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ABSTRACT: Real-time transdermal biosensing provides a direct route to
quantify biomarkers or physiological signals of local tissues. Although
microneedles (MNs) present a mini-invasive transdermal technique, integration
of MNs with advanced nanostructures to enhance sensing functionalities has
rarely been achieved. This is largely due to the fact that nanostructures present
on MNs surface could be easily destructed due to friction during skin insertion.
In this work, we reported a dissolvable polymer-coating technique to protect
nanostructures-integrated MNs from mechanical destruction during MNs
insertion. After penetration into the skin, the polymer could readily dissolve by
interstitial fluids so that the superficial nanostructures on MNs could be re-
exposed for sensing purpose. To demonstrate this technique, metallic and resin
MNs decorated with vertical ZnO nanowires (VNWs) were employed as an

Transdermal Biosensing via Microneedle Arrays
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example. Dissolvable poly(vinyl pyrrolidone) was spray-coated on the VNW-

MNs surface as a protective layer, which effectively protected the superficial ZnO NWs when MNs penetrated the skin.
Transdermal biosensing of H,O, biomarker in skin tissue using the polymer-protecting MNs sensor was demonstrated both ex
vivo and in vivo. The results indicated that polymer coating successfully preserved the sensing functionalities of the MNs sensor
after inserting into the skin, whereas the sensitivity of the MN sensor without a coating protection was significantly
compromised by 3-folds. This work provided unique opportunities of protecting functional nanomodulus on MNs surface for

minimally invasive transdermal biosensing.
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B INTRODUCTION

Detection of biomarkers in biological samples or biofluidics
could provide important indications of health or disease states.
For example, signaling molecule, H,0,, is involved in many
biological processes and works as an important biomarker in
DNA damage, protein synthesis, cell apoptosis, etc.;” L2 NO
biomarker is a free radical in human body, but an over-
production of NO might indicate cancer progression;” > blood
glucose concentration directly indicates the insulin level of
patients affected by diabetes mellitus; dopamine functions as a
neurotransmitter that plays 1mportant roles in cognition,
learning, and fluctuations in mental state.” Benefiting from the
emerging nanoscience and nanotechnology, we have recently
made significant progress in biosensing, ranging from advanced
electrochemical biodevices,” field-effect transistor biodevices,®
microfluidic devices,” etc. Compared to conventional sensors,
biosensors based on nanostructural materials possess more
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appealing advantages, e.g., high sensitivity, large specific surface
area, high electron mobility, and easy to be decorated or
modified for multifunctional applications, etc.'”~"® For instance,
biosensors based on Au nanoparticles-decorated graphene
framework could achieve 1 uM sensitivity of H,O, detection;'”
picomolar-scale limit of detection of NO was obtained via
porphyrin-functionalized graphene field-effect transistor.'
Most of the existing nanomaterials-integrated biodevices
functioned in vitro or ex vivo by detecting target molecules in a
solution, requiring collection of phosphate-buffered saline
(PBS) solution or extraction of biofluids such as blood, sweat,
or urine from body and to be placed on a sensor.'°~"® However,
in vitro or ex vivo biosensing lacks the capability to real-time and
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Figure 1. (a) Schematics of PYNW-ssMNs electrochemical sensor for subcutaneous H,0, monitoring. Three electrodes based on ssMNs were
integrated into a biosensor for painless transdermal. ZnO NWs/Pt nanostructures were fabricated superficially on the ssMNs with dissolvable PVP
layer coating, forming the working electrode (WE). PVP coating protected ZnO NWs from mechanical damage due to the friction from the skin tissue
and then rapidly dissolved in interstitial fluid, exposing ZnO NWs/Pt to subcutaneous H,O, sensing. (b) Fabrication process of PYNW-ssMNs
electrochemical sensor. ssMNs were first fabricated by laser micromachining as the bases of electrodes. ZnO NWs were hydrothermally synthesized on
the MNs surface, later sputtered with a thin layer of Pt. PVP layer was spray coated on vNW-ssMNs to complete the fabrication of PYNW-ssMNs
(WE). The sensor was completed via assembling the WE, Pt deposited reference electrode (RE) and Ag/AgCl ink painted counter electrode (CE).

continuous monitoring of the local tissue in situ. On the other example, Sullivan et al. applied microneedle vaccination to
hand, conventional in vivo sensing or transdermal sensing was achieve efficient lung virus clearance and enhanced cellular recall
generally performed by sticking metallic needle tubing responses;”" Xie et al. successfully developed dissolvable
penetrating through the skin into vessels and inner tissues.'""” microneedles for effective analgesia on local neuropathic
However, these techniques are invasive to induce potential pain.”” Application of MNs to detect biomarkers in vivo by
lesions and undesirable wounds or even infections. The penetrating skin or endothelium has attracted great research
development of nanomaterial-based biosensor for noninvasive interest, whereas recent research was mainly based on
or minimally invasive sensing in vivo is still in demand. monostructure MNs as electrodes without the integration of

