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Microwave sensors based on microstrip antenna are good candidates for wearable devices due to
their far field wireless communication feature without battery requirement. However, current
microstrip technology cannot meet the demand for epidermal testing, which requires higher
sensitivity. In this work, for the first time, we proposed and demonstrated nanostrip antenna
based microwave sensors. Following the metamaterial design, the ordered nanostrips array,
composed of conductive polymers, which are fabricated by low cost nanoscale printing approach,
shows a strong enhancement of microwave signals. We further constructed a novel microwave
enzymatic biosensor based on nanostrips doped with glucose oxidase. The proposed sensor shows a
high performance for glucose sensing with low detection limit, wide dynamic range, and fast
response. By integrating the nanostrips on flexible substrate, it demonstrated as a wearable
epidermal biosensor for sweat glucose sensing. The proposed new type of nanoscale microwave
biosensor could be applied as a general platform for the ultra-sensitive detection of various
biomarkers.
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Microwave sensors based on microstrip antennas are promising as
wearable devices because of their flexibility and wireless
communication compatibility. However, their sensitivity is limited
due to the reduced sensor size and the potential of biochemical
monitoring need to be explored. In this work, we present a new
concept to enhance the microwave signals using of nanostrip-based
metamaterials. The introduction of the nanostrip structures were
achieved by theory and simulations. Experiments proof their
enhancement to the electric field and sensing response in the
characteristic gigahertz (GHz) wave band. Ordered nanostrips were
fabricated on plastic substrate through simple nanoscale printing
approach. Glucose oxidase is directly doped into the nanostrips,
which enables a flexible wearable enzymatic biosensor for glucose
sensing. Sensing experiments demonstrated that the nanostrip
biosensor gives excellent performance for glucose detection,
including high sensitivity, fast response, low detection limit, high
affinity, and low power consumption. The applicability of the
nanostrip-based sensor as wearable epidermal device for real-time
noninvasive monitoring of glucose in sweat is verified as well.

Introduction

Developing epidermal electronic devices based on skin-friendly
soft elastic materials has been of great interests over the past
several decades. Due to their body compliance, when attached
to the human skin, these flexible devices can be applied as
wearable sensors to provide useful human health and medical
information of individuals® 2. Early efforts in developing these
flexible and wearable sensors are focused on monitoring body
physical signals such as steps3, pulse wave?, voice®, motion®,
breath” 8, heart rate® and skin temperature!®, Different types of
transducers including force!?, pressure!? 13, temperature4, and
humidity®> 16 sensors have been reported. Recently, flexible and
wearable biosensors have been proposed as well.1? Compared
to physical sensors, these devices require integration of specific
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bioreceptors into sensing elements which are capable of
target
physiologically relevant
conformal contact with the skin, such flexible epidermal

recognizing analytes in complex samples at

concentrations!®, Due to their

biosensors can achieve in situ analysis of the biomarkers in the
body fluid such as sweat and interstitial fluid. This provides clear
advantages compared with conventional blood test, where
invasive blood collection is inevitable. Though many biomarkers
could be detected by such wearable biosensors, current
researches focus largely on minimally invasive glucose
monitoring, which is driven by the huge glucose sensing market
for therapeutic diabetes applications. To enable the
continuously glucose monitoring, entrapment of the enzyme
glucose oxidase within the flexible device is generally required.
Different types of transducers including electrochemical??,
optical?® and piezo-electrical?® sensing devices have been
reported. Though the sensing element of these flexible
biosensors has been largely optimized, one of the challenges for
real-life application of these wearable epidermal electronics are
that need complex data processing circuit and wireless
transmission module, which are difficult to be flexible really.
Finding an alternative sensing method which could facilitate the
data processing and transmission and compatible with flexible
device design may provide a new avenue.

In recent years, microwave biochemical sensor which is based
on the change of electromagnetic properties of the sensing
materials at ultrahigh frequencies (ca. >1 GHz) has been
emerged??. In the presence of electromagnetic waves,
microwave sensor exhibit a strong resonance behaviour with
the samples under test?. The resonant frequency and
magnitude will be shifted according to the content and
concentration of the sample. Owing to the features of high
frequency and passive conduction, microwave sensing
technology is very suitable for matching with high frequency
wireless transmission circuit, or as a part of antenna system, so
that the required processing and data transmission circuit could
be greatly simplified?* 25. In particular, microstrip type of
microwave sensors can be designed as planar electrodes, which
are compact, mass-produced and can be fabricated on various
substrates using low cost screen printing technique?®.
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Figure 1. Schematic illustration of the sensing mechanism and measurement setup.

