region of a water-proof tape (3M #851 PCB PET SILICON
ADHESIVE TAPE). For the flexibility test, the all-inkjet-printed
enzymatic biosensors were completely folded and unfolded, and the
change in the reduction peak current was measured after every four
times folding up to 16 times. Cyclic voltammetry (CV) measurements
were performed at a scan rate of 200 mV s™' unless otherwise
indicated.

Analysis of Sweat and Blood Glucose Levels. The study was
performed based on the regulation of the institutional review board
(IRB) of the Korea Institute of Science and Technology (KIST, IRB#:
2016—024). Two healthy males without a history of heart disease or
diabetes participated in this study as volunteers. All subjects were
informed of and agreed to the risks and benefits. Biological fluids were
collected four times at intervals of every 90—120 min. Blood glucose
level was measured using a commercial blood glucose meter
(CareSens N Premier, i-SENS, Inc.). Approximately one uL of
blood from the fingertip was collected for analysis. The sweat was
collected using a cotton pad (Salivett, Sarstedt, Numbrecht,
Germany) attached to the bodies of the volunteers by centrifugation.
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Figure 1. (a) Main components of the nanobio-ink: (i) biological material, M13 phage displaying amphiphilic peptide sequences on its body
surface for strong binding to single-walled carbon nanotubes (SWNTs) and (ii) SWNTs to serve as nanoscale electronic materials. SWNTs were
dispersed in aqueous solution using sodium cholate (SC) surfactants. The amino acid sequences corresponding to the hydrophobic and hydrophilic
segments are colored as orange and blue, respectively. (b) Photograph of the nanobio-ink solution. (c) Dynamic viscosity of the SWNT—M13
phage solution in 1.3% sodium cholate and 13 mM TBS solution at 25 °C. (d) A series of snapshots of the ejected conductive nanobio-inks jetted
at various voltages (V) and ramp times (#,). A molar ratio of SWNT/M13 phage = 10:1 was used for the ink. The snapshots were taken for 100 us
at an interval of $ ys. Inset: Illustration of jetting of the nanobio-ink onto the substrate through a piezoelectrically controlled nozzle. (e) Drop head
velocity at various applied voltage values (V = V; = V,) and voltage ramp time (¢,). The t, and t; were fixed as S and 10 us. The results suggested

that a single drop was formed when the head velocity of the nanobio-ink was 1.5—5.7 m s~".

Table 1. Physical Properties of Various Inks Formulated for the All-Inkjet-Printed Enzymatic Glucose Sensor”

viscosi surface tension
ink base solution concentration (mPa 3 (mN m™) A
SWNT-M13 SC 1.3% w/v TBS 13 SWNT: 2 X 10'3 #/mL 1.21 + 0.022 50 + 4 26.1
solution”? mM aqueous solution M13: 2 X 10" #/mL
SWNT: 2 X 10'3 #/mL 1.23 + 0.017 48 + 6 25.2
M13: 4 X 10" #/mL
SWNT: 4 x 10'* #/mL 1.11 + 0.017 49+5S 282
M13: 4 X 10" #/mL
PEI solution™® DI water 5% w/v 4.03 + 0.031 712 + 0.2 9.4
GOx solution”® PBS 10 mM aqueous solution 25 mg/mL 1.22 + 0.019 62.3 + 0.1 28.9

“Three and five samples were used for the calculation of mean values + SD of the viscosity and surface tension, respectively. Z = (apy)'/%/n where
P, v, 1, and a are density, surface tension, viscosity, and characteristic dimension length, respectively. YMeasured at shear rate = 20000 s
“Measured at shear rate = 100 s~' “Measured by pendant drop method. “Measured by Du nouy ring method

The collected sweat was characterized using both the newly developed and blue, respectively. The hydrophobic segment of the body
lilil-inkjet(-iprinted gllL)lcose biosensor an.d theAclzrprEercialiglECf)se asslay coat proteins preferentially interacts with the hydrophobic
ergpt;oenuzfmljtr:e der: GAGO-20, Sigma-Aldrich) and their results sidewall of SWNTs along the length of the M13 phage,'® and
parec the hydrophilic segment stabilizes the M13 phage—SWNT
B RESULTS AND DISCUSSION complex in the aqueous solution once the complexes are
formed. To prepare the nanobio-ink, each SWNT and M13
b " disolavi d s bod phage solution was mixed to achieve a final molar ratio of
phage clone displaying peptice sequences on its body coat SWNT/M13 phage = 10:1, 10:2, or 2:2 in a total volume of 2

proteins for strong binding affinity toward SWNTs and the , )
. . - 18,19 mL of 1.3% w/v sodium cholate and 13 mM TBS solution.

