Published on 14 2566. Downloaded on 20/6/2569 8:12:45.

Biomaterials

Science

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

{ M) Check for updates ‘

Cite this: Biomater. Sci., 2023, 11,
3737

Received 2nd December 2022,
Accepted 15th March 2023

DOI: 10.1039/d2bm01975b

rsc.li/biomaterials-science

Introduction

A 3D-printed microneedle extraction system
integrated with patterned electrodes for minimally
invasive transdermal detectiont

Changyuan Zhan,}? Fanmao Liu,1° Zhiran Shen,? Xinshuo Huang,? Shuang Huang,?
Xiangling Li,? Jing Liu,® Jiang Yang, (2 © Jiefeng Xu,® Xi Xie (2 *® and
Hui-Jiuan Chen (2 *@

Point-of-Care-Testing (POCT) is a convenient and timely clinical analysis method, leading the develop-
ment trend of advanced biosensors. The development of POCT equipment that can achieve minimally
invasive percutaneous monitoring can avoid the pain felt by the subjects and achieve in vivo and efficient
measurement. Here, we reported the development of a microneedle (MN) extraction system based on pat-
terned electrodes, which could provide convenient and minimally invasive detection of bio-analytes (including
glucose, pH, and H,0,). The 3D-printed hollow MN array was used as a painless transdermal tool, while the
interstitial fluid was extracted under negative-pressure conditions. The patterned electrodes could improve
the electrochemical performance of the sensor, with the synergistic effect of the micropillar structure to
increase the enzyme coating surface area and the nanomaterial electron layer. The patterned electrodes were
placed on the back of the MN arrays for electrochemical detection. In vitro and in vivo studies showed that
the MN-extraction system could detect the corresponding bio-analytes in a minimally invasive manner and it
did not cause significant tissue damage. The system developed in this work will provide promising technology
to expand the application of POCT for minimal tests on interstitial fluids.

analysis. POCT has covered the detection range from small
molecules with simple structures, such as glucose and lactic

Point-of-care testing (POCT) enables the analysis of patient
specimens near or at the site of patient care, thus enabling
clinical decision-making without any delay."” In recent
decades, POCT has been used for self-monitoring of blood
glucose levels in patients with diabetes. It has been developed
for rapid and efficient monitoring of other diseases, enabling
timely treatment by clinicians.”® Advances in microfluidics,
lab-on-a-chip methodologies, and medical diagnostic techno-
logies have enabled relentless progress in POCT, providing
reliable monitoring of multiple bio-analytes and in situ
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acid, to proteins with large molecular weights. Furthermore,
POCT-based wearable sensors can provide real-time patient
information to enable the tracking of the fluctuation of key
health indicators, such as body temperature, pulse rate, blood
pressure, and electrocardiogram (ECG) readings, anytime and
anywhere. With the rapid progress of wearable technology,
wearable sensors have become a powerful component of POCT
equipment, enabling non-invasive monitoring of electro-
physiological dynamics and disease-related biomarkers.
Recently, a variety of wearable sensor devices have emerged
with remarkable sensitivity and reliability. For example, a skin-
like electronic device has been reported to monitor tempera-
ture and timely anti-infection treatment at wound sites with
good accuracy.® In another study, a mechanically flexible and
fully integrated sensor array for multiplexed in situ perspira-
tion analysis was also developed. The device provided a real-
time assessment of the detailed sweat profile of human sub-
jects who participated in prolonged indoor and outdoor physi-
cal activities.” In another research work, a printed iontophor-
etic-integrated fluidic sweat patch was developed that facili-
tated sweat stimulation, collection, and real-time analysis of
sweat ions (sodium, potassium, and pH ions) for on-demand
sweat monitoring of human subjects for healthcare appli-
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cations.® However, because the analytes to be tested were dis-
charged from the body through biological secretion, it was
difficult to obtain accurate concentration information of the
analytes when non-invasive wearable sensors were used to
monitor these analytes related to diseases, thus limiting their
application in medical care.

Microneedles (MNs) have been widely used in drug
delivery’™® in the fields of healthcare'®'*™° and beauty.'”'
In recent years, their applications have gradually expanded to
diagnostic use. The length of MNs is usually within the range
of 600-1500 pm, which allows them to penetrate the stratum
corneum into the subcutaneous tissue without reaching the
nerves and vessels in the deep subcutaneous tissue. This pre-
sents a painless and bloodless technology for transdermal
applications. MNs are used for the design of diagnostic tools
that output bio-analyte-related signals by sensing the
sweat,"*%?° interstitial fluid (ISF),>'>* or blood.*>?®
Particularly interesting is ISF, which is a body fluid that pro-
vides various health-related biomarkers for biomedical ana-
lysis. Like blood, ISF not only contains common metabolites
but also contains more specific biomarkers, which are particu-
larly important for the diagnosis of skin diseases (such as mel-
anoma). MN is considered an ideal biosensor platform
because it can approach or even extract the subcutaneous fluid
in a minimally invasive way to detect various bio-analytes. By
adopting a flexible template-based casting method, top-down
strategies (such as photolithography) and bottom-up strategies
(such as 3D printing, polymer crosslinking), microneedles
with different materials (including metals, glass, polymers,
and hydrogels) and multiple structures (such as porous micro-
needles, solid microneedles, and multi-layer microneedles)
can be synthesized.”” Among the above methods, 3D printing
is an ideal method due to its advantages of mass production,
low cost, and a wide range of materials for choice. Using 3D
printing technology, it is possible to fabriacate MNs of various
structures with enough high accuracy.