Such sensors have been demonstrated for wireless monitoring
of temperature?’” and humidity?®. Biochemical sensing using
microstrip antennas such as for water-ethanol mixtures?®, milk
adulteration39, cells3! and cancer biomarkers32 detections have
been reported as well. Very recently, flexible microwave sensor
has been developed to enable the conform contact to the
target33. Mason and Korostynska et. al. presented a very first
example using of flexible microwave sensor for lactic acid
monitoring as a functional wearable system.3* However, the
detection limit due to the sensor size reduction hinders the
performance of current microstrip based wearable sensing
system. The response signal and trace detection ability of
microwave sensor for biochemical index need to be improved.
According to the electromagnetic enhancement mechanism,
roughening of a metal surface, can enhance the resonance
caused by excitation of electromagnetic waves, which will
greatly improve the electric field intensity. A typical
representative is metamaterial, which is defined as the
electromagnetic material arranged periodically and its size is
smaller than the wavelength of the incident electromagnetic
wave3®. The metamaterial can manipulate electromagnetic
wave by dedicate design of its structure, which has been
demonstrated for improvement of the sensing performance of
electromagnetic wave sensing3®. Studies on metamaterials have
expanded to a fairly broad electromagnetic spectrum3’,
including infrared chemical analysis3®, terahertz imaging3® and
microwave nondestructive evaluation?. Inspired by these
studies, in this work we proposed a nanostrip type of
metamaterial to enhance microwave biosensing based on sub-
100 nm ordered conductive polymer nanowires array (Figure 1).
The design of the nanostrips is analyzed by theory and
simulations to enable a strong localization and enhancement of
the electromagnetic field. The nanostrips were then fabricated
on a flexible plastic substrate by a nanoscale soft printing
approach featured with facile fabrication/manufacture with
high throughput #1. The GOx enzyme was directly doped into the
nanostrips with biotin-streptavidin conjugation to enable a
specific glucose sensing. Such flexible epidermal biosensor was
tested for glucose detection after attachment to human skin at
different bending conditions. Though this work only
demonstrates for glucose sensing, the proposed new type of

2| J. Name., 2012, 00, 1-3

nanoscale microwave wearable biosensors can be applied as a
general platform for different biomarker detections when
integrated with other bio-probes. It has potential application
prospects in biomedical testing where low detection limit is
required*2.

Results and discussion

Mechanism and the enhancement effect of the nanostrip. As
shown in Figure 1, the nanostrips are composed of continuously
conductive polymer nanaowires, which contacted with the
interdigital microwave antenna. The nanostrips integrated
microwave sensor is connected with a miniaturized vector
network analyzer (VNA) through a subminiature version A
interface to extract the microwave spectrum and the reflection
coefficient, S;;, can be tested in real time26. The measured value
of the input impedance, Z;, at the target frequency is extracted
from the S;;.
Zi—Z,

Su=z57 (1)

Z;= \/%ztanh (j2mf/Hoteoed) (2)

where f and d are the frequency of the microwave and the
thickness of the nanostrips, respectively. j represents the
imaginary part. u and € are the relative complex permeability
and the relative complex permittivity of the nanostrips®3. As
described in literature®?, the complex permeability is mainly
related to the properties of the material itself, thus the changes
caused by the configuration of the antennas are not significant.
However, the equivalent complex dielectric constant could be
changed by the different configuration of the antenna, which
indicates the introduction of 1D nanoscale structures may
greatly affect the equivalent impedance and the microwave
signal.