SWNTs are schematically illustrated in Figure la. The N h her additi din thi v b

specific body coat proteins of the MI13 phage are ote that other additives were not used in this study because
remaining additives after washing could hinder intimate

The main components of the nanobio-ink, that is, an M13

amphiphilic,"®*° wherein a hydrophobic segment is sand- ! : el : .

wiched by hydrophilic segments, as depicted in Figure 1a. The electrical coupling within printed nanobio-electrodes. A
hydrophobicity plot was calculated based on the Kyte-Doolittle photograph of the nanobio-ink solution is shown in Figure
scale."*”" The amino acid sequences corresponding to the 1b. The prepared nanobio-ink was colloidally stable at least for

hydrophobic and hydrophilic segments are colored as orange 7 days (Figure S1 and SI Movie M1).
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Figure 2. (a) Transmission electron micrographs of the inkjet-printed SWNT—M13 electrode and EF-TEM mapping of the carbon (red) and
nitrogen (green) atom, obtained from the same sample shown in the left panel. The green lines indicate the locations of the M13 phage and
correlate well with the locations of the high-contrast SWNT lines, suggesting that SWNTs and M13 phage are bound to each other along their
lengths within the inkjet-printed nanoelectrode. (b) Illustration of the binding scheme of M13 phage to SWNT in the inkjet-printed nanobio-
electrodes. (c) Hydrostability test result of the inkjet-printed SWNT electrodes using inks without (first column) and with (second column) M13
phage. The SWNT-only electrode readily dissolved upon dipping in DI water and disappeared after one min, illustrating that the M13 phage
enhanced the hydrostability of the inkjet-printed electrodes. (d) Dependence of the sheet resistance (left axis) and thickness (right axis) of the
SWNT—-M13 electrode on the number of print. The molar ratio of SWNT/M13 phage = 10:1. Mean values + SD were obtained from five different
samples. (e) Photographs of the printed SWNT—M13 electrodes on an Ad4-sized glossy paper in a variety of shapes and geometries. (f)
Photographs of the all-inkjet-printed electrochemical field-effect transistors (eFET). S: source, D: drain, G: gate electrodes. SWNT/M13 phage =
10:1 for the electrodes and 2:2 for the semiconducting channel. (g) Transfer characteristics of the eFET measured at various pH conditions. Inset:
Changes in the channel current (left axis) and threshold voltage (right axis) as a function of pH.

