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On-demand drug delivery holds great promise to optimize pharmaceutical efficacy while minimizing the
side effects. However, existing on-demand drug delivery systems often require complicated manufacturing
processes that preclude their wide implementation of a broad range of drugs. In this work, we demonstrate
the introduction of MXene-coated microneedles (MNs) into bioelectronics for digitally controllable gate-
valve drug delivery. MXenes, featuring high electronic conductivity, excellent biocompatibility, and solution
processibility, enable low-cost scalability for printable bioelectronics. In an electrolytic state (e.g., body
fluid), the coated MXene is oxidized and desorbed due to redox reactions caused by electrical bias,
allowing the underlying drug to be controllably released. The MXene-incorporated drug delivery system
not only demonstrates excellent biocompatibility and operational stability, but also features low-cost
construction and sustainable usage. Besides, these MXene-coated MNs allow both on-demand
transformation and local-region customization, further increasing the structural versatility and capability of
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1. Introduction

Active systems offering precise drug delivery on-demand hold
great promise to enhance pharmaceutical efficacy, minimize
side effects, and improve user adherence.!.2 However, existing
technologies for on-demand drug delivery with substantial
spatiotemporal precision mostly require complicated
manufacturing approaches and/or specialized processing
environments, which not only increases costs but also limits
the choices of drugs that are compatible with the packaging
processes.3-5  Microneedles (MNs), composed of
submillimeter-sized protrusion (50 to 900 pym) arrays,®7 can
enable drug delivery beneath the epidermis without
disrupting the cutaneous nerve network.8 When MNs
penetrate the skin layer, microchannels are formed to realize
the in-body drug diffusion complying with coat-and-poke
technology, which increases the permeability and absorption
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of the drug.9 Existing efforts on MN drug delivery have been
primarily focusing on controlling the rate of drug release that
influenced by the in-body
microenvironment (pH, temperature, and/or biochemical
potentials), which, however, cannot be tightly controlled
externally and often encounter inconsistencies in responding
to subtle variations in the trigger factors.10.11 The grand
challenges remain mostly on developing a scalable strategy
for actively controlled drug delivery that is compatible for
loading a broad range of drugs.

Biocompatible metallic materials that undergo crevice
reactions in biofluids upon a voltage trigger can serve as
actively controlled gates for electrically controlled drug-delivery
systems, enabling customizable, programmable control over
the timing of release events.12.13 MXene is a term for layered
transition metal compounds of intrinsic metallicity.!* MXenes
constitute a large family of compounds and can be represented
as M;+1X, Ty (n = 1-3), where “M” is an early transition metal,
‘X" is carbon or nitrogen, and “T” stands for the hydrophilic
surface terminations (-O-, -F, and —OH). The hydrophilic
termination of MXene is able to form water-dispersed MXene
solutions.!5 This property allows MXene solutions to be easily
processed into thin films for a variety of conductive layer-based
applications with water processes.!6 Additionally, they have
high electrical conductivity, antibacterial properties,
biocompatibility and acid/base resistance.17.18 In the existing
literature, pathological toxicity, side effects, and inflammation
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were rarely observed when using MXene-based treatments. 1920
In contrast to MNs based on conventional metals (e.g., gold,
platinum, and iridium) where the fabrication process is
implemented on finite-size wafers or in a cleanroom facility,
MXenes, featuring water-solubility, can be more amenable to
streamlined manufacturing processes.2! This amenability
opens the possibility of implementing roll-to-roll
manufacturing methods, facilitating customizable and low-cost
scalability.22

In this work, an MXene-incorporated MN array is
fabricated to implement the strictly controlled release of
drugs. Briefly, this system, following the galvanic corrosion
theory, utilizes the decomposition voltage of intrinsic
metallic MXene coating to open the gate, actively enabling
immediate and rapid drug delivery. Meanwhile, the MXene-
based probes show impressive biocompatibility and
biostability in a biofluid environment for two weeks. This
confirms the potential of MXene coating for long-term MN
deployment. Besides, the solution-processable MXene layer
achieves on-demand transformation and local-region
customization with low-cost scalability.
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2. Results & discussion