Microneedles (MNs) as an emerging technology for trans- nanostructural materials to improve the sensing performance or
dermal applications have achieved great success both on drug enhance the sensing functionalities.””>' The strategy of
deliveryzo_25 and biosensing3‘26‘27 due to the simple, painless, integrating MNs with nanostructural materials on the MNs
and minimally invasive nature of MNs as transdermal tools. For surface for enhanced transdermal biosensing is rarely reported
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Figure 2. Characterization of the nanostructures and coating on stainless steel MNs. Microscopic images of (a—c) as-fabricated ssMNs, (d—f) vertical
ZnO NWs grown on ssMNs, (g—i) PVP spray-coated vNW-ssMNs, and (j—1) PvNW-ssMNs with PVP coating dissolved. Microscopic images from
left to right in each panel: optical microscopy, fluorescence microscopy, and SEM images at four magnifications, respectively.

so far due to the difficulties that the superficial nanostructures
were likely to be easily damaged by mechanical compression and
friction from skin tissues during the MNs insertion process.

In this work, we developed an engineered strategy of applying
dissolvable polymer coating to protect nanostructures-inte-
grated MNs from mechanical destruction during MNs trans-
dermal process (Figure 1a). The polymer coating protected the
superficial nanostructures from destructive compression and
friction when MNs were inserted into the skin, and then rapidly
dissolved in interstitial fluid of the dermis and exposed MNs
surface for sensing applications. Vertical ZnO nanowires (ZnO
NWs) were fabricated on stainless steel MNs (ssMNs) surface as
representative nanostructure for demonstration. Dissolvable
poly(vinyl pyrrolidone) (PVP) were coated on the YNW-MNs
surface as a protective layer via a spray-coating process, and the
effectiveness of protection was investigated by morphological
examination of superficial ZnO NWs before and after ssMNs
penetrated the skin. Similar investigation on resin MNs (rMNs)
with ZnO NWs integrated was also carried out for verifying the
protecting effectiveness of PVP coating on different materials. In
addition, ex vivo and in vivo transdermal electrochemical
sensing of the H,0O, biomarker in dermis using the PVP-
protected vNW-ssMNs (PvNW-ssMNs) as the working
electrode (WE) was demonstrated, indicating the intact sensing
functionalities of VNW-ssMNs after being inserted into the skin.
This work provided a unique solution to protect functional
nanomodulus on MNs surface during the skin penetration
process, and might open new opportunities for integration of

various nanostructures with MNs for minimally invasive
transdermal biosensing.

B EXPERIMENTAL SECTION

Fabrication of Stainless Steel Microneedles (ssMNs) and
Resin Microneedles (rMNs). The ssMNs were etched from 200 ym
thick 316L stainless steel plates by laser microetching. The design is
shown in the Supporting Information Figure S1. The rMNs were
obtained via a micromolding process, described in detail in the
Supporting Information Note 3 and Figure S3.

Synthesis of Vertical ZnO Nanowires (ZnO NWs). Vertical ZnO
NWs on the surface of ssMNs and rMNs were synthesized by the
hydrothermal growth approach. First, 20 nm thick ZnO was sputtered
on ssMNs (rMNs) as the seed layer via radio frequency (RF)
magnetron sputtering. Then, the seeded ssMNs (rMNs) were
immersed into aqueous solutions containing 25 mM zinc nitrate
hydrate [Zn(NO;),-6H,0] and 25 mM hexamethylenetetramine
(CgH,N,) at 90 °C for 3 h, when the microneedles were oriented
with tips pointed downward. Afterward, the microneedles were rinsed
in deionized water (DI) water to remove byproducts on the surface and
then dried in ambient.

Spray-Coating PVP Protective Layer. Ethanol solutions, 20 wt %
PVP (average molecular weight ~360k, Sigma #V900010), were
prepared. A spraying gun with a 0.4 mm diameter nozzle was used to
generate spray droplets of sub-millimeter diameter, and the
homogeneity of the coating was enhanced by mounting MNs samples
on a 10 rpm rate rotating stage. High-purity nitrogen was used as the
working gas for spray with 0.1 MPa output pressure. The spraying
process lasted for 30 s, then the samples were dried and preserved in a
vacuum dryer.
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Examination of Protective Effect of PVP Coating. The
robustness of PVNW-ssMNs was examined in two ways. One was to
compared the morphological changes of ZnO NWs before and after
penetrating PvNW-ssMNs into a piece of pigskin. Another approach
was to keep PVNW-ssMNs inserted in the pigskin and burn them
together at 800 °C in the furnace for 30 min, completely wiping out the
PVP coating and the adhering skin tissues but retaining the ZnO NWs.
The protection results of the PVP-coated ZnO NWs on rMNs was only
examined by the first method described above due to the low melting
point of the resin materials.