We first explored rheological parameters of the ink for the piezoelectric component in nozzles.”’~>* However, numerical
single drop formation during the jetting since the formation of and phenomenological analyses for the formation of satellite-
satellite drops can cause resolution issues. As an example, the free droplets with nanobio-inks having a high Z number are
dynamic viscosity of the SWNT—MI13 phage solution is unprecedented. In this study, to find optimal jetting conditions
presented in Figure lc. The viscosity of the nanobio-ink of inks with a high Z number, the jetting behavior of the
increases with the increasing amount of SWNTs and M13 nanobio-ink was systematically simulated using Comsol
phage. The physical properties of all ink formulations Multiphysics. The details are described in the SI methods
examined in this study are summarized in Table 1 and Figure and Figures S3—SS. The simulation result showed that the
S2, respectively. Note that the Z number (Z = (apy)*/n drop tail velocity exhibited an upper limit for inks of high Z
where p, 7, 17, and a are density, surface tension, viscosity, and values, and the limit velocity greatly depended on the Z value
characteristic dimension length, respectively) of the inks are of the ink (Figure S4). As the Z value was increased, the upper
higher than 10. It has been reported that the Z number of ink limit of the tail velocity was decreased. This result was
solutions ranging between 1 and 10 is preferred for stable consistent with a previous work that reported that the upper
inkjet printing.”” In some recent studies, single drop formation limit of Z was determined by the point at which a satellite
of ink solutions with Z > 20 was successfully demonstrated by formed.”® In our simulation, a single drop was successfully
adjusting waveforms and firing voltages applied to the formed when the drop head velocity was lower than a certain
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value (Figure SS). With increasing drop head velocity, satellite
drops were observed presumably because the tail could not
follow the drop head. Therefore, our numerical simulation
suggested that the control of the drop head velocity was critical
for the single drop formation of the nanobio-ink. This result
well matched with the experimental results as presented in
Figure 1d and le. A single drop was successfully formed when
the head velocity of the nanobio-ink was 1.5—5.7 m s™". These
printable ranges well agreed with the value of S m s™' predicted
by numerical simulation (Figure SS). Therefore, our approach
could be used for optimizing jetting conditions of nanoinks
when the physical properties of inks cannot be adjusted due to
special needs and restrictions.

The inkjet-printing of patterns of nanobio-electrodes were
then investigated for device applications. Printing parameters
such as drop spacing and number of printing layers were
optimized for well-defined dimensions and properties of the
electrode on a paper substrate. The surface energy of the paper
substrate was estimated to be 57.4 mJ m™> (Figure S6).
Isolated drops were observed at a drop spacing wider than 30
um, whereas an overflow (bulging) occurred at a drop spacing
below 10 um (Figure S7). Drop spacing of 20 um produced
the coalescence of consecutive droplets in a straight line
without waving or bulging.””** The minimum feature size and
spacing were 75 and 70 um, respectively (Figure S8). The
inkjet-printed electrode on the paper substrate was not
detached even using an adhesive tape, confirming its stable
adhesion with the paper substrate (Figure S9). The
nanostructures and physical properties of the inkjet-printed
electrodes were next examined. Transmission electron micro-
graphs of the printed nanobio-electrode are presented in Figure
2a. The micrograph exhibited fine nanonetwork structures with
widths ranging from 3 to 10 nm. The high-contrast and sharp
lines in the left panel of Figure 2a corresponded to SWNTs. To
correlate the locations of the M13 phage, which were also in
the one-dimensional shape, carbon atoms (red) and nitrogen
(green) were mapped using EF-TEM. The EF-TEM images for
carbon and nitrogen are shown in the middle and right panels
of Figure 2a. Because only the M13 phage contained nitrogen
atoms, the green colors indicated the locations of the M13
phage. The green lines correlated well with the high-contrast
SWNT lines shown in the left panel of Figure 2a. These results
are consistent with previous results'® and confirm that the
inkjet printing method successfully produces nanobio-networks
of SWNT—-M13 phage complexes bound to each other along
their lengths, as illustrated in Figure 2b. Figure 2c
demonstrates that the M13 phage serves as a biological glue
to endow the hydrostability of the inkjet-printed electrodes.
The inkjet-printed electrode without the M13 phage (depicted
as SWNT in Figure 2c) easily dissolved upon dipping in DI
water and disappeared after 1 min (first column of Figure 2c)
whereas the inkjet-printed electrodes with M13 phage
remained stable in an aqueous environment. Surfactants
contained in the as-printed electrode were easily washed
(Figure S10), producing pure nanobio-electrodes. The Raman
spectrum of the inkjet-printed nanonetwork was also analyzed
to confirm the quality of the SWNTSs after inkjet printing. In
the Raman spectrum of SWNTs, the G band, indicative of sp2
hybridized carbon atoms connected via conjugated double
bonds, represents the graphitic nature of SWNTs and the D
band implies the presence of defects, such as sp® single-
bonded carbon atoms, and broken sp* bonds in sidewalls.
Therefore, structurally defective SWNTs from functionaliza-

tion or fabrication exhibit a relatively strong peak in the D
band in Raman spectra.”” The Raman spectra of the printed
nanobio-electrodes shown in Figure S11 suggest that the
SWNTSs maintained their structure (Ip/Ig" ~ 1.13%)°°
without further defects being generated during the jetting
process.