Fig. 1 illustrates the schematics of MXene-coated MNs as
drug carriers and activation. The substrate for the MNs is
ethyl cellulose, a cellulose derivative notable for its low water
solubility and excellent biocompatibility.23.24 The
comprehensive process of MN manufacturing is depicted in
Fig. S1.t Initially, a microneedle mold was crafted from
polydimethylsiloxane (PDMS), employing a laser writer and
UV laser irradiation (~254 nm). Subsequently, the ethyl
cellulose solution (~10 wt%) was meticulously cast onto the
dust-free surface of the PDMS mold, following an evacuation
process under mild vacuum and low-temperature conditions
(~50 °C) for 10 minutes. Vacuum venting enables the
thorough filling of the mold cavities with the ethyl cellulose
solution. The solution was then allowed to dry under ambient

air conditions for 24 hours, facilitating the complete
evaporation of the remaining solvent and resulting in the
formation of the MN structure with ethyl cellulose. The MN
arrays, comprising 5 x 5 microneedles with each conical
cavity measuring 150 pm in base diameter, 550 pym in height,
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Fig. 1 (a) Schematic illustration of ethyl cellulose MN patch application, (b) photograph and cross-section SEM image of MNs without/with MXene
coating, and (c) operation steps of drug release in MXene/drug coated MN bioelectronics.
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and 1000 pm in tip-to-tip spacing, were then gently detached
from the mold. The scanning electron microscope (SEM)
image in Fig. S1t presents a detailed view of these fabricated
MN patches.

Fig. 1a schematically shows a demonstrative application of
the drug delivery system toward skin with the MXene-coated
MN patch. As mentioned earlier, ethyl cellulose has a certain
degree of resistance to water, so the three-dimensional
structure produced with ethyl cellulose can be maintained
even if a water-based solution process is applied.25 Therefore,
water-soluble rhodamine B (RhB) or other dye materials, as
model drugs, were firstly coated onto the ethyl cellulose base
MN patches, and MXene, as an electrochemical gate valve/
stimuli-responsive material, was secondly coated on the drug-
loaded MN patches through a drop-casting process. Unlike
the dip coating process,26 because the solution is applied
directly on the coated layer, MXene successfully covers water-
soluble drugs, except that some drugs in the surface layer are
dissolved. As shown in the photo in Fig. 1b, MXene layers
were successfully coated on the ethyl cellulose-based MNs
through a water-based solution process. Water is the
representative green solvent that comes to mind when
thinking of solvent-solute mixtures. In this respect, the
aqueous solution processing makes the bioelectronics
manufacturing safe for bioapplications and inclusive for loading
a broad range of drugs.27.28

Fig. 1b and S2a and bt illustrate the SEM images,
revealing that the fundamental structure of the MNs is
preserved both before and after the MXene coating. Energy-
dispersive X-ray spectroscopy (EDX) analysis provides atomic
component distribution maps, confirming the uniform
deposition of MXene on the ethyl cellulose-based MNs.
Titanium (Ti), the principal atomic component of MXene
(Ti+1C,Ty), is virtually absent in the MN sample. However,
following the MXene coating, Ti is prominently distributed
on the surface, surpassing the concentration of carbon (C).
Despite the preservation of the micrometer-scale shape, there
are noticeable changes in surface morphology post-MXene
application. SEM images depicted in Fig. S3at highlight these
morphological changes. The as-prepared MNs display a
highly rough surface due to the polymer structure. In
contrast, MNs coated with MXene exhibit a relatively smooth
surface, suggesting a complete encapsulation by MXene.
Notably, several aggregated MXenes, characterized by an
overlapping layered structure, are observed on the surface, as
shown in Fig. S3b.129

Fig. 1c briefly shows the operation mechanism of on-
demand drug release in our work. We utilized the stimuli-
responsive material MXene, which can undergo
electrochemical degradation upon a trigger of voltage bias
applied when the system is biofluid/phosphate buffer
solution (PBS). Application of an electrical bias larger than
1.0 V toward the MXene coating can cause crevice
degradation, then exposing the water-soluble drugs covered
underneath and releasing them to areas affected by the
illness. Therefore, the bioelectronics we fabricated were
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devices for electrochemical drug delivery release control with
MXene materials and MNs. The materials used in various
previously reported gate valve-type drug delivery
bioelectronics were general metal materials (Mg, Mo,
etc.).12,13 Compared to existing materials that have been
manufactured through a vacuum process, MXene materials
can be easily manufactured through a solution process and
have the advantage of minimizing drug loss due to the
vacuum process. MXene also features quite excellent
conductivity like metallic materials, but it was necessary to
check whether degradation due to oxidation and reduction
occurs under electrochemical conditions like metallic
materials in this system.