In Vitro Electrochemical Analysis of Pt-Sputtered vVNW-
ssMNs Electrode. A standard three-electrode electrochemical work-
station (CH Instrument, 700E) was used to examine the electro-
chemical property of Pt-sputtered VNW-ssMNs electrodes. The
electrode was connected as the working electrode, coupled with a
commercial Pt counter electrode and a Ag/AgCl reference electrode.
The electrochemical activities of the MNs were evaluated via both
cyclic voltammetry (CV) and amperometric I—t curve. The sensitivity
was calculated from the amperometric response via linear regression.

Construction of PvNW-ssMNs Electrochemical Sensor. The
PvNW-ssMNs were used as the working electrode in the three-
electrode electrochemical sensor. A layer of Pt with the thickness <20
nm was sputtered on ZnO NWs before PVP coating, working as the
sensing receptor that catalytically decomposes H,0, to general
electrochemical signals. Counter electrode and reference electrode
were also fabricated based on ssMNss for transdermal application. Bared
ssMNs were deposited with inner 100 nm Ti and external 300 nm Pt by
RF sputtering to form the counter electrode, and another one was
painted with Ag/AgCl ink (ALS Co., Ltd) to obtain the reference
electrode. Three electrodes were mounted in a three-dimensional-
printed clear resin case (10 X 12 X 2.7 mm®, wall thickness of 1 mm)
with the handles penetrating the seams on the bottom, separated from
each other by 2 mm. The electrodes and the case were then fixed and
insulated via light-curing resin (color white), leaving only the tips of the
ssMNs exposed. The PVNW-ssMNs sensor was finally obtained via
electrically wiring by clamping mini-alligator clips on the handles of
three electrodes.

Ex Vivo Test of PNW-ssMNs Sensor on Pigskin Model. Prior
to the MNs insertion, 75% alcohol was used to wash and disinfect the
pigskins (15 X 15 X 3 mm?), which were immersed and soaked in PBS
solution containing different concentrations of H,0, (0, 0.1, 0.2, 0.5,
and 1 M) at 4 °C for 24 h, allowing H,0, to diffuse into the skin tissue
to saturation. PYN'W-ssMNs sensor was pressed against the pigskin and
the electrical current signals were recorded under applied potential of
—1V. To determine the actual H,0, concentration in soaked pigskins,
the skin tissues were minced and quantitatively analyzed by the H,O,
assay kit, see the Supporting Information for details.

In Vivo Test of PvNW-ssMNs Sensor on Mice Model. Animal
studies were approved by the Sun Yat-sen University Institutional
Animal Care and Use Committee. All animals received humane care in
compliance with institutional guidelines. CS7BL/6 mice were obtained
and experimentally studied both at the Animal Facility of Sun Yat-sen
University. The mice were anesthetized and skin prepared at the
dorsum. Each sensor was applied at the dorsum and electrochemical
signal under —1 V potential was recorded S min after the application to
guarantee the complete dissolving of PVP coating. At the indicated time
point, 0.3 mL 1 mM H, 0O, PBS solution was subcutaneously injected at
two injection points successively as described in the Results and
Discussion section.

Biocompatibility and Biosafety Tests of PvNW-ssMNs Sensor
Application. Local skin irritation caused by sensor application was
tested. The PYNW-ssMNs sensor was pressed against the back of the
mice and electric bias of —1 V was applied for 2000 s. The mouse was
returned to cage for 12 h after the sensor application and removal, then
the sensor-treated local skin tissue was dissected, fixed, and stained with
hematoxylin and eosin (H&E) for optical microscopic (OM)
observation.
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B RESULTS AND DISCUSSION