The additive nature of inkjet printing and the tunability of
the nanobio-ink composition enabled us to systematically
optimize the physical dimensions and properties of the inkjet-
printed patterns such as hydrophilicity, thickness, and
conductivity. Figure S12 exhibits the dependence of the
contact angle on the number of the printed layers. The contact
angle decreased with increasing printed layers, implying
increased wettability with an increasing printed layer
presumably due to the hydrophilic segments of the M13
phages bound to the SWNTs. This enhanced wettability could
provide a favorable ionic environment for the electronic
materials. Figure 2d shows the dependence of the sheet
resistance value and thickness on the number of printed layers.
The sheet resistance value of one printed layer of the ink
composition of SWNT/M13 phage = 10:1 was 1520 + 85.9 Q
sq~" and decreased to 164 + 15.7 Q sq~" for ten layers. The
thickness of one printed layer was 229 + 27.5 nm, and it
linearly increased, producing 1964 + 48.0 nm for ten printed
layers. The electrical resistivity was calculated to be 0.035 =+
0.0024 and 0.032 + 0.0023 Q cm for one and ten layers,
respectively (Figure S13), which were higher than pure SWNT
films by about ten times’' due to the presence of the
electrically insulating biological material, M13 phage. However,
it should be noted that these values are low enough to provide
conductive electrodes for transistors and enzymatic biosensors
and enable efficient electrochemical coupling between the
nanostructured electrode and enzyme. A variety of electrodes
with versatile configurations and thickness were successfully
fabricated on an A4-sized paper (Figure 2e), confirming the
additive and controllable patterning capability of inkjet-
printing to produce nanobio-electrodes in a large scale without
using any prepatterned mask. The lighter color indicates a
thinner thickness of the pattern.

Controlling the ink composition can further produce
electrodes with different electronic transport behavior such
as semiconductors. This capability can provide an all-inkjet-
printed active device such as transistors. As a demonstration,
an all-inkjet-printed electrochemical field-effect transistor
(eFET) was fabricated as shown in Figure 2f. The source
(S), drain (D), and gate (G) electrodes of the eFET are
indicated. Ten layers of a molar ratio of SWNT/M13 phage =
10:1 were inkjet-printed for electrodes, and a single layer of a
nanobio-ink of a molar ratio of SWNT/M13 phage = 2:2 was
inkjet-printed for the channel. The size of the S and D
electrodes was 2 mm (H) X 1 mm (W), and the S and D
electrodes were separated by 300 pm. The molar ratio of
SWNT/M13 phage = 2:2 was chosen based on our previous
reports.'”** The printed gate electrode was coated with Ag/
AgCl paste (ALS. Co., Ltd.) for applying a stable gate bias
(Figure S14). The transfer characteristics and output curves of
the eFET were measured after dropping 10 pL of 10 mM
phosphate-citrate buffer in the open region of the water-proof
tape. The results are summarized in Figures 2g and S15. The
transfer curve clearly indicated that the all-inkjet-printed eFET
device using SWNT—M13 phage ink successfully behaved as a
p-type transistor. The Iy, _o4v/Iyg-0,v Was ~25. This low
ratio and the nonsaturating behavior of the output curves
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Figure 3. (a) Illustration of the sequential inkjet printing process of various types of ink solutions. Three inks were sequentially inkjet-printed:
SWNT-MI13 ink, polyelectrolytes, and then enzyme solutions. Photographs and illustrations of the key components with appropriate surface
charge states of each ink solution are shown. (b) Schematic illustration of inkjet printing on a glossy paper using the developed inks. (c) Scanning
electron micrographs of the inkjet-printed electrodes after printing each ink solution for the fabrication of the enzymatic glucose biosensor.
Inset: Illustrations of the binding scheme of the components after each printing step. (d) UV—Vis absorption spectra of the pristine GOx and the
inkjet-printed enzymatic electrode, GOx/PEI/SWNT—M13. The shift of the polypeptide was 1 nm, and the two peaks of 377 and 458 nm that
were related to FAD/FADH, moiety were 1 and 2 nm, respectively, indicating that the conformational changes by the inkjet printing process were
small. () CV curves of the enzyme electrode measured at various scan rates. The clear redox peaks indicated excellent electrochemical coupling of
the GOx enzyme with the electrode. Inset: Oxidation and reduction currents after subtraction of background capacitive currents. Linearly increased
currents with increasing scan rate indicated the surface-controlled process of immobilized enzymes. (f) Change in the reduction peak current upon
repeated complete folding up to 16 times. Mean values + SD were obtained from three different samples.