Currently, there are two main methods for MN detection:
(1) collecting tissue fluid or blood containing biological ana-
lytes using hollow MNs for subsequent testing, and (2) solid
MN electrodes for in situ detection. Compared to those On-MN
electrodes, the extraction-detection technology using hollow
microneedles has a wider range of applications, can be compa-
tible with more detection technologies (such as colorimetry,”®
ELISA,*>*?° electrochemistry, and HPLC-MS*'), and also
reduces the difficulty of sensor preparation. Various types of
MNs, such as hollow, coated, swelling, and phase transform-
ation, can be designed to break through the stratum corneum
and enter the subcutaneous tissue to extract ISF for testing.*?
In one study, the surfaces of solid gold MNs were functiona-
lized with antibodies, and non-structural protein NS, (an early
marker of dengue virus infection) was collected from rats
using these antibodies.>®> When inserted into the skin, the
functionalized MNs bind to the protein and remain attached.
Further in vitro analysis is performed after the needles are
removed from the animal. Recently, several examples of testing
methods involving MNs and electrochemical detection have
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been reported, including hollow MNs packed with enzyme-
filled carbon paste for the amperometric detection of
alcohol,*® and two kinds of metabolites (lactate and glucose,
or alcohol and glucose) using multi-channel MN devices.*?
The availability of transdermal diagnostics with MNs has been
reported, where solid MN electrodes were modified to enable
in situ detection. However, the resulting complex processing
steps increase the processing difficulty and place restrictions
on the integration of sensor arrays. Moreover, MN electrodes
suffer from low electrical response due to the small contact
area between MNs and the human body. The biocompatibility
and stability of the implantable MN electrodes should also be
considered for in vivo applications.

Given the characteristics of MNs in transdermal access, it
will be promising to develop a strategy based on an integrated
ISF-extraction sensing system to realize on-demand in situ
detection. In this study, we developed a MN-extraction system
integrated with patterned electrodes that can improve the
electrochemical performance of the sensor, with the synergis-
tic effect of carbon nanotubes and conductive polymer
materials present on the surfaces of micropillars (Fig. 1). Here,
MN arrays were used as painless transdermal tools to readily
extract the subcutaneous fluid under negative-pressure con-
ditions, and biosensors placed on the back of the MN arrays
generated responding electrical signals for the detection of
glucose, H,0,, and pH. The 3D-printed microneedle-extraction
system had a simple structure and convenient operation,
which was a profit for liquid extraction and measurement. It
can also combine advanced detection technologies to expand
the detection range from traditional metabolites (such as pH
and glucose) to macromolecular biomarkers, such as protein
or nucleic acids, which largely expands the application range
of microneedle-extraction systems. The patterned electrodes
were prepared by photolithography. This method can be used
for low-cost mass production and was suitable for commercial
practical applications. The micro/nanostructures on the sensor
surface significantly improved the detection sensitivity of the
electrodes. The MN sensors with applied negative pressure
were successfully applied for the detection of multi-bio-ana-
lytes in both in vitro and in vivo measurements. This study pro-
vided a unique MN-extraction system with patterned electro-
des, which was capable of in vivo detection and analysis of bio-
analytes in a highly sensitive and minimally invasive manner.

Results and discussion
Characterization of 3D-printed MN arrays

3D printing materials for microneedle applications need to
have high processing accuracy in the 3D-printing process, high
mechanical strength, and good biocompatibility. Many types
of polymer materials can be used for the 3D printing of
microneedles.>”***%%” In this study, the 3D-printed micronee-
dle was manufactured with common acrylate-based photopoly-
mer materials for 3D printing. The 3D-printed MN arrays were
integrated with three types of sensors as representatives,

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Schematic illustration of the 3D-printed MN-extraction system with patterned electrodes. Schematic description of the system structure and
working principle of the MN-extraction system, which could be used as three types of individual biosensors (glucose sensor, pH sensor, and H,O,
sensor). The application of vacuum facilitated the extraction of the ISF from the interstitial space. The extracted ISF would be exposed to the inte-
grated patterned biosensor that generated the corresponding electrical signal for the detection of the analytes.

including the glucose MN sensor, pH MN sensor, and H,0,
MN sensor. Each type of MN sensors consisted of a single pat-
terned electrode, one MN array and a customized 3D-printed
shell. A narrow gas channel on the shell was incorporated for
extraction under vacuum pressure while a through hole for
placing the biosensor was left on the side of the shell. As
shown in Fig. 2A, the MN-extraction system could be integrated
with different types of sensors for the detection of different
analytes. The MNs used for penetration were arranged in a 2 x
2 needle array, where each microneedle was in a triangular
cone shape. To extract the ISF with minimal damage, the
length of the microneedle was designed to be 1200 pm. Fig. 2B
shows that the MN with each needle tip possessed a cylindrical
channel (@ 100 pm) to enable the liquid to enter. Fig. 2B also
shows the sensor sensor integrated with the MN array. The MN
arrays were treated with air plasma for better surface wettabil-
ity (Fig. 2C). Specifically, after treatment, the hydrophilic angle
of the material was changed from 73.4° to 37.9°, indicating
that hydrophilicity was greatly improved.

Characterization of MN arrays for their penetration into tissue

In order to test the tissue penetration ability of MN arrays, the
tips of MN array was coated with rhodamine B to achieve fluo-
rescence labeling (Fig. 2D, left). After 3 min of MN pressing,
the penetrating skin developed a distinct fluorescent mark on
the surface (Fig. 2D, middle). MN array penetration produced
fluorescent patterns and the cross-section fluorescence
diagram (Fig. 2D, right) also clearly showed the location of MN
tip penetration. The tips of the MN could preserve good mor-
phology after at least three cycles of pression over 20 N against
the skin, where no apparent deformation or fracture of the MN
tips was observed (Fig. 2E). In the experiment, the MN exhibi-
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ted sufficient hardness, which was necessary for skin
penetration.