The schematics of the ssMNs fabrication and coating procedure
are illustrated in Figure 1b. The surface morphology of ssMNs at
each fabrication step was characterized with optical microscopy,
scanning electron microscopy (SEM), and fluorescence
microscopy (FM), as the decoration of ZnO material would
produce photoluminescence that is excited by UV light.** All
micrographs are listed in Figure 2. In the first step, the ssMNs
were prepared using direct laser microetching on a planar
stainless steel substrate. This produced planar MNs patch with
sharp needle tips. The diameter of each tip is ~200 nm, the
length is 680 pm, and the distance between each tip is 250 pm.
See Figure S1 in the Supporting Information for the detailed
design of the ssMNs. Morphologies of the as-fabricated ssMNs
are shown in Figure 2a—c, only scratches and pits on the surface
can be observed and no fluorescence signal could be detected
(Figure 2b) with UV exciting light (330—380 nm). In the second
step, 20 nm thick ZnO layer was deposited on the ssMNs surface
through RF magnetron sputtering, which served as the seed layer
for the hydrothermal growth of ZnO NWs. The ssMNs patch
was incubated in aqueous solutions containing 25 mM
Zn(NOsy), and 25 mM hexamethylenetetramine at 90 °C for 3
h, which produced vertical ZnO NWs that conformally and
densely covered each tip, as presented in Figure 2f. The vertical
ZnO NWs were ~100 nm in diameter and 1—2 pm in length.
When excited by UV light, the vYNW-ssMNs emitted green
fluorescence corresponding to intrinsic-defects-induced photo-
luminescence emission of ZnO nanostructures at 510 nm
(Figure 2e) 3 confirming the successful decoration of ZnO
NWs. The inhomogeneous green fluorescence observed in
Figure 2e can be attributed to incidental ZnO nanostructures
assembled during the growth process of ZnO NWs. To protect
the surface of ZnO NWs, water-soluble PVP was coated on the
vNW-ssMNss surface via spraying 20 wt % PVP ethanol solution.
PVP was employed as the coating material due to its excellent
biocompatibility and water solubility.’* Other types of water-
soluble and biocompatible polymers, such as polysaccharide
(carboxymethyl cellulose, chitosan, sodium alginate), hyalur-
onic acid, etc., or various polymerization degrees of PVP, could
be also applied as protection coating for MNs. The choice of
PVP as the coating material in this work was mainly targeted by
choosing the appropriate polymer material with a rapid water-
dissolving rate and good biosafety records. The superficial ZnO
NWs on each tip were completely embedded by a thick layer
(2—5 pm) of PVP, as observed via SEM (Figure 2i). In Figure
2h, the green fluorescence became stronger after the PVP
coating, attributed to the passivation of surface defects on ZnO
NWs that were caused by the PVP capping.”> When PvNW-
ssMNs were immersed in DI water for 2 min at room
temperature, the PVP coating rapidly dissolved and the
superficial ZnO NWs were exposed again. Intact ZnO NWs
were observed to stand vertically on the tip in a profile similar to
that of the ZnO NW:s prior to PVP coating, as shown in Figure
2], indicating that spray-coating was nondestructive to the high-
aspect-ratio nanotopography on the surface. Further proof is
from Figure 2k, where green fluorescence recovered to similar
intensity as that in Figure 2e. Meanwhile, PVP residue was rarely
observed on the MNs surface, suggesting the PVP was highly
dissolvable in water, allowing the embedded nanostructure to be
re-exposed on the surface.

The capability of PVP coating to protect superficial ZnO
vNWs after insertion into pigskin was examined ex vivo. First, to
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Figure 3. Protective effect of PVP coating on vNW-ssMNs during transdermal process. (a) Schematic of the structure of the PYNW-ssMN:ss tip. (b)
Photographic image of the ssMNs’ insertion into pigskin. (¢, d) Top and cross-sectional views of the micrographs of skin tissue after ssMNs
penetration, respectively. Tips of ssMNs were stained with a red fluorescent dye, rhodamine B, for exhibiting tip-holes in both OM (top panels) and
FM (bottom panels) observations. Arrows indicated the ssMNs insertion sites. (e) Schematics of the two approaches to characterize the protection
effect of PVP coating on the YNW-ssMNss. (f—i) SEM images of the surface morphologies of the PYNW-ssMNs and non-PVP-protected vNW-ssMNs
after skin insertion: (f) annealed PYNW-ssMNs, (g) annealed vNW-ssMNs, (h) rinsed PvNW-ssMNs, and (i) rinsed vINW-ssMNs.