Fig. 2a schematically illustrates that MXene (TizC2T,) can
function as a gate valve system.!2.13 For TisC.T,, utilizing the
MZXene series in this study, it is usually reported that the
interaction of water and dissolved oxygen with flake edges
and defects causes oxidation to generate TiO2 nuclei, which
grow and spread throughout the surface.30.31 However, TisCa-
T, in aqueous solution by hydration chemistry of inorganic
salts with nontoxicity, abundant reserve, and low cost (e.g.,
NaCl, LiCl, and CaClz) under ambient conditions (very
similar to body fluid conditions) makes the long-term storage
possible.32 Salts in an aqueous solution reduce the
proportion of free water molecules in the solution and their
interaction with MXene. On the other hand, when an
electrical bias is applied to MXene, a redox phenomenon
occurs between water and MXene, forming and spreading
TiO2 nuclei throughout the surface.

Fig. 2b shows the pristine MXene thin film deposited on
bare glass substrates in order to investigate the redox
properties of MXene. The as-fabricated sample with copper
tape, was integrated into a simple electrolytic cell,
opposite to another pristine copper tape immersed in a PBS
solution. Notably, the inset in Fig. 2b depicts the oxidation of
the MXene layers' dipped region after applying a static direct
current (DC) to the circuit. Fig. 2c shows the effects of
applied voltage and the resistance of the MXene layer
(reflected in the thickness) on the decomposition time, as
determined using an electrochemical analyzer. The left graph
in Fig. 2c elucidates the corrosion current per unit area as a
function of time for various applied voltages, with 200 Q
original resistance of the MXene layer between two points
(depicted in Fig. S41). According to the graph, the current
decreases at first. As the electrochemical reaction occurs, gas
is generated on the surface, and the measured current value
decreases due to a decrease in the efficiency of the current.
As the electrochemical reaction progresses, the
decomposition of the MXene layer leads to regional
insulation with a clear contrast between the impregnated and
non-impregnated parts.12 This causes a second inflection
point over time (shown as arrows in the graph), at which
point the drug is discharged to the outside through the gate
valve for drug delivery. In particular, the rate of degradation
is strongly determined by the Faraday laws that the injected
charge is converted into an oxidation product or a reduction

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (@) Schematic illustrations of MXene at an electrolytic cell under pristine and bias application conditions, (b) experimental set of the
electrochemical reaction of the MXene layer, (c) influence of the applied potential on the opening behavior of the MXene valve at a fixed
resistance range and influence of the MXene resistance (thickness) on the opening behavior under a fixed potential condition and (d) morphology
results of MXene layers with SEM and AFM and pristine and bias application, and (e) C 1s and Ti 2p XPS spectra of MXene layers with pristine and

bias application.

product.12 Therefore, the higher voltage condition-induced
rapid crevice corrosion leads to electrical isolation at MXene
layers. The right graph in Fig. 2c also shows a correlation
between the applied voltage and the electrolysis rate, in
which the higher voltage, accompanied by lower MXene
resistance, results in a more rapid electrolysis.