The mechanical test of the MN array penetrating the pig
skin was conducted. During the experiment, the MN arrays
and pig skin (as skin penetration model) were fixed on the
control lever and slide, respectively. The insertion and retrac-
tion speed of the control lever was set to 0.29 mm s '. Fig. 2F
illustrates three typical processes of skin penetration: pressing,
holding, and retracting. In the process of pressing, the resis-
tance initially showed approximately linear growth and then
increased rapidly and nonlinearly. When the resistance
reached 2.0 N (the penetration force of each needle was esti-
mated to be 500 mN), obvious penetrating holes were observed
on the skin surface, indicating successful penetration. At that
time, the loading displacement (3.4 mm) was greater than the
length of the MN (1.2 mm), which indicated that when the MN
array was applied, the skin would undergo stress deformation.
Then, during the 10-second holding process, the resistance
gradually decreased to 1.2 N. Finally, in the retracting process,
the resistance decreased to 0 N after 3.4 mm load displace-
ment, and the MN lifted upwards to leave the skin. The nega-
tive resistance was related to the adhesion between the MN
array and the skin. In order to test the extraction performance
of MN arrays, their water extraction ability at negative pressure
was tested. In six parallel experiments, when negative pressure
(15 cmHg) was applied to the MN array sensor, the average
amount of water extracted was over 250 mg, which well
matched the requirement of the sensing requirements of bio-
sensors (Fig. 2G). As shown in Fig. S7,f the MN coupled with
7.5 cmHg only extracted about 18 mg of water, while the MN
without negative pressure barely extracted the water. Therefore,
the negative pressure was optimized to be 15 cmHg.

Biomater. Sci, 2023, 1, 3737-3749 | 3739
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Fig. 2 Characterization and principle of work of 3D-printed MN arrays. (A) MN arrays for extracting the ISF and monitoring glucose, H,O,, and pH.
(B) MN arrays from different perspectives. (C) Contact angles of water (10 uL) for MN arrays (left) before and (right) after treatment with air plasma.
(D) Skin-penetrating properties of MN arrays visualized via fluorescence microscopy. Left: pre-stained MN arrays. Middle: penetrated pigskin surface.
Right: cross-section of penetrated pigskin. (E) Optical photograph of MN arrays before and after penetration to the skin. (F) Characterization of
mechanical properties of MN arrays. (G) Evaluation of water absorption by MN extraction under a negative pressure of 15 cmHg.

Design of electrochemical sensors

Glucose and H,0, sensors were based on typical amperometric
sensors, which worked based on a three-electrode system,
where Ag/AgCl served as a reference electrode and Pt served as
a counter electrode. Glucose in the solution would be oxidized
by fixed glucose oxidase (GOx) to produce gluconate lactone
and H,0,. Then H,0, would decompose under the catalysis of
platinum on the electrode surface, which formed a concen-
tration-dependent current that was collected by the electrode.
Similarly, the H,O, sensor relied on the current generated by
the decomposition of H,O, in the solution. The pH sensor
used specific ion-selective electrodes (ISEs), which could
adsorb protons reversibly. As the pH of the solution decreased,
the absorbed protons would increase and the membrane
potential would also increase. According to the Nernst
equation, the membrane potential possessed a linear relation-
ship with the pH value of the solution. The pH sensor incor-
porated two electrodes: a working electrode coated with a con-
ductive proton-selective polymer—polyaniline emeraldine
(PANI) and an Ag/AgCl reference electrode. The response
voltage of the pH sensor in the physiological pH range con-
formed to the Nernst equation. In addition, for all biosensor
electrodes, sputtering was used to determine the final elec-
trode area (5 mm x 7 mm), followed by modification.

MN sensors integrated with patterned electrodes for
transdermal monitoring

The micro-nanostructure was prepared on the surface of the
electrodes by photolithography, which improved the surface

3740 | Biomater. Sci,, 2023, 1, 3737-3749

area for enzyme coating to enhance the detection performance
of the sensors (Fig. 3A). During the test, this micro-nano-
structure increased the contact reaction between the enzyme
and the reaction substrate and enhanced the detection per-
formance of the amperometric sensors. The fabrication
process for the patterned substrate is illustrated in Fig. 3B and
Fig. S1.f To fabricate the patterned electrode, the cleaned
glass slide was first spin-coated with a 20-pm-thick SU-8 photo-
resist layer. After being soft-baked and exposed to UV using a
mask aligner, the glass slide was subjected to a post-exposure
bake and developed using an SU-8 developer, followed by post-
development baking for half an hour, which generated the
SU-8 mold for long-term use. The fabricated SU-8 mold was
used for casting with PDMS. An even mixture of PDMS with its
curing agent was poured into the SU-8 mold and dried at 80 °C
for over 3 h. The as-prepared PDMS film possessed a reverse
pattern compared to that of the SU-8 mold. Subsequently, the
UV-curable resin liquid was cast into the PDMS film mold and
exposed to UV light to prepare the designed pattern. As a
result, a well-patterned rigid resin substrate was prepared. The
fabricated 20 pm-diameter pillars were well-ordered in an array
arrangement, where the space between the cone centers of two
pillars was approximately 40 pm. Lastly, the resin substrate
was sputtered with Pt to fabricate lead and pad patterns. The
resulting cylindrical pattern of electrodes was advantageous
for electroactive layer modification due to the increased
surface area for enzyme coating.