(Figure S15) were due to the randomly oriented SWNT
network channels with high coverage.”> The leakage current
level of the eFET was negligible and the time constant of the
electrochemical processes was estimated to be ~200 ms
(Figure S16).

The transfer curves were shifted to a more positive potential,
and the source-drain current (Isp) was accordingly increased
upon a gradual increase in pH of the buffer solution from 3 to
9. Both the Vy, shift and I increase were ascribed to the
increase of the hole concentration in the p-type channel due to
enhanced negative polarization of M13 phage.”” As the IEP of
M13 phage is known to be ~4,’” the carboxyl functional
groups of the peptides on the body of the M13 phage were
deprotonated as the pH of the electrolytes was gradually
increased from 3 to 9. The increased negative polarization of
the M13 phage induced more positive carriers in the SWNT
channel, resulting in the Vy, shift and Igp increase. The Vi, shift
was estimated to be 12 mV pH™, and the Iy, current was
increased by 20% as the pH increased from 3 to 9 (Inset of
Figure 2g). The electrolyte-gating response of the SWNT—
M13 phage channel indicates strong electrochemical coupling
of the printed nanobio-devices.
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In addition to the amphiphilic nanobio-inks, various other
solutions can be further combined to produce different types of
devices that require efficient electrochemical couplings of
nanobio-electrodes in aqueous solutions such as all-inkjet-
printed enzymatic biosensors. As a demonstration, different
types of inks were employed in addition to the nanobio-ink of
SWNT/ M13 phage = 10:1 such as 5% w/v polyethylenimine
(PEI) in water and 25 mg mL ™" GOx in 10 mM PBS, as shown
in Figure 3a. In this study, the glucose oxidase (GOx) enzyme
was chosen based on both the tremendous impact of high-
performance glucose sensors in the new healthcare market and
the challenges of obtaining intimate electrical coupling of GOx
enzymes in a biocompatible and simple manner.”*** Viscosity,
surface tension, and the calculated Z number of each ink
solution used for the all-inkjet-printed glucose biosensor are
summarized in Table 1. The inkjet-printing conditions for all
the ink solutions are summarized in the SI Table S1. Figure 3a
and 3b schematically illustrates the full sequential printing
processes for the fabrication of the all-inkjet-printed glucose
sensor. Ten layers of the SWNT—MI13 phage nanonetwork
were printed using the ink of SWNT/M13 phage = 10:1 to
produce working (W), counter (C), and reference (R)
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Figure 4. (a) Photograph of five all-inkjet-printed enzymatic biosensors. W: working, C: counter and R: reference electrodes. The gap between the
C and W electrodes is ~1 mm. The R electrode was coated with Ag/AgCl paste. (b) CV curves measured in buffer solutions containing various
glucose concentrations. Cathodic current decreases with increasing glucose concentration. (c) Changes in the cathodic peak current density with
increasing glucose concentration. The sensitivity value was ~56.07 + 2.473 uA mM" cm ™ Mean values + SD were calculated from three different
samples. (d) Stability of the all-inkjet-printed glucose sensor. Mean values + SD were calculated from three different samples. (e) CV curves
measured in various physiological solutions, such as buffer solution (PBS), human serum, and artificial tear solution. (f) Comparison of blood
glucose levels (left axis) measured using a commercial glucometer with sweat glucose levels measured using the developed all-inkjet-printed
biosensor and the commercial glucose assay kit. The developed electrochemical glucose sensor matched well with the assay kit, and the sweat
glucose levels correlated well with the blood glucose levels (correlation factor: 0.671, the ratio of the sweat glucose level (M) to the blood glucose

level (mg/dL), R*=0.77). Mean values + SD of the sweat glucose level were calculated from three different samples.