Fig. S5t and 2d exhibit the morphological analysis before/
after electrolysis (applied DC: 3 V) by scanning electron
microscopy (SEM) and atomic force microscopy (AFM) to

This journal is © The Royal Society of Chemistry 2024

demonstrate the presence of a controllable gate system. The
continuous coverage of the MXene layer ensures a high
conductivity of the thin film, while confirming that
electrochemical reactions take place over the whole area. Fig.
S5at shows many cracks caused by the electrolyzed redox in
the biased SEM image. Fig. SS5bt indicates that the MXene
flakes already detached from the substrate by magnified SEM
and EDX, as well as AFM. The redox phenomenon between the
electrolyte and the MXene interface was successfully carried
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out under electric bias (the related chemical reaction is
illustrated in the ESIt). According to the note in the ESItin
Fig. S5, TiO2 was formed under the redox phenomenon and
the MXene lamellae were dislodged from the surface to achieve
the effect of opening the gate and releasing the drug.

Fig. 2e shows the fractions of the compounds before/after
electrolysis by X-ray photoelectron spectroscopy (XPS). Changes
depending on the presence or absence of electrical bias could be
observed in both C 1s and Ti 2p XPS spectra. The C 1s XPS
spectra of pristine MXene layers show various peaks with C-Ti,
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C-Ti-0O, C-C, C-0, and CIO corresponding to 281.0 eV, 282.1
eV, 284.3 eV, 286.3 eV, and 288.0 eV, respectively.33-35 Notably,
the Ti-C peak, representing the main parts of MXene, distinctly
disappeared, illustrating the transformation of compounds
during the electrolysis process. Therefore, the graph after
applying bias exhibits the peaks with C-Ti-O, C-C, C-O, and
COO, corresponding to 282.5 eV, 284.6 €V, 286.6 €V, and 288.6
eV, respectively. On the other hand, the data after applying bias
showed that the Ti—C peak, which is the main backbone of
MXene, was removed. The graph showed the peaks with C-Ti-O,
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Fig. 3 (a) Operation mechanism of MXene based drug delivery devices, (b) top view OM and (c) top view/cross-section/Ti mapping SEM images of
MXene layers with pristine and bias application, (d) cross-section OM images of the sequential process of the preparation and operation of MXene
based drug delivery devices, (e) detailed image of the drug release of the prepared devices, and (f) UV-vis spectra measured with the collected
solution depending on the time with samples using pristine and bias application conditions.
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C-C, C-0, and CLJO corresponding to 282.5 eV, 284.6 eV, 286.6
eV, and 288.6 eV, respectively. Similar trends were measured
from the Ti 2p XPS data. While numerous metallic Ti-related
peaks were observed in the pristine MXene sample, these
metallic Ti peaks disappeared when a bias was applied in PBS
solution. The Ti 2p XPS spectrum of pristine MXene featured
dominant Ti** (n = 1-3) peaks, including Ti 2ps/2 at 454.6 €V,
455.2 eV, and 455.9 eV and Ti 2p1/2 at 460.8 eV and 461.9 eV.
Additionally, smaller-scale Ti-O-related peaks were detected (Ti
2ps3/2 at 457.0 eV and Ti 2p1/2 at 463.4 eV).34 Following the bias-
induced oxidation, the Ti 2p spectrum predominantly displayed
large-scale Ti-O peaks, primarily indicative of TiO2 formation,
while the Tim+ (n = 1-3) peaks were absent. Besides, Fig. S61
displays the complementary XPS analyses of O and F, related to
the terminated groups (JO, -F, -OH) of MXene. O 1s reveals an
augmentation in Ti-Oz-related peaks after applying bias to
MXene, a finding that is parallel to the results observed in the C
Is and Ti 2p XPS spectra. XPS results collectively suggest that
TisC2 is mostly converted into TiO2 with the electrical bias,
realizing electrically controlled gate opening.