Next, we discussed the performance of nanostrip-based sensor,
and analyzed the expected enhancement effect of the
nanostrips compared with the conventional microstrip sensor
by simulations. Figure 2a&2b show the electric field distribution
of the nanostrips and microstrips antennas (the local electric
field distribution is shown in Figure S1). According to the results,
the electric field distribution of nanostrips antenna is
significantly stronger than that of microstrips, which is

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. Electric field distribution of the proposed sensor with microstrips a) and nanostrips b) at the characteristic frequency; simulated
reflection coefficient of the microwave biosensor without nanostrips, with thin film, with disordered nanostrips and with ordered
nanostrips c); corresponding peak value of S;; magnitude spectrum of the four microwave sensors d).

ultimately reflected in an increase in the overall electric field
strength. This is due to the fact that the nanoscale line width of
nanostrip increases the local current density and ultimately
leads to an increase in the electric field strength. This result
consists with published reports, where they showed that
improving the electric field strength by the one dimensional
nanostructures*: 46, The stronger the electric field, the greater
the change in the degree of polarization of the measured object,
and thus it is easier to reflect into the change of microwave
signal.

The spatial distribution of the nanostrips and its effects to the
microwave response signal were further analyzed. The
reflection coefficient magnitude of microstrip antennas without
nanostrips, with a conductive polymer thin film (same height
with the nanostrips), with disordered nanostrips, and ordered
nanostrips were simulated, separately (Figure 2c). The
simulation results show that four kinds of antennas all have
characteristic peaks at 2.2GHz and 5.3GHz. The ordered
nanostrips antenna obtained the maximum response (Figure 2d)
at the two frequencies. The thin film coated microwave sensor
though has a same height with the nanostrips has almost no
enhancement effect. It is also interesting to note that the
reflection coefficient magnitude of the microstrip antennas
with the same nanostrips but disordered shows the smallest
signal. This indicates that the introduction of nanomaterials
needs to be as an orderly arrangement to present the
enhancement effect. This result agrees with the published
report that the microwave peak will be higher with the parallel
nanowires due to the array layout shape**. Such effect is also
consistent with the properties of metamaterials for
electromagnetic wave manipulation, where the periodic 1D
nano-structure with sub-wavelength size has the strongest
enhancement effect on the local electric field*’. For one-

This journal is © The Royal Society of Chemistry 20xx

dimensional line structure with parallel arrangement, K can be
used to represent the resonance in the same direction as the
applied electromagnetic wave. It can be expressed as*® 4°:

1—q
K== )
1—e?[1 1+e
=" [z?ln (m)—l] €))
e= [1-C) )
1—qx
Qy=q:="5 (6)

where D is the width of nanowire, L is the length of nanowire,
and g and e are factors which depends on the length of the
nanowire. It can be seen from Eq (3) - (5) that D and L are the
two key factors, the larger the length-width ratio (L/D) of
nanowires is, the higher of the resonance factor kyis, and it will
result a greater resonance. Ky =K, corresponding to the
resonance in the direction perpendicular to the
electromagnetic wave, where it shows little effect on the
transmission direction of microstrip line. In this paper, parallel
nanowires are aligned in a large area, with a length larger than
0.4 mm and a linewidth less than 100 nm thus, L/D > 4000. By
comparison, thin film and disordered nanowire structures both
have relatively low L/D ratio. On account of these reasons, the
scale of nanowires is much smaller than the wavelength and
with a high L/D ratio, thus, the nanostrips sensor with ordered
nanowires exhibits a stronger resonance and yields higher
magnitude response compared to the microstrips without
nanowires or with disordered nanowires. These results agree
with the simulated electric field (Figure 2a&2b, Figure S1),
which proves that the introduction of the ordered nanostrips
based metamaterial can produce higher microwave response
signal.
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Figure 3. The schematic of the proposed nanostrip biosensor fabrication and enzyme immobilization

To enable the specific glucose sensing, GOx enzyme was
immobilized into the nanowires of the proposed microwave
sensor. When exposed to glucose sample, the reaction of the
GOx enzyme and glucose produces gluconolactone (lactone of
gluconic acid) and hydrogen peroxide (H,0,) according to the
following reactions.
Glucose + GOx(oxqy—>Gluconolactone + GOXx(reqy (7)
GOX(red) + OzﬁGOX(oxd) + H,0, (8)

As an enzyme, GOx can be reused as the reaction reaches
equilibrium, and the product concentrations change as a result.
The incorporation of GOx ensures that any concentration
change in the environment is specifically related to the
presence and amount of glucose in a given sample. The
concentration changes will result a variation in the dielectric
constant, which can be detected by the microwave sensor. The
equivalent dielectric constant®® is equal to

Emt+ & 'm — Es 1
e ="+ (7 )(m) (9)

where d and w are the height and width of the substrate. &» and
&5 are the dielectric constants for the substrate and the glucose
sample, respectively. Under a microwave field, changes in the
dielectric constant of the measured sample is directly related to
the changes in the impedance, which can be detected by the
microwave sensor.