verify the MNSs’ penetration into skin, the blank ssMNs were
stained with red fluorescence, rhodamine B, and then pressed
against the pigskin, as shown in Figure 3b. After the removal of
the ssMNs, an array of red fluorescence was retained in the
pigskin, indicating a successful microneedle penetration. The
resulting optical and fluorescence morphologies of both top and
sectional views of the transdermal zone on pigskin are presented
in Figure 3c,d, respectively, which shows evident penetrating
holes. The observed maximum penetrating depth is about 300
um, which is shorter than the length of the tips of ssMNs (~680
um). It could be attributed the elastic shrinkage of pigskin that
prevented complete insertion of the tips or led to the contraction
of the bottom of the tip-holes. Nevertheless, the average 200—
300 ym penetrating depth of the MN tips is enough to puncture
the whole stratum corneum (10—15 ym) and epidermis (50—
100 ym) layer and reach the dermis, ensuring the functionaliza-
tion of the PYNW-ssMNss.
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To investigate the integrity of vertical ZnO NWs after skin
penetration, the morphology of the ZnO vertical NWs should be
examined with microscopies. The OM or FM did not provide
sufficient resolution to observe sub-microscale ZnO NWs.
Instead, SEM was employed, but it required separation of MNs
from the tissue to allow imaging of the MNs surface. Therefore,
the MNs were separated from the tissue by two approaches, as
illustrated in Figure 3e. In the first method, the skin tissue was
completely burnt up at high temperature (800 °C for 30 min),
whereas the metal MNs as well as the inorganic ZnO NWs were
preserved at this temperature. The exposed MNs surface after
skin removal was examined with SEM. The results shown in
Figure 3f reveal that the P"NW-MNs were completely exposed
after the skin was burnt up, whereas the ZnO NWs were still
vertically presented on the MNs surface. In contrast, vertical
ZnO NWs on vNW-MNs without PVP protection were rarely
observed after skin removal, see Figure 3g, suggesting that the
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Figure 4. Characterization of nanostructures and the coating on resin MNs. Microscopic images of (a—c) the as-fabricated rtMNs, (d—f) vertical ZnO
NWs grown on rMNs, (g—i) PVP spray-coated vNW-rMNss, and (j—1) PYNW-rMNs with PVP coating dissolved. Microscopic images from left to right
in each panel: optical microscopy, fluorescence microscopy, and SEM images at four magnifications, respectively. Protective effect of PVP coating on
vNW-rMNs during the transdermal process. (m) Photographic image and (n) schematic of the structure of the PPNW-rMNs. (o) Photographic image
of the rhodamine B stained rMNss insertion into the pigskin. (p) OM and FM images indicating the penetration of stained rtMNs into the pigskin tissue
(cross-sectional view). Arrows indicated the rMNs insertion sites. (q) Schematics of the approach to characterize the protection effect of PVP coating
on the YNW-rMNss. (r, s) SEM images of surface morphologies of the PYNW-rMNs and non-PVP-protected vNW-ssMNs after skin insertion: (r)
rinsed PYNW-rMNs and (s) rinsed vINW-rMNs.

ZnO NWs were likely to be destructed and peeled off during the As for the second method to separate MNs from the tissue, the
MN:s insertion process. PvYNW-MNs were first inserted into the skin but withdrawn
4814 DOI: 10.1021/acsami.8b18981
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Figure 5. Ex vivo and in vivo electrochemical detection of H,0, by PYNW-ssMNss sensors. (a) CV curves of Pt-sputtered vNW-ssMNs electrode to
sense H,0, solution with the concentrations of 0, 1, 5, 10, 15, and 20 mM. (b) Typical amperometric response of the Pt-sputtered vNW-ssMNs
electrode to sense H,0, solution upon the successive addition H,O, concentration at the applied bias = —0.5 V. (c) Steady-state electrochemical
currents upon different H,O, concentrations. Data points were linearly fitted. (d) Schematic showing the integration process of the PYNW-ssMNs
sensor. The Pt-sputtered vNW-ssMNs with an external PVP coating acted as the working electrode. (&) The photograph and (f) optical micrograph of
the device. (g) Ex vivo measurement on pigskin soaked in H,O, solution using the PYNW-ssMNs sensor. The inset shows the indentation on skin
surface by the sensor. (h, i) Respective amperometric responses of PVP-coated and non-PVP-coated sensors applied on pigskins soaked in various
H, 0, solutions. Bias = —1 V. (j) Steady-state amperometric responses (t > 100 s) were analyzed, and relations with H,0, concentration were linearly
fitted. (k) PYNW-ssMNs sensor was applied on a B6 mouse for in vivo experiments. The red and yellow arrows mark the subcutaneous injection points
of the H,0, solution. (1) Amperometric response of the PY"NW-ssMNs sensor upon H,O, injection at two injection positions. Bias = —1 V. Red and
yellow arrows indicate the time points of injections. (m) Normal and ssMNs-treated mouse skin tissue stained with H&E for assessing skin irritation.
The small navy blue spots indicate inflammatory cells distributed in the epidermis.