Fig. 3 shows the MXene coating as the actively controlled
gate for MNs to enable the drug release. It is confirmed that
the redox phenomenon occurred well in MXene thin films
depending on the electrical bias conditions. Drug delivery
bioelectronics were prepared with double coating of rhodamine
B and MXene through water processing. Fig. 3a exhibits the
schematics of MXene-incorporated MN array's operation that
can verify drug release under the control of electrical signals.
Fig. 3b shows the optical microscope (OM) images before and
after the electrical decomposition of the MXene layer with the
MN array. The surface of the MXene layers on the MNs was
corroded after a bias of 3 V was applied to the sample for 10
min. Corrosion cracks were numerous and were observed
throughout the MNs and the surface (black arrow in the bias
OM image). Fig. 3c shows the enlarged top-view and cross-
section SEM images of the MXene-incorporated MNs before/
after applying bias. From the top view, the pristine sample
shows a very clean surface overall, but many obvious cracks
appear on the surface of the sample after applying bias.
Besides, from the cross-section images, EDX mapping, and
SEM images, it can be seen that there are many aggregated
MXene distributed in the MNs of the pristine sample, while the
MNs of the biased sample show that most of the MXene has
disappeared. This suggests that MXene is well deposited on the
MNs and that it was possible to destroy it due to electrical
signals even with three-dimensional structured MNs.
Particularly, when an electrical signal is applied on the cross-
section, most of the MXene is disrupted and detached. This
suggests that coated MXene can be decomposed by the
electrical signal when the device is fabricated by introducing
the drug delivery material, thus allowing the drug under the
coated MXene layer to be readily released.

To validate the generality of the model drug release, we used
RhB (a water-soluble red dye) as the model drug, and coated it
and MXene sequentially on the MN array. The coating process
of MXene was conducted with drop-casting, because if the

This journal is © The Royal Society of Chemistry 2024
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process is done by dipping like conventional coated MN
fabrication, the water-soluble drug might be lost during
processing.26 Although it causes dissolution of some of the
drug surface, this is trapped by the deposition of MXene, a low-
dimensional material with a layered structure, and can form a
conductive microneedle with excellent conductivity. Fig. 3d
illustrates the cross-section OM images of each step from dye
coating to MXene coating, and finally to the drug injection via
the MXene gate. After applying the electrical bias, the residual
materials on the MNs disappeared. This indicates that the drug
in the MN portion has been successfully released. Fig. 3e
illustrates the drug release mechanism briefly. The electrical
bias can degrade the top MXene layer, allowing exposure of
underlying RhB to the electrolyte through the cracks, and RhB
was dissolved in water.36

Additionally, the MXene coating is kept stable in the
electrolyte without the application of an electrical bias, which
is necessary for enabling actively controlled drug release. As
shown in Fig. S7a, when only RhB was coated without
MXene, RhB was released and diffused in water, whereas
when MXene was additionally coated on RhB, the release was
not visible. In particular, Fig. S7bt{ shows the complete
MXene layers on MNs without applying electrical bias.
Indeed, the stability of MXene in PBS solution was tested for
15 days as shown in Fig. S8.1 According to the photograph,
the MXene coated sample after immersing in PBS solution
for 15 days was not much degraded with a high conductivity
level. This indicates that the MXene sample without electrical
bias still maintained the electrical conductivity level under
ionic solution conditions. Fig. S9at illustrates the
experimental set to confirm the drug release by our devices.
A small Petri dish was filled with a PBS solution (~50 ml),
while an external electrical bias (total time 15 min) was
applied to the MXene-coated MNs using copper tape. When
an electrical bias was applied, gas was generated from the
copper tape due to reduction. Fig. S9at shows the drug
released from the MXene-coated MNs due to oxidation.
Accordingly, approximately 2 ml of PBS solutions containing
the drug dispersed over time were collected as shown in Fig.
S9b,T and UV-vis absorption measurements were conducted
with these collected solutions. Fig. 3f presents the UV-vis
absorption spectra of pristine and bias-applied cases, in
which both cases show the absorption peak appearing at 550
nm.37 However, the degree of drug release in the pristine case
was much smaller than the degree of release in the case
where a bias was applied. For a 1 hour period, less than 5%
of the drug was released without applied bias (~0.011 in the
UV-vis spectra) compared to the case where a bias was
applied (~0.205 in the UV-vis spectra).