Fabrication and characterizations of the nanostrip microwave
biosensor. The fabrication and functionalization of the
nanostrip flexible microwave biosensor is shown in Figure 3. The
nanostrips were first patterned by nanoscale soft-printing (NSP)
directly on polyethylene terephthalate (PET) substrates. The
NSP approach relies on the conformal contact between the soft
mode (PDMS) containing nanogrooves structures with the

4| J. Name., 2012, 00, 1-3

bottom substrate. The formed nano-channels ensure the rather
large Laplas pressure, which enables the facile filling of the
channels with aqueous inks through simple capillary filling. The
NSP can be applied to many different substrates featured with
simple operation and without cleanroom facilities. According to
theory analysis, narrower nanowires, higher density of the
nanowires are preferred to achieve the maximum microwave
enhancement effect (see supporting information S1), we still
need to consider the limitation of the materials and fabrication
cost of the nanowires. The typical size of PEDOT: PSS
nanoparticle domain is about 60 nm>2, the line width of 100 nm
ensures that the PEDOT:PSS can form continuous 1D nanowires
without clogging. Regarding the distance between the
neighbored nanowires, higher density of the nanowires will
increase the cost of the nanomold. Besides, if the space
between the neighbored nanowires is too short, it cannot
achieve good conformal contact between the PDMS mold and
the substrate, which will result leaking of the PEDOT:PSS
solution during the capillary filling and significantly reduce the
guantity of the nanowires. Considering the intensity of the
absorption peak did not change too much in the range of sub-
10 micrometer space between the neighbored nanowires
(Figure S1e&f), we used the averaged 4 um spacing in this work.
Overall, the designed template contains parallel nanogrooves
with a cross section of 100 nm (width) x 60 nm (depth) and the
spacing between the neighbored nanogroove is 3 um and 5 pum.
To enable the bio-functionalization, here, a mixed conductive
polymer aqueous ink is designed by mixing of positively charged
polymer (PLL-g-OEG4-Biotin) with the negatively charged
PEDOT:PSS at a typical mixing ratio at 1:94%>2,

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. Surface morphology analysis of the nanowires fabricated on PET substrate by SEM a), AFM b) and confocal microscopy c); the
AFM height images of the original nanowires d), after SAv modification e), and after GOx immobilization f); the extracted height
information of the nanowires before (blue line), after SAv modification (green line), and after GOx immobilization (pink line) g).

The molecular structure of PEDOT:PSS doped with PLL-g-OEG4-
Biotin is given in Figure S2a. Such molecular design ensures the
good conductivity of the nanowires and direct doping with
biotin. After biotinylated nanowires structurally patterned, the
interdigital antenna structure was deposited graphically with
gold evaporation through a shadow mask. Finally, glucose
oxidase (GOx) was immobilized on the nanowires through
biotin-SAv conjugation. Therefore, the nanoscale glucose
microwave biosensor was fabricated, which based on
nanowires linked GOx enzyme directly.

Scanning electron microscopy (SEM) (Figure 4a) and optical
microscopy (Figure S3a) images show that the nanowires are
collimated and orderly arranged on the transparent PET
substrates. The atomic force microscopy (AFM) (Figure 4b)
image shows that the nanowires are firmly adhered to the
substrate and aligned parallel with each other with the height
of 39 nm, width of 100 nm and distances between the wires
alternating between 3 and 5 um, which is consistent with the
template. After metal evaporation, the nanowires were further
checked by laser confocal microscopy and electrical
characterization. As shown in Figure 4c, the nanowires are
arranged vertically with the gold antenna, aligned on the
flexible substrate uniformly. The IV curve of the conductive
nanowires is straight and presents as a typical ohmic
characteristics with a typical resistance around 0.3MQ (Figure
S3c). Next, we used AFM to follow the enzyme immobilization
process on the nanowires. Before the introduction of proteins,
the surface of nanowire is smooth (Figure 4d). After SAv and
enzyme modification, granular protrusions were observed on
the nanowires, and the particle height increased after the GOx
enzyme immobilization (Figure 4e, f). The cross section analysis

This journal is © The Royal Society of Chemistry 20xx

shows the height of the nanowires are 1.6 nm (original), 10.8
nm (after SAv modification) and 16.1 nm (after GOx
immobilization) (Figure 4g). The height differences coincide
with the size of SAv and GOx. Further observation by laser
confocal microscopy (Figure S4a&S4b), the average height of
nanowires before and after the immobilization of GOx by
biotin—SAv conjugation was increased by 17.3 nm, which is also
consistent with the results of AFM.

