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Microneedle patches are emerging multifunctional platforms for transdermal diagnostics and drug delivery.
However, it still remains challenging to develop smart microneedles integrated with customization, sensing,
detection and drug delivery by 3D printing strategy. Here, we present an innovative but facile strategy to
rationally design and fabricate multifunctional eutectogel microneedle (EMN) patches via multi-material 3D
printing. Polymerizable deep eutectic solvents (PDES) were selected as printing inks for rapid one-step fabri-

cation of 3D printing functional EMN patches due to fast photopolymerization rate and ultrahigh drug solubility.
Moreover, stretchable EMN patches incorporating rigid needles and flexible backing layers were easily realized
by changing PDES compositions of multi-material 3D printing. Meanwhile, we developed multifunctional smart
multi-material EMN patches capable of performing wireless monitoring of body movements, painless colori-
metric glucose detection, and controlled transdermal drug delivery. Thus, such multi-material EMN system could
provide an effective platform for the painless diagnosis, detection, and therapy of a variety of diseases.

1. Introduction

Microneedle (MN) patches have emerged as an effective smart
monitor and transdermal drug delivery system that can surmount the
inherent barriers to drugs or biomarkers uptake across the skin without
external energy sources or complex systems [1-4]. The manufacturing of
conventional MNs involves micromachining, micromoulding, lithog-
raphy, and etching, but their complexity and time-consuming process (>
24 h) hinder their customizability, scalability, and financial viability
[5-8]. Besides, the need to produce or purchase molds results in addi-
tional costs, which is particularly challenging during the research and
development stage, where it is essential to fabricate prototypes for
analyzing and optimizing the geometric parameters (shape, tip diam-
eter, length, aspect ratio et al.) of MNs [9].

One notable advancement in recent years has been the utilization of
high-fidelity digital light processing (DLP) photocurable 3D printing for
MN preparation, effectively overcoming challenges related to low pre-
cision and poor preparation reproducibility [10-15]. Furthermore, 3D
printing has the potential to provide different composite materials to
create customized multi-functional objects for individual patients [16].
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The MN 3D printing ink is usually formed by integrating photosensitive
polymers and active pharmaceutical ingredients (API) [17-21]. How-
ever, current MN photocurable ink primarily utilizes water as the sol-
vent, posing difficulties in insoluble and large molecule drugs
(accounting for 40% of the developed drug quantity) [22,23]. In addi-
tion, its slow photopolymerization rate and limited components also
hinder the possibility of 3D printing multi-functional MN on large scales.

Promisingly, deep eutectic solvent (DES) based on the combination
of hydrogen bond acceptors (HBA) and hydrogen bond donors (HBD)
have recently merged as an effective tool for improving drug solubility
and bioavailability [24]. Several approaches, including the integration
of DES containing APIs in polymeric systems to enhance drug solubility,
are currently undergoing preclinical and clinical evaluation [25,26].
One notable development is the use of polymerizable DES (PDES), which
employs polymeric monomers as HBDs and facilitates accelerated
polymerization through hydrogen bonding [27-30]. PDES has been
utilized in the development of 3D photocurable ink for customizing
eutectogels with high elastic modulus (max = 14.2 GPa) or stretchability
(max = 3645%) 21-23. Therefore, PDES can be directly transformed
into multifunctional eutectogel by photopolymerization [31,32],
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showing the potential for fast 3D printing of MNs by eliminating drying
processes. However, the use of PDES as photocurable ink for direct 3D
printing fabrication of multifunctional smart MN patches remains
unexplored.