electrodes with high conductivity and ionic compatibility. Note
that the printed electrodes were negatively charged due to the
negative surface charge of M13 phage (IEP % 4). After washing
residual surfactants using DI water, one layer of a positively
charged PEI (IEP =~ 10) ink was printed only onto the W
electrode located at the center of the biosensors, and then ten
layers of negatively charged GOx enzyme solution (IEP ~ 4.3)
were inkjet-printed onto the PEI-coated W electrode. Scanning
electron micrographs of the corresponding electrodes after
printing of each type of ink solution are shown in Figure 3c.
The micrographs show fine nanonetwork structures of the
printed base electrode (SWNT—M13) and also suggest that
the subsequent PEI and enzyme layers were well coated. The
binding scheme of the components after each printing step is
illustrated in the inset.

A key factor for making highly sensitive enzymatic
biosensors is efficiently coupling enzymes with electrodes,
preserving the catalytic activity of the enzymes after their
immobilization. Many studies have shown that the catalytic
activity of enzymes can be easily degraded for the enzymatic
biosensors fabricated using either thermal- or piezo-based
inkjet printers®®*” because harsh temperature- or pressure-
induced jetting conditions can cause a structural change of the
enzymes. Therefore, the possible conformational change of
inkjet-printed GOx in this study was investigated by absorption
spectrum analysis (Figure 3d). The UV—Vis spectrum of the
native GOx (red curve) exhibited three well-defined peaks at
280, 377, and 458 nm. The peak at 280 nm corresponds to
polypeptide chains of GOx, and peaks at 377 and 458 nm
correspond to the flavin adenine dinucleotide (FAD/FADH,)
moiety of GOx, respectively. The shift of the polypeptide after
inkjet-printing was 1 nm, and the two peaks of 377 and 458 nm
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that were related to FAD/FADH, moiety were 1 and 2 nm,
respectively, indicating that the conformational changes were
small,”*™*° presumably due to the mild jetting condition of
GOx ink used in this study such as low firing voltage of 30 V.*

The electrical coupling within the inkjet-printed enzymatic
nanostructured electrodes was then examined by CV measure-
ment in 10 mM PBS solution. The CV curves showed both
strong cathodic and anodic redox peaks in the negative
potential ranges, and these peaks were ascribed to the electron
transfer (ET) process of the FAD/FADH, redox cofactor of
immobilized GOx (Figures 3e, S17, and $18)."'=* For the
analysis of the surface coverage of GOx and the rate constant,
k,, of ET, the background capacitive currents were subtracted.
The surface concentration of immobilized GOx was estimated
according to I' = Q/nFA where Q is the charge, n is the
number of transferred electrons, F is the Faraday constant, and
A is the geometric surface area of the working electrode. The
estimated surface concentration of GOx was 3.49 X 107'° mol
cm™?%, which was higher than the theoretical value (2.86 X
107"* mol cm™2) of monolayer GOx (Stokes radius, 4.3 nm)
on bare gold electrodes™ and the literature values (~107'° mol
cm™?) of the electrodes employing nanomaterials.*"*® This
implies that the developed nanobio-electrodes in this study
provided a large effective surface area for the enzymes. Figures
3e (inset) and S17 also show that the oxidation and reduction
currents after subtraction of background capacitive currents
linearly increased as the scan rate increased from 25 to 1000
mV s~ indicating the surface-controlled process of immobi-
lized enzymes. On the basis of Laviron’s equation, the
heterogeneous ET rate constant (k,) was estimated to be 3.4
s7!, indicating that the SWN'T—M13 hybrid electrode provided
enzymes with intimate electrical contacts within the inkjet-
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printed enzyme electrodes. The reversible FAD/FADH, redox
peaks of the paper-based glucose biosensor were well retained
even upon 90° folding and repeated complete folding, as
shown in Figures 3f and S19. The change in reduction peak
current after complete folding 16 times was ~1.9%. These
stable operation upon folding would be presumably due to the
high mechanical stability of the SWNT—M13 hybrid electrode
enabled by the M13 phage and the bio/chemical-compatibility
of papers. All these results suggest the feasibility of all-inkjet-
printed high-performance flexible biosensors.