The glucose sensor relied on an enzyme electrode coated
with GOx. To improve electrical performance, the electron
transferring mediator layer of MWCNT:PEDOT:PSS was de-

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 The preparation process and schematics of the MN sensor. (A) Scanning electron microscopy images of the patterned electrodes at different
magnitudes. A cylindrical array with a spacing of 20 pm was shown. (B) Preparation flow chart of patterned electrodes and (C) preparation flow chart
of working electrode of biosensors (glucose, H,O,, and pH sensors) based on patterned electrodes. (D) Preparation flow chart of an integrated
three-electrode-system biosensor. (E) 3D model of the biosensor based on the patterned electrode (using glucose sensor as an example). (F)

Assembly diagram of the MN sensor with a patterned electrode.

posited onto the electrode before modification with GOx. The
deposited MWCNT:PEDOT:PSS possessed the potential to
enhance the electrochemical activity of the electrode. The
PEDOT:PSS polymer was a widely used electrochemical elec-
trode modification material due to its excellent conductivity,
electrical stability, water solubility, and biocompatibility. In
addition, it has been widely reported that multi-walled carbon
nanotubes (MWCNTs) have excellent chemical and electrical
properties, including excellent conductivity, high electro-
chemical reaction rates, and large surface areas. Therefore,
MWCNTs and PEDOT:PSS as composite membranes could
potentially enhance the electrochemical properties of the elec-
trode and improve the affinity of the functional composite
membrane coated onto the electrode. When a bias potential
was applied, glucose was catalyzed by GOx, producing a detect-
able current on the electrodes. By contrast, the H,O, sensor
relied on Pt to catalyze the decomposition of H,0,, an impor-

This journal is © The Royal Society of Chemistry 2023

tant compound of ROS (reactive oxygen species). Therefore, a
standard three-electrode system with a Pt working electrode
could be used to measure H,0, in the solution. Meanwhile,
the pH sensor used PANI as a hydrogen ion-selective mem-
brane to generate a responding potential for quantifying the
pH.

The preparation of the biosensors was based on the pat-
terned resin substrates, as shown in Fig. 3C. Different modifi-
cations were applied to the electrodes depending on the target
analytes. Furthermore, Pt sputtering and Ag/AgCl modification
on the same electrode substrate was performed to create the
working, counter, and reference -electrodes, respectively
(Fig. 3D). The patterned electrode attached to the back of the
MN array could access the ISF extracted through the hollow
channels in the MN tips. To achieve reliable electrochemical
measurements, it was necessary to verify the electrochemical
performance of the biosensors first before MN integration.

Biomater. Sci, 2023, 1, 3737-3749 | 3741
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The fabricated biosensors based on patterned electrodes were
evaluated in PBS (pH 7.2) and subsequently validated on the
in vitro skin model.

Electrical characterization of patterned electrode sensors

The analytical response of the glucose biosensor was evaluated
based on the current response signal in PBS with different con-
centrations of glucose. Firstly, the cyclic voltammetry scanning
of the glucose biosensor in 10 mM glucose was carried out.
Cyclic voltammetry scanning in glucose/K;[Fe(CN)s] solution
was performed in the potential range from —0.2 to 0.8 V. The
glucose sensor modified with the MWCNT:PEDOT:CNT film
generated an obvious amperometric response in cyclic voltam-
metry scanning than the two unmodified glucose sensors
(Fig. 4A). Fig. S2Aft illustrates the cyclic voltammetry in the
K;[Fe(CN)s] solution with an increasing glucose concentration,
which was measured using the glucose sensor. In cyclic vol-
tammetry, stronger oxidation peaks were observed at 0.4 V
potential with increased glucose concentration from 1 mM to
20 mM. Fig. 4B illustrates the amperometric responses
measured using the glucose sensor coated with MWCNT:
PEDOT:CNT and the polyurethane (PU) layer. The PU layer
modified by the drop-casting process provided a wider range
of linear responses to glucose. As shown in Fig. 4C, the pat-
terned electrode sensors exhibited a higher sensitivity to
glucose than the unpatterned glucose sensor because of the
large sensing area and the enhanced electron transmission
process. Moreover, the patterned electrode sensor coated with

View Article Online
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MWCNT:PEDOT:CNT demonstrated increased sensitivity to
glucose compared with the unmodified patterned glucose. The
electrode with PU film coating provided a linear response from
1 to 20 mM (the sensitivity was 1.92 pA mM " with a corre-
lation coefficient of R* = 0.996). The selectivity of the glucose
sensor was evaluated based on the chronoamperometric
response in the presence of common interferents in PBS.
Fig. 4D visualized the current response of the glucose sensor
to 10 mM glucose in the presence of 10 mM lactate, KCl and
urea. The influence of each interference factor in the selectivity
study of the three types of sensors was quantified, as shown in
Fig. S5A-C.T The effect of these coexisting compounds on the
response signal of the glucose sensor was less than 5%.

For the H,0, sensor, the detectionof H,O, detection was
evaluated in PBS with different concentrations of H,O, . First,
in PBS solution with different concentrations of H,0,, cyclic
voltammetry scanning was performed at 100 mV s™' in the
potential range of —1.0 to 0.1 V. An obvious reduction peak
was observed in the cyclic voltammetry results from —0.3 to
—0.6 V. With the increase of concentration, the reduction peak
moved to a lower potential (Fig. 4E). Therefore, the sensing of
H,0, was carried out at a bias potential of —0.45 V. As shown
in Fig. 4F, when —0.45 V negative potential was applied, the
patterned electrode sensor presented a linear response to
H,0, in the range of 0-20 mM. The sensitivity of the H,O,
sensor based on the corresponding calibration plot was 35 pA
mM " (R, = 0.997, relative standard deviation RSD = 0.18%, n =
5), as shown in Fig. S3A and B.} In addition, the reproducibil-
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Fig. 4 Electrical performance of patterned electrode sensors. (A) Cyclic voltammetry of different glucose sensors in 10 mM of glucose in Ks[Fe
(CN)gl solutions. PE for the patterned electrode and MPP for MWCNT:PEDOT:PSS. (B) Amperometric responses of the glucose sensor coated with
MPP and PU. (C) Linear amperometric responses of glucose sensors with different constructures. (D) The interference study for glucose sensors.
Every analyte was added every 50 seconds while keeping the data recording continuous in (D), (H), and (L). (E) Cyclic voltammetry of the H,O,
sensor in H,O, solutions from 0 mM to 20 mM. (F) Amperometric responses of the H,O, sensor in H,O, solutions of different concentrations. (G)
Reproducibility experiment of H,O, sensors. Reproducibility studies were tested by four reproductions of each type of sensor in (G), and (K). (H) The
interference study of H,O, sensors. () Chronopotential responses of the pH sensor in solutions. (J) The pH-signal relation of the pH sensor. (K)
Reproducibility experiment of pH sensors. (L) The interference study of the pH sensor.
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ity (Fig. 4G) and selectivity experiments (Fig. 4H) showed that
the biosensor can reliably detect with significant selectivity.
The influence of analytes such as glucose on the sensing of
H,0, was negligible.