immediately (<S s) so that the PVP was rarely dissolved in the skin, likely due to the peeling off of ZnO NWs during the

tissue in such a short time range. The remaining PVP might transdermal process.
protect the superficial ZnO NWs during the MNs withdrawal Taken together, these two experiments in parallel confirmed
process. The PVP layer was then dissolved in ethanol to expose that the PVP coating effectively shielded the superficial
the MNs surface. Changing the solvent from DI to ethanol was nanowire structures from the destructive compression and
for a better removal of skin tissue residuals. This allowed the friction from skin tissue during the MNs mechanical insertion
SEM imaging to examine whether the PVP protected the MNs process.
surface feature after both penetration and withdrawal processes. Resin microneedles array was employed as another example to
Similar to the results of the first skin removal approach, vertical further evaluate whether the microneedle protection approach
ZnO NWs in Figure 3h were observed to be arrayed on the via PVP spray coating was applicable to different MNs materials.
surface of the PYNW-MN’s sample as neatly as those in Figure 2, The resin microneedle array was fabricated via a molding-UV
indicating that the PVP successfully protected the vertical ZnO curing approach.””*® The mixture of resin trimethylolpropane
NWs when the MNs were inserted and removed from the skin. ethoxylate triacrylate (TMPTA) and curing agent 2-hydroxy-2-
In Figure 3i, the YNW-MNs without PVP coating rarely retained methylpropiophenone by 20:1 v/v proportion was injected into
the vertical ZnO NWs on their surface after withdrawal from the multiple-cavities-shaped poly(dimethylsiloxane) MNs mold,
4815 DOI: 10.1021/acsami.8b18981
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afterward the centrifugation was applied to drive the resin
precursor solution into the microcavities. The resin was
photopolymerized under UV illumination, then demolded,
and rinsed. The complete process flow chart is plotted in the
Supporting Information Figure S3. Following the same
procedures on ssMNs, vertical ZnO NWs were fabricated on
the resin MNGs surface (VNW-rMNs) via hydrothermal approach
and then coated by PVP via spraying.

The surface morphologies of the vNW-rMNs at different
fabrication steps were characterized with OM, FM, and SEM.
Micrographs are listed in Figure 4. The diameter of each resin tip
was ~200 pm, and the length was about 600 ym. The total of 81
tips were aligned in a 9 X 9 array of 0.25 cm® The high-
magnification SEM image in Figure 4c manifests a corrugated
surface with height fluctuation in micrometer scale. The
hydrothermal growth produced vertical ZnO NWs conformally
covering each resin tip, with ~100 nm in diameter and ~2 ym in
length for each ZnO NW, see Figure 4f. The ZnO NWs
exhibited a bright green fluorescence under the illumination of
UV light (330—380 nm), as shown in Figure 4e, corresponding
to the photoluminescence emission of ZnO. However, the cured
TMPTA is also able to be excited by UV light and to emit faint
green light as shown in Figure 4b, which was confirmed by
fluorescence spectroscopic study (see Figure S4 in the
Supporting Information). The PVP was then coated on the
vNW-rMNs surface (PvNW-rMNs) via spraying method,
completely covering each tip, leading to an enhancement of
green fluorescence (Figure 4h) and a fluctuation submerged
surface (Figure 4i). The PVP coating could be readily dissolved
in DI water to expose the superficial ZnO NWs again, where the
revealed ZnO NWs shown in Figure 4] were observed to be as
intact as those prior to PVP coating (Figure 4f).

Similarly, to verify the penetrating capability, the blank rMNs
were stained with rhodamine B and then pressed against the
pigskin, as Figure 40 shows. After the removal of rMNs, the
pigskin was sectioned along one row of the tip-holes and then
observed at the cross section in optical and fluorescence
microscopes. The micrographs in Figure 4p show that
penetrating holes had depth between 100 and 200 ym, which
is shorter than that of the holes created by ssMNs with similar tip
length (600 vs 680 ym). It may be attributed to the pyramid-
shaped tips of rMNs, rather than the sword-shape tips of ssMNs,
whose pyramid tips have a smaller volume with the same bottom
area, thus the hole depth can be subjected to suppression by
elastic shrinkage of the pigskin. The penetrating depth of rMNs
barely allows puncturing of the stratum corneum and epidermis;
therefore, they were considered to be more suitable for drug
delivery rather than biosensing, since elongating the tips or
modifying the tip shape would lead to difficulties in fabrication
or frailty of transdermal applications.