Fig. 4 shows the combination of different model drugs
(RhB and sunset yellow FCF) to integrate into a single MN
array, enabling the on-demand transformation and local-
region customization of drug release with the actively
controlled MXene gate. Notably, Fig. 4a shows that MXene-
incorporated MNs patterning process with simple laser
irradiation toward digital circuit fabrication. This manufacturing

Lab Chip, 2024, 24,3294-3304 | 3299
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Fig. 4 (a) Fabrication process of MXene patterning and fabricated sample photograph, (b) schematic description of sequential release of drugs
with two MN devices, (c) the picture of drug release conditions depending on the electrical bias, (d) UV-vis spectra measured with the collected
solution for sequential drug delivery, and (e) peak intensities at 480 nm and 550 nm calculated from the UV-vis spectra.

process suggested that simple fabrication method which do not
require conventional bioelectronic coatings (e.g., Mo, Au, and
Mg, efc.) through wafer-scale technologies or the cleanroom
instruments. In particular, the ethyl cellulose substrate shows
negligible absorption of the 1060 nm laser, and thus it can be
effectively preserved during laser ablation. According to the
previous work, MXene can be selectively ablated under the 1060
nm laser (laser patterning) due to the photothermal properties
of MXene.38 Thus, the substrate remains stable while the
MZXene is being shaped.

3300 | Lab Chip, 2024, 24, 3294-3304

Fig. 4b depicts the fabrication of a multi-drug release
device using two model drugs and the selective release of the
drugs based on the site of application of a selective electrical
bias. Fig. 4c demonstrates the regionally controlled drug
release according to the respective bias applied. Briefly, if a
bias was applied to MN 1 (left) and not to MN 2 (right), the
MXene gate valve of MN 1 was opened whereas that of MN 2
was not opened. In this case, only the drug from MN 1
(yellow drug) was released and diffused. When a bias was
applied to the MN 2 side, the closed MXene gate valve of MN

This journal is © The Royal Society of Chemistry 2024
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2 opened and the drug (red drug) was released and spread.
Fig. 4c exhibits the UV-vis absorbance of the collected
solution over time to confirm that the injection of the drugs
was controlled according to the direction of the electrical
signal (~3 V). After the MXene valves were opened
sequentially, sunset yellow FCF and RhB were released by
checking the UV-vis spectra at 480 nm and 550 nm. Fig. 4d
compares the intensity of each peak at 480 nm and 550 nm
wavelengths, confirming that the MXene coating is capable of
achieving strictly controlled drug release w/wo bias
application. Besides, multi-drug release MNs allow staged
drug delivery, in which the second drug was released only
after the second gate valve was opened, featuring the
response and multifunctionality of the MXene-based MN
drug delivery devices.

Fig. 5 shows the biocompatibility of MXene-incorporated
MNs, featuring cytotoxicity in vitro while in vivo implants are
buried under the porcine epidermis. MXene-incorporated
MNs enable long-term minimal immunological responses
and tissue reactions, mutually corroborating with the
commercial Au traces. Fig. S5a exhibits that cardiomyocyte
survival was higher in the MXene group, while Fig. 5b
indicates that cardiomyocyte viability was less attenuated in
the MXene group than in the other experimental groups.
Fig. 5¢ shows the immunohistochemical analysis of tissues
surrounding the implanted MXene and Au patches. Fig. 5d
compares the corresponding quantification expressions in rat
skin, making the less inflammatory MXene patch to induce
fewer macrophages. Fig. Se displays the quantification of the
thickness of fibrotic tissues in rat skin, featuring that MXene
induces less fibrosis than Au traces. Fig. 5f (Masson's) and 5g
(H&E) present the extent of fibrosis in the surrounding tissue
after two week-long porcine subcutaneous embeddings,
respectively. Therefore, MXene-incorporated MNs exhibit
biocompatibility and can fulfill the requirement of long-term
biosafety and durability of bioelectronic implants.

3. Conclusion

In summary, we report novel bioelectronic microneedles
(MNs) for drug delivery with an ethyl cellulose substrate and
MXene gate valve for encapsulation of drugs. MXene (Ti,C;

T,), which is a highly conductive, stable, and biocompatible
metallic material, was successfully deposited on the probes
as the coating. MXene coatings have metal-like electrolyte
properties with the capacity of an actively controlled gate
valve and can release drugs via electrochemical/redox
reactions through the application of a bias. In the
absence of bias, MXene coating insulates the drug from contact
with the outside electrolyte. Therefore, MXene-incorporated MNs
achieve a strictly controlled release (w/wo) of the drug.
Notably, the attribute of solution processability endows these
structures with cost-effectiveness and sustainable operability.
Furthermore, the MXene-incorporated MNs enable targeted
transformation and region-specific customization. This
advancement significantly enhances the structural complexity
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and efficacy of systems designed for the delivery of multiple
drugs in a temporally programmable fashion.