The pH sensor was evaluated in pH buffer solutions. The
potential signal changed linearly in the pH range of 5.0-8.0.
The calibration curve obtained was in good linearity, with a
sensitivity of 58 mV per ApH (R, = 0.999, RSD = 0.85%, n = 5),
which was consistent with the Nernst equation. In order to
better characterize the pH sensor, selective experiments were
carried out in deionized water. After adding lactic acid, due to
the decrease in pH of the solution, the response potential of
the electrode significantly increased, while interference sub-
stances such as KCl and urea had an impact on the corres-
ponding potential of less than 3%. The counter electrode and
reference electrode were also prepared on the same plane sub-
strate as the working electrode. The performance of the inte-
grated glucose sensor, H,0, or pH sensor was further verified
(Fig. S4A-Ct). The results showed that the integrated three-
electrode (for glucose and H,0, detection) and two-electrode
(for pH detection) biosensors could detect the corresponding
analytes with good sensitivity. The response signal showed
good linearity with the change of the analyte concentration.

Validation of the MN-extraction system on the in vitro skin
model

To obtain continuous concentration information regarding the
bio-analytes, stable and reliable biosensors that could provide
continuous real-time measurements are necessary. The stabi-
lity of the MN sensors was tested based on electrochemical
detection on an in vitro skin model containing 3 mM glucose
(Fig. 5A). After the biosensor successfully penetrated the gel
sample simulating the skin, negative pressure was applied,
and then the extracted liquid contacted the electrode to gene-
rate the corresponding electrical signal. As shown in Fig. 5B-
D, the stability of the fabricated biosensors was examined by
monitoring the chronoamperometric response or chronopo-
tential response of the solution in the phantom gel over
60 min periods at 10 min intervals. In addition, as shown in
Fig. 5E-G, the output signals fluctuated only slightly with
respect to time, indicating comparatively small variations in
the sensor responses in a series of repeated measurements
(RSD = 6.46% for glucose sensor; RSD = 8.45% for H,0,
sensor; RSD = 2.89% for pH sensor, n = 7). Simultaneous
measurements of different analytes were examined when
applying three different types of biosensors on the same
phantom gel. The selectivity was examined using various con-
centrations of each analyte. To simulate the variation of bio-
analytes, 3 mM glucose, 3 mM lactate, and 300 pM H,0, solu-
tions were alternately injected into the gel and the analyte was
allowed to diffuse for several minutes. Then, liquid extraction
and electrochemical detection were performed on the MN
sensor. As shown in Fig. 5H, the MN-extraction system inte-
grated with the biosensors demonstrated good stability and
selectivity in continuous real-time measurement of the corres-
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ponding analytes, with limited interference by different
analytes.

The skin-penetrating and sensing performance of the MN-
extraction system was examined on a cherry tomato and
in vitro animal tissue, respectively. First, the MN sensor was
applied to a cherry tomato while the application of negative
pressure assisted the extraction of the ISF, as shown in
Fig. S6A.7 In the reproducibility experiment, the resulting bio-
sensors showed good stability in monitoring the chronoam-
perometric responses and chronopotential response of the
extracted ISF of the cherry tomato at 5 min intervals (Fig. S6B-
D). The reliability of the MN-extraction system was also vali-
dated on in vitro animal tissue. A chicken breast was used as
the experimental object. The MN sensor was applied to the
tissue and negative pressure was used to assist in the extrac-
tion of the ISF, as shown in Fig. 5I. In a continuous measure-
ment (Fig. 5]-L), all measurement channels recorded data
every five minutes. The MNsensors showed good reproducibil-
ity during the test (n = 5) and the recorded signal deviations of
the MN-extraction system were less than 10%.

Subsequently, control studies were carried out on the same
animal tissue. During the experiment, an amount of solution
was injected with a syringe to change the concentration of the
tissue fluid. For each test, 400 pL solution of different com-
ponents was slowly injected into the tissue. The solution was
allowed to spread freely for a few minutes before starting the
measurement. In the control experiment (Fig. 5M-O) of
varying analyte concentrations, when applied to animal tissues
in vitro, the biosensors showed good dynamic response ability.
The corresponding signal change of the biosensors obtained
from the control study is shown in Fig. 5P. After the injection
of the analyte, the glucose sensor showed a high signal change
of up to 150%. Because the concentration of the analytes
changed little, the signal changes of the H,O, sensor and pH
sensor were relatively small. In general, the extracting and
sensing capabilities of the MN extraction system in vitro skin
models were explored, indicating its potential application in
minimally invasive detection.