To examine the integrity of vertical ZnO NWs on the rMNs
after skin penetration, PPNW-rMNs were inserted into the
pigskin and withdrawn within S s. Similar to the experiment on
ssMNss, due to a short time range of MNs presenting in the skin,
the PVP was rarely dissolved so that it could protect the vertical
ZnO NWs during the MNs withdrawal process. To expose the
MN:s surface for examination of the ZnO NW morphology, the
PVP layer was then dissolved in ethanol with skin residuals
rinsed away simultaneously. The procedures are sketched in
Figure 4q. Results presented in Figure 4r reveal that vertical ZnO
NWs are intactly presented on the MNs surface if protected by
PVP, whereas rMNs without the PVP coating experienced the
peeling off of a large area of NWs after withdrawal from the skin,
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as shown in Figure 4s. These results demonstrated the PVP
successfully protected the vertical ZnO NWs on rMNs when
they were inserted and removed from the skin. Note that the
rMNs would not tolerate temperature higher than 200 °C, thus
they were not attempted to be separated from the skin by the
approach of skin burning.

To examine whether the PVP coating effectively preserves the
functionality of actual sensor, the VNW-ssMNs based on
conductive ssMNs were constructed as a working electrode in
an electrochemical biosensor. Sensing of H,0, was demon-
strated as the example, since H,O, is a widespread biomarker in
human body that is involved in many important physiological
processes such as inflammatory responses.”” ~*° As illustrated in
Figure 1, superficial vertical ZnO nanowires were grown on the
ssMN, followed with sputter coating of a Pt layer thinner than
20 nm on the ZnO NWs (Supporting Information, Figure S5g),
which possessed superior catalyzing capability of decomposing
H,0, to general electrochemical signals.41 It should be noted
that the PYNW-ssMNss electrochemical sensor was not limited in
sensing H,O, only, as the sensing of other biomarkers could be
readily achieved by different surface functionalizations. The in
vitro H,0, sensing in PBS solution was performed using the Pt-
coated VNW-ssMNs electrode, coupled with a commercial
counter electrode and a reference electrode. The cyclic
voltammetry was used for sensing different concentrations of
H,0, solution ranging from 0 to 20 mM (Figure Sa), which are
higher than the typical H,O, levels in human body,**** with the
aim for achieving strong enough responsive signals to properly
evaluate the electrochemical characteristics of the working
electrode. Reduction peaks at —0.45 V were observed, indicating
the successful detection of H,O,. Amperometric response upon
the stepwise increase of H,0, concentration (by 1 mM each
step) was also tested under —0.5 V bias (Figure Sb). The rise in
H,0, concentration induced a rapid increase of current signal
(negative sign). The steady-state current densities (curr.
dens.) were in a linear relation with H,O, concentration (Figure
5¢), with a sensitivity of 2.07 mA-cm™>mM™" (R* = 0.99821),
exhibiting an excellent sensitivity compared with the reported
H,0, electrochemical sensor,'* which benefited from the ZnO
NWs/Pt composite structures as sensing receptors.

To examine whether the PVP coating effectively preserved the
sensor’s performance, sensing of H,O, ex vivo on pigskin tissue
and in vivo on C57BL/6 (B6) mice were investigated. Water-
soluble PVP coating was spray-coated on the MNs surface to
protect the fragile nanostructures. The PYNW-MNs served as
the working electrode and were integrated with a Pt-deposited
ssMNs counter electrode and a Ag/AgCl ink painted ssMNs
reference electrode to build the H,O, electrochemical sensor
(Figure S5d—f). The sensor was applied on pigskins containing
different concentrations of H,0, (0, 0.16, 0.65, 0.82, and 1.82
mM, determined by hydrogen peroxide assay kit, see the
Supporting Information Note 6 and Figure S6 for details) by
presoaking pigskins in H,0, solution (Figure Sg). The sensor
without PVP coating was employed for comparison. For both
PVP- and non-PVP-coated sensors, recorded current densities at
the bias of —1 V enhanced with increase of H,0, concentration,
whereas the PVP-coated sensor produced significantly higher
current signals compared to the non-PVP-coated sensor (Figure
Shyi). Steady-state (at t > 100 s) current densities were averaged
for quantitative comparison, and the relations between the
average steady-state current densities and the H,0, concen-
tration plotted in Figure Sj show linear profiles. The sensitivity of
the PVP-coated sensor was 1.12 mA-cm™>mM ™, about 3-folds
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higher than that of the non-PVP-coated sensor whose sensitivity
was 0.42 mA-cm™>-mM ™. The higher sensitivity is likely due to
the fact that the PVP coating effectively protected the superficial
nanostructures, which were the sensing modulus.