The microwave spectrum of the nanostrip sensor after SAv and
GOx immobilization are shown in Figure S5. After SAv and GOx
binding, the S;; magnitude both increased. This is caused by the
immobilization of the proteins, which increase the equivalent
impedance of the nanowires.

The results of SEM, AFM, laser confocal microscopy, and
microwave spectrum confirm the highly ordered nanowires are
patterned on the flexible PET substrate firmly and uniformly.
The proteins have been successfully immobilized on the
nanowires as well.

Glucose measurement. The proposed nanoscale microwave
biosensor was used to detect different concentrations of
glucose (Figure 5a). The sensor was exposed to the sample
without glucose and with three different concentrations of
glucose at 0.1 nM, 10 nM, and 1 uM in turn. The S;; magnitude
response decreased accordingly, and the glucose content in the
low concentration range can be clearly distinguished by the
proposed sensor. The decreased of the S;; value upon increased
glucose concentration is due to the fact that under the catalysis
of GOx enzyme, the content of hydrogen peroxide in the
solution increases, thus increasing the dielectric constant of the
solution and decreasing the microwave peak. The above results
also show that the characteristic glucose sensing frequency

J. Name., 2020, 00, 1-3 | 5
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Figure 5. Reflection coefficient spectra of the proposed nanostrip sensor before and after contacted with four different concentrations
of glucose a); Real-time glucose detection from 0.1 nM to 10 mM b); relationship between response of the nanostrips-based
microwave biosensor and glucose concentration c); relationship between response of the film-based microwave biosensor and glucose
concentration d)

range is 0.9-2.0 GHz, and the peak value of S;; magnitude is
collected in real time at this frequency range. Figure 5b shows
the time dependent glucose measurement, that the response
value changes regularly with increasing concentration from 0.1
nM to 10 mM glucose solutions.

The ability of the sensor to return to the baseline was also
tested. Based on five measurements after the removal of each
glucose solution, the baseline is -13.1dB with the standard
deviation of 0.18%. There was very little difference in the
measured values after removing the solution, indicating that
the sensor has a stable baseline and small drift, which are
essential for real-time sweat monitoring. We further tested the
long-term stability of the sensor by measuring glucose
concentrations of 0.1 nM, 10 nM, and 10 uM for 10, 50, and 100
min, respectively, and the differences are 0.25%, 0.67% and
0.43%. The experimental results show that the sensor can
function stably for long periods in the presence of a glucose
solution with a small drift (Figure S6).

We then characterized the dynamic response of the biosensor.
After the addition of a glucose solution, the response
magnitude of the biosensor increases rapidly with a fast
response, which indicates the operating speed of gigahertz
band is quickly enough to meet the requirement of monitoring
the chemical reaction®3 %%, The typical Michaelis-Menten
kinetics were observed as characterized by a gradually increase
in the response loss up to the concentration of saturation

6 | J. Name., 2012, 00, 1-3

(Figure S7)°°. Michaelis Constant, k,, is calculated as 4.6x102
UM, which is lower than that of the glucose sensor based on
optical fiber method (5.99 X 102 uM)%¢ , microelectrode
method (0.28 mM)®>7, and gel film method (30 mM)38. A lower
value of k,, is deemed to be a higher catalytic activity of the
immobilized enzyme®>. The results show that the proposed
nanostrips biosensor doped directly with GOx enzyme possess
high affinity for glucose. Referring to the reaction-diffusion
theory, the geometry of the nanostrips ensures a higher
diffusion rate than that of planer microstrips>®, thus facilitates
the contact between the immobilized enzyme and the glucose
in solution. Besides, uniformed distribution of GOx doped on
highly ordered nanowires, nano-scale linewidth and micro-size
spacing make provides large reaction area with low steric
hindrance, resulting a high catalytic affinity.