In vivo testing of the MN-extraction system on rats

After verifying the skin penetration and sensing performance
of the MN extraction system in vitro, in vivo experiments were
conducted on rats using the MN extraction system. The rats
were anesthetized and hair on the dorsal side was removed,
after which the MN sensors were applied. During the measure-
ment, the MN sensor on the back side was properly fixed to
avoid interference in the signal recording process. The MN
sensor was pressed on the dorsal skin of rats, and the applied
MN sensor was withdrawn between measurements. Fig. 6A
and B illustrate a MN sensor applied on a rat supported by
pressing, and the patterned electrode, which was placed on
the back of the MN arrays, acted as a biosensor for electro-
chemical recording. In addition, the skins on the dorsal side
before and after extraction were shown for comparison. It can
be seen in Fig. 6C that the applied negative pressure caused
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Fig. 5 In vitro skin-penetrating and sensing performance test of the microneedle-extraction system. (A) Diagram of skin-mimicking phantom gel by
penetrating the MN sensor. A MN sensor was placed on the back of the MN array for sensing. Continuous sensing studies of (B) glucose sensors, (C)
H,O; sensors, and (D) pH sensors on in vitro skin models. Data were recorded over 60 min periods at 10 min intervals. The corresponding scatter
plots of continuous studies of (E) glucose sensors, (F) H,O, sensors, and (G) pH sensors. (H) Interference test results of the microneedle-extraction
system. 3 mM glucose, 3 mM lactate, and 300 pM H,O, solutions were alternately injected into the gel. (I) Photograph of an in vitro animal tissue
applying the MN sensor. (J) Reproducibility studies of the glucose sensor. Reproducibility studies were tested on in vitro animal tissue by each type
of sensor five times in (J), (K), and (L). Data were recorded at 5 min intervals. Reproducibility studies of the (K) H,O, sensor and (L) pH sensor. (M)
Control tests of the glucose sensor. Control tests were tested on animal tissue by injecting different types of analytes in (M), (N), and (O). Control
tests of the (N) H,O, sensor and (O) pH sensor. (P) The corresponding signal changes of biosensors were obtained from control tests.
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Fig. 6 In vivo transdermal detecting of the MN-extraction system integrated with patterned electrodes. (A) Schematic and (B) photography of the
MN-extraction system applied on rats. (C) Shaved skin before and after the application of the MN-extraction system for transdermal detection. (D)
Glucose concentration was obtained from the applied MN sensor and glucometer. The green arrows indicated the time point of glucometer cali-
bration as a reference. The asterisk indicated the calibration point. The blue block indicated the time interval of insulin injection. The dashed line
indicatedthe boundary of normal blood glucose fluctuation (blood glucose level <200 mg dL™2). (E) pH level, and (F) H,O, concentration obtained
from the applied MN dsensor and test paper. The green arrows indicated the time point of test paper calibration by reference methods. The asterisk
indicated the calibration point. (G) Statistical analysis of detection errors of the glucose sensor of the MN-extraction system compared to those
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mild local skin hyperemia, corresponding to the successful
extraction of the ISF by the MN sensor.

After applying negative pressure, the electrical response
should be immediately recorded for 3 minutes to ensure the
stability of the measured electrochemical signal. The MN-
extraction system was used to monitor and measure the fluctu-
ation of glucose, H,0,, and pH every 30 minutes. The blood
glucose level of the rat was tested with a commercial gluc-
ometer in parallel as a reference. The pH values and H,O,
levels were recorded by testing isolated serum with a test paper
for reference and the isolated serum was extracted from the rat
blood by centrifugation. For the MN sensors, the detected
amperometric or potentiometric signals were converted to the
corresponding glucose, H,0,, or pH concentrations and were
further calibrated by the extra blood reference data on the first
time-point, to eliminate the difference between in vitro and
in vivo test environments. At the time point of 30 min, 80 pL of
4 mg mL™" insulin was administered via intramuscular injec-
tion, allowing 30 min for insulin to take effect and lead to the
decrease of blood glucose. As shown in Fig. 6D, the glucose
level measured by the MN sensor showed a good correlation
with those measured using the commercial glucometer. The
pH values (Fig. 6E) and H,0, level (Fig. 6F) were also in situ
monitored using the MN-extraction system during the experi-
ment. After the injection of insulin, the glucose level of the rat
with diabetes showed a significant decrease and was reduced
to the normal glucose level within one hour, while the H,0,
and pH levels showed only slight changes during the measure-
ment. The detected average glucose level was reduced by
~405 mg dL ™" after insulin injection, and this result was con-
sistent with the results (glucose level reduced by ~430 mg
dL™") detected using a commercial glucometer. The detection
error of all the MN-extraction-system-measured glucose signals
was below 25%, with an average error of 7.83% + 9.7%. It was
corresponding to a sensing error <20% that was closely satisfy-
ing the clinical standard of error <15%.

After 12 h, the skin tissue, where the MN sensor was
applied, was sectioned and then stained with H&E. The MN-
treated skin tissue did not show obvious infiltrated inflamma-
tory cells in the field of the microscope, as shown in Fig. 6G,
indicating that no significant skin irritation was induced from
the application of the MN-extraction system. Overall, the
in vivo test results suggested that the bio-analyte levels in the
ISF detected using the MN sensor were consistent with those
found in blood, which suggested a successful in vivo appli-
cation of the MN-extraction system.

Conclusion

In this work, we demonstrated the development of an MN
extraction system integrated with patterned electrodes for
minimally invasive transdermal detection. This system con-
sisted of patterned electrodes, MN arrays, and three bio-ana-
lytes (including glucose, pH, and H,0,) which were targeted as
representative factors for assessing sensor performance. 3D-
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printed MN arrays for penetrating the skin were assembled
with patterned electrodes, while an external air extraction
device was integrated to provide negative pressure for the
extraction of the ISF. Patterned electrodes with micropillar
structures were prepared to increase the surface area for
enzyme coating. In order to further improve the electrichem-
ical performance of the sensor, a MWCNT:PEDOT:PSS layer
was deposited on the electrode surface. The in vitro experi-
mental characterization of the sensors revealed good sensi-
tivity, selectivity, and stability. The in vivo application of the
MN sensor in rats showed that it can detect the fluctuations of
different bio-analytes in situ, and the results were consistent
with those in blood. This MN-extraction system showed its
potential for in vivo on-demand detection, with minimal
damage to tissues. Further efforts should be devoted to
improving system functionalities and applying them to a wider
range of analyte detection for the sake of better healthcare
monitoring.