4, Experimental section
Materials

Ethyl cellulose and RhB were obtained from Thermo Fisher
Scientific. Toluene, isopropyl alcohol (IPA), and ethyl alcohol
were purchased from Sigma Aldrich. A SYLGARD 184 silicone
elastomer kit (PDMS) and phosphate buffer solution (PBS)
were obtained from Dow Corning. Water dissolved MXene
(TisC2) solution (10 mg ml-!) was bought from FEYNMAN
Nano (at China). Sunset yellow FCF was purchased from
Bidepharm (China). Deionized water was obtained from
Havenlab. All other reagents were purchased as analytical
grade reagents and used according to the instructions.

MN and coated MN preparation

Before the preparation of polymer MN patches, an MN mold
was firstly fabricated with PDMS. The SYLGARD 184 silicone
elastomer kit (well mixed and centrifuged; 10: 1 of the base
and crosslinker) was applied on a glass Petri dish, and was
stored under vacuum conditions (~50 mmHg) for 30 minutes

to eliminate air in the mixture. Then, the elastomer kit was
stored at 60 °C and under ambient air conditions for 3 hours

to achieve full crosslinking. For making the MN mold, the
UV laser was applied on the prepared PDMS. To remove the
PDMS residuals by the laser irradation, the mold was
ultrasonically washed using IPA for 10 minutes. The
homogeneous solution with ethyl cellulose solution was
obtained by dissolving it in a 10 wt% toluene and ethyl
alcohol mixture (1 : 1 wt ratio). The fabricated solution was
directly applied on the prepared PDMS MN mold, and
evacuated for 15 minutes to allow the applied solution to
fully penetrate into the mold. Afterwards, the mold, to which
the solution was applied, was dried in air for 1 day. Because
the produced MNs were made with ethyl cellulose, they are
relatively hydrophobic. To improve the surface adhesion of
the MN patches, oxygen plasma treatment was applied for
about 2 minutes. Then, the RhB or sunset yellow FCF
solution dissolved in deionized water was applied on the MN

patch by drop casting. After the solvent was completely
evaporated, diluted MXene solution (~1 mg ml-!) was
applied to make the MXene-coated ethyl cellulose MN
patches. Laser scribing was conducted with an SFX Laser
Engraver JPT Fiber Laser Marking Machine.

Characterization

The morphology of MXene and MN samples was examined
using an OM, SEM (Hitachi S-4700 with EDX), and AFM
(Asylum Research MFP3D). For conducting SEM, the MN

samples were coated with a thin layer of platinum (~5 nm)