Figure 5c plots the S;; magnitude changes to the logarithm of
glucose concentrations, which clearly presents a linear
response from 0.1 nM to 10 mM with a sensitivity of 0.026
dB/log (nM). Within a glucose concentration range of 1 uM to
10 mM, the response linearity reached 0.992. We also
compared the sensor response with the thin film-based
microwave biosensor at the same glucose concentration (Figure
5d). The polymer thin film was prepared by spin coating the
same polymer ink composed of PEDOT:PSS and PLL-biotin,
which has a typical thickness at ~100 nm. In principle, the thin-
film based microwave biosensor contains more GOx compared

This journal is © The Royal Society of Chemistry 20xx
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with the nanostrip sensor. However, the calculated sensitivity
of the thin film-based microwave biosensor (0.013 dB/log (nM))
is only half of the nanostrip sensor. Besides, the nanostrip
microwave sensor has better linearity and larger dynamic
working range.

Figure S8 shows the reflection coefficient spectrum of the film-
based microwave sensor, with peak lower than that based on
nanostrips. These results confirm that the introduction of
nanostrips, as a periodic nanostructured metamaterial,
effectively enhances the resolution of the measured samples in
the microwave frequency band.

To test the nanostrip sensor response in real complex sample,
we prepared a simulated sweat solution (0.1% sodium
dihydrogen phosphate, 0.5% sodium chloride, 0.5% lactic acid,
0.1% urea, and different concentrations of glucose in ultrapure
water, pH adjusted to 5.5 with NaOH®%). Two glucose
concentrations of 10 nM and 1 puM were measured with the
nanostrip sensor. The concentrations measured by the sensor
were 9.5 nM and 1.012 uM, respectively, representing
accuracies of 95.3% and 101.2%. Then, the sensor was placed in
several possible interfering substances for interference testing.
As shown in Figure S9, the response of the sensor to glucose is
much higher than the others. Table S1 compares the
performance of the nanostrip sensor with previously reported
glucose measurements with other type of sensors. The
nanoscale microwave biosensor reported herein exhibits a
wider test range, shorter response time, and lower detection
limit, reflecting the superiority of the sensor performance.
Epidermal sensing. One of the objects in developing flexible
biosensors is for epidermal sensing applications, where flexible
substrate ensures the conform contact to the skin. We then
tested the device bending effect on its sensing performance.
The nanostrip sensor was bent to 36 ° to simulate the curvature
arising from attachment to the human body, then placed in 0.1
nM, 10 nM, and 1 uM glucose solutions and tested in turn. As
shown in Figure S10, the microwave spectrum of the bended

This journal is © The Royal Society of Chemistry 20xx

sensor has a slightly positive frequency shift and a decrease in
response value compared with the flat sensor. However, its
response still effectively distinguishes trace concentrations of
glucose, and it is consistent with the response trend with the
flat sensor. As the physical disturbance can induce changes in
the magnitude and frequency of the microwave, the proposed
sensor is more suitable for attaching to the relatively static parts
of the body, such as backside®!, where complex bending or
twisting situation is not likely to happen. In the following study
for practical application, the interference caused by slightly
mechanical disturbance should be considered, for example,
introducing bending correction algorithm®2. Under a fixed
curvature, the sensor shows a rather good performance for
glucose sensing with high linearity (Figure S11) and the
detection limit (LOD) is calculated as 0.1 nM. Currently, blood
glucose measurement is still the gold standard for glucose
monitoring. Some recent studies have proofed that the sweat
glucose measurement is a compromise method, which features
with no invasive®3. However, due to the fluctuation of the
glucose level in real sweat, here we chose a simulated sweat
sample containing spiked glucose as a test sample to prove the
feasibility of the propose nanostrip sensor for wearable glucose
measurement®® ¢4, A porous polydimethylsiloxane (PDMS) film
with a typical thickness of 281.8 um and hole diameter of 200
um was prepared to encapsulate the sensor (Figure 6a). The
porous thin film acts as a passivation layer to prevent signal
interference®, and provides a micro chamber for the catalytic
reaction (Figure S12). The packed flexible epidermal glucose
biosensor was then attached to the human skin, and the
microwave spectrum of the sensor was monitored in real time
using a miniaturized VNA with a typical size at 9 x 8.3 x 1.4 cm3
and a tablet (Figure S12d). In principle, a wireless signal-reading
circuit and miniaturized VNA chip®® could be developed as an
alternative to further miniaturize the detection system.