Here, we present novel photocurable inks based on PDES for fast
multi-material 3D printing of eutectogel MNs (EMNs) for smart moni-
toring, colorimetric detection, and subcutaneous drug delivery (Fig. 1).
The PDES, a kind of water-free green solvent with ultrahigh solubility
for various hydrophobic drugs, is composed of three components
including choline chloride (ChCl), 2-hydroxyethyl methacrylate
(HEMA), and either itaconic acid (IA) or glycerol (Gly). Fast photo-
polymerization of the PDES is achieved owing to the synergy of strong
hydrogen bond interactions among different components [30], which
creates new opportunities for 3D printing fabrication of multi-scale,
multi-material, and multifunctional structures. Benefiting from this
feature, the stretchable EMN patches, consisting of a soft backing layer
fabricated by ChCl/HEMA/Gly-type PDES and rigid needles by ChCl/
HEMA/IA-type PDES, was demonstrated by using digital light process-
ing (DLP) 3D printing strategy. Furthermore, such multi-material 3D-
printed eutectogels were utilized to rapidly customize multifunctional
smart EMN patches integrated with wireless monitoring of human mo-
tions, colorimetric glucose detection, and on-demand drug delivery. To
the best of our knowledge, this is the first report on the multi-material
3D printing of EMN patches by using PDES. This innovative approach
enables the facile customization of EMN patches with diverse functions
for personalized medicine.
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2. Results
2.1. Design and fast gelation of high drug-loaded eutectogel

Currently, MNs are commonly fabricated through negative molding
or 3D printing techniques utilizing hydrogels [33,34]. However, these
methods suffer from limited drug loading capacity, time-consuming
process, and complex manufacturing [35]. The emerging PDES offer a
pivotal strategy to overcome this challenge (Fig. 2a). Three kinds of
PDESs were prepared by adjusting the ratio of different components
containing ChCl, HEMA, and either IA or Gly (Table S1) in a water bath
at 80 °C (Fig. 2b). Then the DES mixture with the crosslinker (0.1% w/w)
and the photoinitiator (0.1% w/w) was rapidly polymerized under ul-
traviolet light in 10 s (Fig. S1). The prepared eutectogel was named
CxHyl, or CxHyG, (where x represents the molar ratio of ChCl; y repre-
sents the molar ratio of HEMA,; z represents the molar ratio of IA or Gly).
CHI eutectogel can spontaneously form a self-crosslinking network
through the strong interaction of hydroxyl groups between PHEMA
polymer chains [36]. Therefore, only a small amount of additional
crosslinker was necessary to ensure the water swellability of CHI
eutectogel. The content of residual monomers in the eutectogel was
determined by HPLC (Fig. S2-S4) to detect the polymerization degree of
the samples.

The key parameters of the UV polymerization process are shown in
Fig. 2c. The results show that the DES has a fast initiation time (10 s),
achieving a polymerization degree of 91.48% and quick saturation with
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Fig. 1. Schematic diagram of the multi-material and multifunctional 3D printed EMN patches.
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Fig. 2. Multi-functional eutecogel integrated with a stretchable backing layer and rigid needles. (a) Schematic illustration of drug-loaded PDES. (b) Preparation
process of PDES. (c) Time-dependent polymerization degree curve of PDES under 405 nm light (n = 3). (d) The solubility of APIs in water, HEMA and CHI-PDES (n =
3). (e) Influence of eutectogel on insulin stability (n = 3). (f) Stress-strain curves of the tensile test for the CHI eutectogel with different proportions of monomer. (g)
Stress—strain curves of the tensile test for the CHG eutectogel with different proportions of monomer. (h) Cyclic stress—strain curves of the tensile test for the

CHG eutectogel.

increasing time. In opposite to DES, the conventional precursor con-
taining HEMA and IA showed low polymerization behavior, and the
polymerization degree was only 27.12% within 60 s. The synergistic
hydrogen bond interaction among HEMA, IA, and ChCl molecules in the
system significantly reduces the induction period of free radical poly-
merization and enhances the photopolymerization rate [30,37]. These
interactions may result in the formation of supramolecular structures,
promoting polymerization through ordered aggregates formed by
monomers. Quaternary ammonium salts can form hydrogen bonds with
protic compounds such as carboxylic acids, similar to some metal salts
(e.g., ZnCly) or ionic liquids, thus it is plausible to speculate that both
carboxylic monomer complexes and growing macroradical complexes
formed in DESs might exhibit higher reactivity than non-associated
species [28]. Additionally, DES can decrease the rate constant of poly-
merization termination due to increased solution viscosity, similar to
observations in ionic liquid-mediated radical-free polymerization [30].
Overall, the abundance of hydrogen bonds in PDES can lower the

activation energy of the photopolymerization reaction, accelerating the
photopolymerization rate and enhancing double bond conversion. These
interactions play a crucial role in facilitating fast 3D printing process.