The all-inkjet-printed enzymatic biosensor was used for
analyzing sweat glucose levels. Five all-inkjet-printed enzymatic
glucose sensors are shown in Figure 4a. Here, it is worth noting
that the diameter of the W electrode was 4 mm, and it was
separated from the surrounding C and R electrodes over a
distance less than 1 mm. Furthermore, PEI and GOx inks were
only superimposed on the center of the working electrode. In
such a spatial resolution, a solution processing (i.e., drop-
casting) for the enzyme immobilization would not be feasible,
particularly on a paper substrate. These results confirmed the
advantages of inkjet printing such as the multiple productions
of identical image layers with high reliability, resolution, and
reproducibility. The sweat glucose levels are known to be lower
than 0.5 mM, which is much lower than the blood glucose
levels ranging over several mM.*>® Therefore, the sensing
characteristics of the all-inkjet-printed glucose biosensors were
examined in an air-saturated PBS solution containing a variety
of glucose concentrations from 0 to 1000 #M. To obtain high
sensitivity, ten layers of GOx inks were inkjet printed (Figure
$20). Figures 4b and S21 show that the cathodic peak current
decreased and the anodic peak current increased with
increasing glucose concentration. In contrast, the CV curves
of the inkjet-printed electrode without the GOx layer did not
change upon the addition of glucose (Figure S22). The
dependence of the peak current on the glucose concentration
of the developed biosensor was ascribed to (1) the increased
amount of the reduced form of FAD by the following
enzymatic reaction, GOx (FAD) + Glucose — GOx (FADH,)
+ Gluconolactone, and (2) the decrease in the extent of the
cathodic reaction with dissolved O, that was enzymatically
consumed by the FADH,.””*'~** The change in the cathodic
peak current level was used to calculate the sensitivity of the
glucose sensor. The sensitivity of the all-inkjet-printed glucose
sensor was 56.07 + 2473 uA mM! ecm™ and the limit of
detection (LOD) was 20 gM. The LOD was calculated using
the equation: LOD = 3 X standard deviation of the peak
current (n = 10)/sensitivity.”” The apparent Michaelis—
Menten constant (K,,,") of the all-inkjet-printed glucose
biosensor was estimated to be 887 uM using the electro-
chemical version of the Lineweaver—Burk equation (Figure
$23). A low value of 887 uM of the all-inkjet-printed glucose
biosensor suggests that the enzyme electrode possessed high
affinity, as well as high enzyme catalytic activity toward glucose
molecules. "'

The long-term stability was also studied by storing the all-
inkjet-printed glucose sensors in a refrigerator at 4 °C, and the
measurements proceeded every 2 days up to 11 days. During
the first S days, 90% of the initial sensitivity was maintained,
and 85% of the initial sensitivity was retained after 11 days
(Figure 4d). The selectivity of the glucose sensor was
examined using various physiological solutions, such as
human serum and artificial tear solution. The cathodic and
anodic peaks measured in these physiological solutions differed

by under 1.4% from the peak currents measured in the PBS
solution containing 10 mM glucose, as shown in Figure 4e.
The excellent selective operation was ascribed to the negative
potential range (<—200 mV vs Ag/AgCl) of glucose biosensors
that effectively avoided the oxidation reactions of interfering
substances, such as ascorbic acid, uric acid, and acetaminophen
(Figure $24).>*° Although various materials and types of
biosensors have been proposed through printing processes for
realizing highly sensitive biosensors,”>>* including printed
carbon nanotubes on paper substrates for detecting hydrogen
peroxide,” printed graphene electrodes with enzymes on
flexible substrates for detecting glucose,’® and printed Prussian
blue nanoparticle-modified electrodes for detecting cholester-
ol,>” a more challenging type of biosensor, such as direct
electron transfer (DET)-based biosensors has not yet been
reported using printing methods. The successful realization of
the all-inkjet-printed DET-based biosensor in this study
implies excellent electrochemical coupling of the enzymes
with electrodes and confirms the advantages of our approach.