Method

Materials

Polyaniline emeraldine (PANI), poly (vinyl butyral) resin
BUTVAR B-98 (PVB), methanol, multi-walled carbon nanotubes
(MWCNTS), poly (sodium 4-styrenesulfonate) (NaPSS), 3,4-ethy-
lenedioxythiophene (EDOT), glutaraldehyde, bovine serum
albumin (BSA), dimethyl sulfoxide (DMSO), tetrahydrofuran,
dimethylformamide, polyurethane (PU), glucose, 3% H,O,,
urea, lactate, sodium chloride (NaCl), and potassium chloride
(KCl) were obtained from Sigma Aldrich. Polydimethylsiloxane
(PDMS) with its curing agent, SU-8 2015 photoresist SU-8
developer, and UV-curable resin liquid (Formslab, USA) were
purchased from Dow Corning (USA). Glucose oxidase (GOx,
>100 activity units per milligram) and rhodamine B were pur-
chased from Aladdin Reagents. Ag/AgCl conductive inks were
purchased from Australian Laboratory Services (ALS). Standard
glass slides (100 mm x 100 mm, 1 mm thick) were purchased
from CITOTEST (China), and phosphate-buffered saline (PBS)
(pH 7.2) was purchased from Life Science. Solutions were pre-
pared using deionized water (18.3 MQ cm) obtained using the
Millipore water purification system.

Fabrication of the patterned substrate

The micro-nanostructure was prepared on the surface of the
electrodes by photolithography. A standard glass slide
(100 mm x 100 mm, 1 mm thick) was used as the substrate for
fabrication. First, the cleaned glass slide was spin-coated with
a 20-pm-thick SU-8 2015 photoresist layer at 2000 rpm. After
the material was soft-baked at 95 °C for 3.5 min and exposed
to a UV dose of 145 mJ cm > using an i-line mask aligner
(ABM, USA), it was subjected to post-exposure baking for
4.5 min. The glass slide was then developed for 3.5 min using
an SU-8 developer, followed by post-development baking at
200 °C for 30 min. The SU-8 mold was used for casting flexible
PDMS film. The combination of PDMS with its curing agent
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(10:1) formed an even mixture, which was poured into the
SU-8 mold and dried at 80 °C for over 3 h. Subsequently, the
UV-curable resin liquid was cast into the PDMS film mold and
exposed to UV light to prepare the designed pattern. Lastly, the
resin substrate was sputtered with Pt (20 min, thickness
>100 nm) to fabricate lead and pad patterns.

Preparation of Ag/AgCl and Pt coating on the resin substrate

Through the use of a designed metal pattern, Ag/AgCl and Pt
were coated onto the substrate, such that the coatings were
constrained to certain areas. The Ag/AgCl reference electrode
was prepared via dip-coating to produce an Ag/AgCl layer
coated onto the patterned resin substrate. A reserved patch
was immersed in the Ag/AgCl conductive ink to deposit Ag/
AgCl film onto the resin substrate. 5 pL PVB solution (79.1 mg
PVB and 50 mg of NaCl into 1 ml methanol) was cast on the
Ag/AgCl reference electrode to minimize the potential shift.*®
Simultaneously, the Pt counter electrode was prepared with
the fabrication of the lead and pad patterns from the resin
substrate.

Preparation of the glucose sensor

The patterned substrate coated with Pt was subjected to elec-
trodeposition with MWCNT:poly(3,4-ethylenedioxythiophene)
(PEDOT):polystyrene sulfonate (PSS) (MWCNT:PEDOT:PSS, or
MPP) via cyclic voltammetry sweeping (0-0.95 V) for 20 cycles
in a mixture of PSS (0.1 M), EDOT (20 mM), and MWCNT
(2 mg mL™"), in accordance with an existing modified
process.>® After the electrode was washed and dried in air, a
10 pl of solution comprising GOx (100 mg mL ™" in PBS), glu-
taraldehyde (2.5% in PBS), and BSA (80 mg mL™" in PBS) was
drop-cast onto the resin electrode and then allowed to dry over-
night. The electrode was then rinsed with PBS to remove
uncrosslinked enzymes remaining on the surface. To achieve a
linear response in higher concentrations, a 10 pL of PU solu-
tion (0.6 g PU dissolved in 10 g tetrahydrofuran/dimethyl-
formamide solution with a mass ratio of 98:2) was drop-cast
on the surface of the electrode. Notably, the glucose sensor, as
an enzyme-based sensor, must be stored at 4 °C to maintain
the enzyme activity.

Preparation of the H,0, sensor

The patterned resin substrate was used as the H,O, sensor,
where the Pt electrode served as the working electrode.

Preparation of the pH sensor

The fabrication procedure for the pH sensor was slightly modi-
fied in accordance with a protocol detailed in a previous
study.*® First, 25 mg of the PANI base was dissolved in 25 ml
of DMSO to prepare 1 mg ml™' PANI solution, which was
stirred evenly before use. Then, 10 pL of PANI solution (ion-
selective membrane) was drop-cast onto the resin electrode
and exposed and baked at 40 °C for at least 3 h. The resin elec-
trode was then placed into a vacuum chamber with HCL. In the
vacuum, the HCI vapor introduced H" into the PANI base film.
After the doping process, the patterned electrode was washed
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with deionized water at least three times and then blow-dried
with N,.

Mechanical characterization of 3D-printed MN arrays

The MN arrays, fabricated by 3D printing, were purchased
from Botai 3D Technology (China). To validate the mechanical
properties, a piece of cleaned pigskin was placed onto a glass
slide and the MN arrays were attached to a control lever of a
mechanical test bench (Daheng). The control lever was used to
lower the MN until the pigskin was pierced. The drop speed of
the control lever was set to 0.29 mm s~ . After successful pene-
tration, the microneedle remained in its original position for
several seconds, and then rose at the same speed as the
control lever. The overall stress condition of the MN arrays was
recorded using the running mechanical test bench.