In vivo transdermal H,O, biosensing via the sensor was
performed on C57BL/6 mice. The back of the mouse was
shaved and the sensor was pressed on its back with ssMNs tips
inserted into the skin (Figure Sk). Fluctuation of the H,O, level
in vivo was induced by subcutaneous injection of H,O, solution.
The subcutaneous injections were given at two different
injection points, one of which was close to the WE (point A,
distance to WE ~4 mm) and the other was adjacent to the RE
(point B, distance to WE ~9 mm), as indicated in Figure Sk.
H,0, solutions (0.3 mL, 1 mM) were alternately injected at
either points A or B with 200—300 s internals between each
injection (indicated by red or yellow arrow). The amperometric
response was recorded with —1 V bias applied, plotted in Figure
Sl Two types of characteristic peaks associated with the
injection at points A and B were observed on the current
density—time curve. The injection at point A induced an
increasing current density of 0.62 + 0.05 mA-cm ™ within ~200
s, whereas the injection at point B induced a slight current
density increase of 0.062 + 0.03 mA-cm™ within ~50 s (both
signs in the negative). The signals were repeatable during 3
cycles of independent injections. The higher signal at point A
was likely due to the presence of a higher local concentration of
H,0, adjacent to the WE, whereas the H,0, at point B would
experience more diffusion barrier and decomposition in body
fluids before reaching to WE.

Furthermore, the biosafety of the PYNW-ssMNs sensor was
assessed by histological examination of a possible skin irritation
and inflammatory effects. The PYNW-ssMN’s sensor was applied
on the skin of a B6 mouse and then —1 V electric bias was
applied for 2000 s. The sensor was then removed and the mouse
was returned to the cage for another 12 h. The treated local skin
tissue were dissected and prepared to stain with hematoxylin and
eosin (H&E). Compared to the control tissue the without
PvNW-ssMNs sensor treatment (Figure Sm), no significantly
increased density of infiltrated inflammatory cells was observed,
indicating that minimal skin irritation and inflammation were
induced by the application of PYNW-ssMNs sensor. It can be
attributed to the minimally invasive characteristic of MNs and
excellent biocompatibility and biodegradability of PVP* and
ZnO NWs, 7%

Recently, Jin et al. reported a transdermal H,O, MNs
biosensor integrated with reduced graphene oxide/Pt nano-
particles nanohybrid (Pt/rGO).*” The Pt/rGO nanostructures
were also protected by the PVP layer to avoid mechanical
destruction. Different from Jin et al.’s recent work that focused
on the development of a single particular type of MNs sensor,
our current work focused on the more general methodology of
using water-dissolvable polymer coating as the protection layer
to prevent the destruction of superficial nanostructures on MNs
when inserted into the skin. This protection technique was
examined on both metal MNs patch and resin MNs in an array,
demonstrating the feasibility of this coating methodology to be
applied on different types of MNs. Moreover, the current work
employed vertical ZnO nanowires as model nanostructures for
evaluating the polymer protection effects. Compared to the
randomly aligned (Pt/rGO), these superficial vertical nanowires
would be more challenging to protect during skin insertion
process, highlighting the PVP coating technique as a robust
methodology to protect superficial nanostructures on MNs.
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B CONCLUSIONS

In this work, a unique methodology of utilizing dissolvable and
biosafe PVP coating to protect the fragile superficial
nanostructures on MNs was demonstrated. The polymer
coating effectively prevents the superficial nanostructures from
mechanical damage during MNs transdermal process, whereas
the polymer coating could rapidly dissolve in the interstitial fluid
to expose the MNs surface for sensing functionality. The results
were verified via morphology study on both metallic and resin
MNss decorated with ZnO NWs on the surface, which revealed
that the polymer coating was crucial to protect the superficial
ZnO NWs structures after MNs penetrated the skin. The ZnO
NWs-decorated MNs were further integrated as an electro-
chemical biosensor, and their sensing functionality on H,0,
biomarker in skin tissue both ex vivo and in vivo could be
preserved by using the PVP protective coating. This work
provided a unique strategy to solve the long-lasting issue of
mechanical damage of fragile functional nanostructures on MNs
during transdermal process, acting as a water-soluble “package”
for MNs sensors. Not limited to nanowires, various types of
nanostructures such as nanoparticles, nano-spiky, and nano-
porous structures integrated on the surface of MNs could also be
protected by our polymer-coating techniques. This study would
open new opportunity of integrating nanostructures on MNs as
sensing components, which could potentially facilitate the
development of highly sensitive or multifunctional biodevices
for real-time biosensing.
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B NOTE ADDED AFTER ASAP PUBLICATION

Due to a production error, this paper was published on the Web
on January 24, 2019, with the term “H,0,” incorrectly identified
as “He,0,” in the Abstract. The corrected version was reposted
on January 28, 2019.
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