Sweat glucose levels were next monitored using the all-
inkjet-printed glucose sensor. The study was performed based
on the regulation of the institutional review board (IRB) of the
Korea Institute of Science and Technology (KIST,
IRB#:2016—024). Two healthy, 24-year-old male volunteers
with no medical history of heart or diabetes problems
participated in this study. The blood and sweat samples were
collected every 90—120 min from 12:00 pm to 5:00 pm. The
blood glucose levels were measured using a commercial
glucometer (CareSens N Premier Inc., Korea), and the sweat
glucose levels were measured using both a glucose assay kit
(Sigma-Aldrich) and the all-inkjet-printed glucose biosensors.
The calibration curve of the all-inkjet-printed glucose
biosensors for calculating the sweat glucose levels is presented
in Figure S25. The results from all three different types of
sensors are summarized in Figure 4f. The glucose levels in
sweat and blood significantly increased after a lunch meal was
provided to the volunteers at 12:30 pm. The sweat glucose
levels measured by the all-inkjet-printed glucose sensor were
quite well-matched with the assay kit, and changes in the sweat
glucose levels were well correlated with the trends in the blood
glucose levels (correlation factor: 0.671, the ratio of the sweat
glucose concentration (uM) to the blood glucose concen-
tration (mg/dL), R* = 0.77). In the future, the combination of
the all-inkjet-printed biosensor technology with sweat control
could be further exploited to provide wearable biosensors for
continuous monitoring of biofluids.*® Altogether, these results
suggest the great potential of an all-inkjet-printed biosensor
using nanobio-ink for point-of-care, personalized medicine,
and digital healthcare.

B CONCLUSIONS

Here, we have demonstrated all-inkjet-printed nanobio-devices
with efficient electrochemical coupling as well as strong
hydrostability and tunable electrical and chemical properties.
The amphiphilic biomaterial, M13 phage, not only stabilized
the inkjet-printed nanostructured electrode in an aqueous
environment but also provided ionic compatibility to the
electrodes. Controlling the nanobio-ink formulation with the
same components also allowed for versatile electrical proper-
ties of the printed patterns. Electrodes with various
configurations and thicknesses were successfully fabricated on
an A4-sized paper in a large scale without using any
prepatterned masks. All-inkjet-printed eFETs successfully

https://dx.doi.org/10.1021/acsami.0c02596
ACS Appl. Mater. Interfaces 2020, 12, 24231-24241


http://pubs.acs.org/doi/suppl/10.1021/acsami.0c02596/suppl_file/am0c02596_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c02596/suppl_file/am0c02596_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c02596/suppl_file/am0c02596_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c02596/suppl_file/am0c02596_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c02596/suppl_file/am0c02596_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c02596/suppl_file/am0c02596_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c02596/suppl_file/am0c02596_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c02596/suppl_file/am0c02596_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c02596/suppl_file/am0c02596_si_001.pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c02596?ref=pdf

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

exhibited pH-sensitive electrical current modulation. More-
over, highly sensitive, selective, and mechanically stable all-
inkjet-printed glucose biosensors successfully detected sweat
glucose levels. The broad substrate selection, precise spatial
control, high reproducibility, and additive and direct patterning
capability of inkjet printing and its combination with functional
biomaterials enabling directed assembly hold great promise for
biointegrated electronics for personalized medicine, digital
healthcare, and emerging biomimetic devices.
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M13-PEI-GOx sensor; high selectivity of the all-inkjet-
printed glucose sensors; and calibration curve of the all-
inkjet-printed glucose sensor used for calculating the
sweat glucose level; parameters used for inkjet-printing
of all the functional inks used in this study (PDF)

Movie showing jetting of the nanobio-ink stored for 7
days after preparation (MP4)
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