by sputtering. The electrochemical reaction/degradation with
the MXene layer was conducted with LabVIEW software and
equipment (NI-USB 4065, National Instruments). Under the
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Fig. 5 (a) Cytotoxicity analysis of the control, OBXene, and Au implants (dimension: 2.5 mm x 2.5 mm x 50 um, L x W x H) in neonatal rat
cardiomyocytes (NRCMs) and H9C2 cardiomyocytes, indicating higher cardiomyocyte viability in the MXene group. Green indicates live cells, while
red indicates dead cells. (b) Cell counting kit 8 (CCK8) analysis of NRCM and H9C2 showed less cardiomyocyte viability attenuation in the MXene
group than in the other experimental groups. Quantification of NRCM and H9C2 viability did not show a significant decrease in the MXene group
compared to the control, while Au induced a significant decrease in cell viability compared to MXene. (c) Immunohistochemical analysis of tissues
surrounding the implanted MXene and Au patches. The tissues were stained with a-smooth muscle actin (a-SMA) (smooth muscle and
myofibroblast), DAPI (nucleus), and inflammatory markers: CD68 (macrophages), CD3 (T cells), and CD11b (neutrophils). (d) Quantification of
inflammatory marker expression in rat skin indicating that the MXene patch induced fewer macrophages (CD68), T cells (CD3), and neutrophils
(CD11b) than the Au patch. (e) Quantification of rat skin fibrotic tissue thickness percent indicating that MXene induced less fibrotic tissue
compared to Au. (f and g) Microscopy images of the surrounding tissues with (e) Masson's trichrome staining indicating lower fibrotic tissue
thickness in the MXene group and (f) hematoxylin and eosin (H&E) staining indicating fewer inflammatory cells in the MXene group. Scale: a and c:
100 pm; e and f: 400 um. All data are mean * SD. For normally distributed datasets, 1-way ANOVA (b) or unpaired 2-tailed Student's t test (d and e)
with Tukey correction was performed. Significance: ns indicates P> 0.5, *P < 0.05, **P < 0.01, *P < 0.001, ***P < 0.0001.
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DC current conditions, the current levels were measured with
an electrical analyzer. The experiment was carried out in a
two-electrode system, where the counter electrode was 3 M
pristine copper tape. Multiple drug delivery microneedles
were tested with electrochemical bias application utilizing
the PowerLab equipment (16SP ADInstruments). Selective
bioelectronics confirmed the degree of drug release by
independently applying voltage over time. Besides, the PBS
solution, in which the drug released over time had diffused,
was extracted and the UV-vis absorption was confirmed using
a UV-vis spectrometer (Scilogex SCI-UV1000 UV/vis).

Material cytotoxicity in vitro

Both MXene and Au were fabricated into 1 cm? sheets (~0.2
mm thick). The materials were sterilized using an autoclave
prior to in vitro assays. Neonatal rat cardiomyocytes (NRCMs)
were isolated from 1 day-old Sprague Dawley (SD) neonatal
rats. We diluted the cell suspension in Iscove's modified
Dulbecco's medium (IMDM) with 10% fetal bovine serum
(FBS) into 2 x 105 cells per mL for optimal NRCM plating
efficiency. H9C2 rat embryonic cardiomyocytes were plated at
104 cells per mL due to their high proliferation rate. NRCMs
and H9C2s were cultured for 48 hours, and then MXene and
Au patches were placed in the cell culture for 24 hours. For
viability analysis, NRCMs and H9C2s were plated in 8-well
slides (Millicell). Each material was placed into 3 wells for
NRCM slides and H9C2 slides. There were 3 control wells
with no materials for each cell type. A LIVE/DEAD viability/
cytotoxicity kit (Thermo Fisher Scientific) was used to
determine the cell viability of NRCM and HI9C2.

Material biocompatibility in rat and porcine models

For all in vivo experiments, compliance with animal welfare
standards was maintained throughout all animal
experiments, aligning with the guidelines outlined by the
Institutional Animal Care and Use Committee (IACUC #22-
128) at the North Carolina State University and the NIH
Guide for the Care and Use of Laboratory Animals. Two
in vivo models were used for biocompatibility studies.
Sprague Dawley rats were used for electrode material
biocompatibility assays. A Yorkshire pig was used to test the
biocompatibility of the MXene-coated microneedle array.
MXene and Au were fabricated into 1 cm by 3 cm sheets
(~0.2 mm thick). The materials were sterilized using an
autoclave prior to in vivo assays. The materials were
implanted subcutaneously into SD rats (n = 3) for 7 days.
After the endpoint, the animals were sacrificed with
inhalation of CO2 and the skin tissue was collected for
further analysis. A sham skin section was also collected as
the control. Rat and pig skin tissues were embedded as
frozen tissues and sectioned using a cryostat. A total of
three assays were conducted: immunohistochemistry,
Masson's trichrome histology, and hematoxylin and eosin
(H&E) histology.
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Statistical analysis

All results are expressed as mean * SD. A comparison
between the two groups was performed with a parametric
t-test. Comparisons among more than two groups were
performed using a one-way analysis of variance (ANOVA)
followed by the post hoc Bonferroni test. Comparisons
between more than two groups and more than one
categorical variable were performed using a two-way analysis
of variance (ANOVA) followed by the post hoc Bonferroni
test. Differences were considered statistically significant
when P < 0.05.
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