As shown in Figure 6b, after the sensor attached to the skin,
obvious resonance peaks can be observed in the frequency
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range of 1.0 - 2.0 GHz. Two concentrations of simulated sweat
(60 uM and 100 uM®’) were used, representing the glucose
levels of sweat before and after meal, respectively. After the
samples were added between the skin and sensor patch, the
peak value of the sensor immediately decreased with the
increase of glucose concentration. This result proofs the sensor
can distinguish the glucose concentration from simulated sweat
when attaching to human skin. It is also noted that the peak
value of microwave signal is slightly weaken after contacted to
the skin which is likely due to the attenuation of the
electromagnetic wave in the lossy tissue. Though the sensor can
still response well to the glucose concentration change, a
ground plane can be integrated in the sensor to prevent the
absorption.

Conclusions

This paper reported a flexible epidermal microwave biosensor
integrated with nanostrip structures. The ordered nanostrips
fabricated by nanoscale printing approach strongly enhanced
the microwave signals which are proved by simulation and
experiments. The GOx enzyme were further integrated into the
nanostrips for specific glucose sensing. The sensing results
proof that the nanostrip structures not only enhance the
electric field of the microwave but also ensure the high
performance of glucose sensing, such as high sensitivity, fast
response, high catalytic affinity, and low power assumption,
which is due to the high surface-to-volume ratio and extremely
small configuration of the nanostrips. The nanostrips-based
microwave sensors are further prepared as epidermal glucose
biosensor, which is capable of conformal contact with skin and
non-invasive real-time monitoring of sweat glucose.

Experimental

Materials and Reagents. Polydimethylsiloxane (PDMS) was
prepared by SYLGARD 184 SILICONE ELASTOMIER. Poly-L-lysine
hydrobromide (PLL, MW % 15 kDa - 30 kDa), Conducting
polymer poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS),
Lactic acid, Urea, and phosphate buffered saline (PBS, pH 7.4)
tablets were purchased from Sigma & Aldrich. Streptavidin
(SAv) was purchased from Aladdin Industrial Corporation
(Shanghai, China). Sodium dihydrogen phosphate, sodium
chloride was purchased from Tianjin Real&Lead Chemical
Corporation (Tianjin, China). Biotinylated GOx was purchased
from Tianjin Xiensi Corporation (Tianjin, China). All chemicals
and solvents used were of analytical reagent grade and were
used as received. Deionized water was used throughout the
experiment. All analytes were diluted with 10 mM PBS buffer
(pH 7.4) for variable concentrations.

Sensor Fabrication. First, well-defined soft nanogrooves were
formed using a flat hybrid PDMS substrate, which was
fabricated by thermal nanoimprint lithography®®. The formed
template was combined with a PET flexible substrate (3 mm x 3
mm). Thereafter, a mixing ink (PEDOT:PSS-doped PLL-g-OEG4-
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Biotin) with a special molecular design was applied hetweenthe
template and substrate. The ink adhered®@'the K26 slrisrate
according to the template shape and formed a uniform
nanowire array with an average width of 100 nm and spacing
between nanowires alternating between 3 and 5 um. Next, a
gold layer was deposited via thermal evaporation through a
shadow mask with an interdigitated structure. Finally, SAv
proteins were applied to the surface of the sensor and bound to
the biotin groups of the nanowires through stable covalent
bonds with two sites on one side of SAv. After 10 min of
incubation, biotin-GOx was bound to the two sites on the other
side of SAv that were available to connect to the nanowires and
achieve enzyme immobilization. Using this method, the
microwave biosensor based on a nanowire array with GOx was
fabricated.

Instruments and Measurements. After fabrication, the sensor
design consists of 50 Q coplanar waveguide transmission line,
then is packed with two port SMA connectors. The vector
network analyzer (Keysight E5071C) was used to measure the
sensor response to different glucose samples, and the changes
of |S11| were observed in the GHz range. Finally, in the testing
of sensor attachment to the skin, a miniaturized vector network
(VNA 6000A, Xuanli Electronics Corporation, China) and a tablet
were used.
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