Characterization of MN arrays for their penetration into tissue

The MN arrays were treated with air plasma (80 W, 3 min) to
enhance their hydrophilicity, after which the tips of the MN
arrays were soaked in 1 mg mL™~" of rhodamine B to enable
fluorescence labeling. Subsequently, the pre-dyed MN arrays
were pressed against a piece of cleaned pigskin for 3 min and
withdrawn. The processed tissue was observed via inverted
fluorescence microscopy (MSHOT MF41). After the penetration
of MN arrays, the pigskin was cut into 2 mm slices to enable
the imaging of the area penetrated by the MN with inverted
fluorescence microscopy.

Water extraction capacity of MN arrays

Before the characterization of water extraction capacity, the
MN arrays were assembled with PDMS to improve air tight-
ness. A dry sponge was placed on the top of MN arrays, which
were then placed in a chamber filled with water. When a
certain negative pressure (7.5 or 15 cmHg) was applied, an
amount of water was extracted from the chamber and
absorbed by the sponge. The amount of extracted water can be
obtained as the difference between the masses of the sponge
before and after water absorption.

Electrochemical characterization of biosensors with the
patterned electrodes in vitro

Electrochemical characterization experiments were conducted
via a standard three-electrode system using an electrochemical
analyzer, CHI 760E (CH Instruments, China). For the glucose
and H,O, sensors, electrical characterization was performed
in vitro using 10 mM of PBS (pH 7.2). The cyclic voltammetry
scanning of the glucose sensor was performed in a glucose/
K;3[Fe(CN),] solution (5 mM K;[Fe(CN)g], 5 mM K,[Fe(CN)s],
and 0.1 M of KCl in deionized water). For the pH sensor,
various solutions in the pH range of 5-8 were used to formu-
late freshly prepared buffer solutions. Before use, the pH of
each solution was measured using a commercial pH meter as
a reference. The reliability, selectivity, and stability of the pat-
terned electrode sensors were verified. The effects of electroac-
tive interferents, such as urea, KCl, and lactate, on the bio-
sensor, were analyzed. The corresponding chronoampero-
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metric signal of the glucose channel was recorded at 0.6 V,
whereas the corresponding signal of the H,0, channel was
recorded at —0.45 V. The potential signal of the pH channel
was measured in Open Circuit Potential-Time mode. The
process of obtaining electrical signals possessed a signal stabi-
lization period of 200 s.

Skin-penetrating and sensing performance tests

To simulate human skin, soft agarose phantom gel was pre-
pared to simulate tissue’*"** and evaluate the performance
of the MN-extraction system. To prepare the agarose phantom
gel, 140 mg of agarose powder was added to 10 mL of PBS
(1.4%). The agarose solution was stirred at 95 °C until the
agarose was completely dissolved. Subsequently, the uniformly
dissolved agarose solution was poured into a mold and cooled
to solidify at room temperature. The agarose phantom gel was
then rinsed with PBS for skin model evaluation. Before the
MN sensor was used, 3 mM glucose solution was diffused in
the agarose phantom gel. Each MN sensor was placed on the
agarose phantom gel, and negative pressure was applied to
extract the liquid. For long-term continuous studies, each MN
sensor was allowed to measure the corresponding bio-analytes
over 100 min periods at 10 min intervals. Subsequently, 1 mL
volumes of 3 mM glucose, 3 mM lactate, and 300 pM H,O,
solutions were alternately added to the agarose phantom gel at
10 min intervals (after each addition, the additives were
allowed to diffuse for 15 min). The analytes were then allowed
to spread over several minutes to generate responding electri-
cal signals on the sensor.

Next, a cherry tomato and a piece of in vitro animal tissue
(chicken breast) were used as tissue models to further evaluate
the skin-penetrating and sensing performance of the MN-
extraction system, respectively. The cherry tomato and chicken
breast were purchased from a market. To measure skin-pene-
trating performance, each MN sensor was used on the cherry
tomato, and negative pressure was applied to extract the ISF.
Then, each MN sensor was allowed to measure the corres-
ponding bio-analytes at 5 min intervals. To measure the
sensing performance, a chicken breast was treated with a MN
sensor for skin model evaluation. Similarly, each MN sensor
was allowed to measure the corresponding bio-analyte at
5 min intervals. Afterward, 400 pL of 1M glucose, 1M lactate,
and 500 mM H,0, solutions were separately added to the
chicken breast and allowed to diffuse for 15 min.

In vivo testing of the MN-extraction system

Sprague Dawley (SD) rats (SPF grade) weighing 250 g with dia-
betes (Animal Center, Sun Yat-Sen University, Guangzhou,
China) were used for experiments. Before the measurement,
the rats were anesthetized with 2% isoflurane, and the hair on
their dorsal side was removed using a hair removal cream. The
MN sensor was then applied to the dorsal side of the skin. By
alternately applying three MN sensors, electrochemical signals
were recorded. In vivo electrochemical measurements were per-
formed by recording the amperometric or potential signals.
The glucose concentrations were obtained from both the MN
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sensor and were compared with results obtained from a gluc-
ometer as reference. Moreover, the H,O, and pH values of
blood were obtained by testing isolated serum with a test
paper for reference. For the MN sensor, the recorded signals
were converted to the corresponding glucose, H,O,, or pH
levels by the vitro standard curves. The concentrations
measured by the MN system were further calibrated by the
blood reference data on the first time-point so that the differ-
ence between in vitro and in vivo experiments could be elimi-
nated. All animal procedures in this study were performed in
accordance with the Guidelines for Care and Use of Laboratory
Animals of Sun Yat-Sen University and approved by the
Institutional Animal Care and Use Committee, Sun Yat-Sen
University (Approval No. SYSU-IACUC-2021-000612).

Biocompatibility tests of MN applications

Local skin irritation induced by the application of the MN
sensor was tested. MN sensors were applied to the backs of
rats for 3 h. Then, the MN sensor were removed, and the rats
were allowed to return to the cage. After 12 h, the MN-treated
local skin tissue was sectioned and then stained with hematox-
ylin and eosin (H&E). The tissue profile was examined with
optical microscopy (MSHOT).
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