We further investigated the solubility of a variety of hydrophobic
drugs including ibuprofen, indomethacin, salicylic acid, curcumin and
insulin in the PDES, as illustrated in Fig. 2d. In some cases, the maximum
absorbance of these compounds was shifted (Fig. S5), due to the strong
interaction between model drugs and PDES. It should be noted that all
investigated experiments show a similar solubility profile, wherein the
drug solubility exhibited a significant increase in ChCl/HEMA/IA-type
PDES (CHI-PDES) compared to pure water and HEMA. Notably, the
solubility of four hydrophobic drugs in HEMA was higher than that in
water, but CHI-PDES further increased their solubility (Fig. 2d). There
was >18,215-, 11,679-, 97-, 11,168-, and 105-fold enhancement in
solubility in CHI-PDES as compare with water for ibuprofen, indo-
methacin, salicylic acid, curcumin and insulin, respectively at 25 °C.

It was reported that several APIs could not completely dissolve to
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form true solution, but instead dispersed in DES as colloidal systems
exhibiting the Tyndall effect over a wide concentration range [38].
Investigating the dissolution state of hydrophobic drugs in PDES is
crucial for understanding their interaction with solvents. To examine
this, clear solutions obtained after centrifugation and filtration were
subjected to laser irradiation (Fig. S6). The presence of the Tyndall
phenomenon suggests that some APIs in DES may exist as colloids.
However, when the laser was directed through both the control group
(0.1% starch sol) and DES samples containing APIs, no light beam was
observed for any API in DES; only the control group exhibited Tyndall
scattering phenomenon. Additionally, dynamic light scattering (DLS)
analysis revealed colloidal particles ranging from 50 to 1200 nm present
in 0.1% starch sol but no particles (i.e., particle size of zero) were
detected in DES with APIs (Fig. S6b). This result was consistent with
Tyndall scattering phenomenon observed above. Therefore, these hy-
drophobic drugs can be effectively dissolved rather than as colloidal
particles within CHI-PDES. The substantial drug solubility in CHI-PDES
underscores its role as a potent solubilizing agent, a characteristic
shared by numerous other pharmaceutical compounds. The observed
solubility levels of these drugs in the examined PDESs may stem from
various interactions between the solute and solvent such as hydrogen
bonds, van der Waals forces, ion-dipole attractions, and dipole-dipole
interactions, collectively contributing to effective solubilization of hy-
drophobic drugs within the solvent medium [18]. The investigated
drugs at the atomic level demonstrate the capacity to serve as either
HBDs or HBAs (Fig. S7), thus facilitating the formation of hydrogen
bonds with PDESs. The substantial drug solubility in CHI-PDES un-
derscores its role as a potent solubilizing agent, a characteristic shared
by numerous other pharmaceutical compounds. The observed solubility
levels of these drugs in the examined PDESs may stem from interactions
between the solute and solvent. These interactions encompass hydrogen
bonds, van der Waals forces, ion-dipole attractions, and dipole-dipole
interactions between the solute and solvent, collectively contributing
to the effective solubilization of hydrophobic drugs within the solvent
medium [18]. The investigated drugs at the atomic level demonstrate
the capacity to serve as either HBDs or HBAs (Fig. S7), thus facilitating
the formation of hydrogen bonds with PDESs.

Furthermore, the structural stability of four hydrophobic APIs and
insulin after the photopolymerization of PDES was verified by UV
spectra and circular dichroism (CD) spectra (Fig. S5), respectively. The
absorption peaks in the UV spectra for the four hydrophobic APIs and
the CD spectra for insulin were almost unchanged, indicating that their
structures remain stable during the photopolymerization of PDES. The
contents of APIs after photopolymerization were over 90% (Fig. S8),
demonstrating a slight loss of APIs during the process. The long-term
stability of insulin in the prepared eutectogel was further verified by
HPLC (Fig. S9-S10). The results revealed that the drug content remained
almost unchanged for 30 days, accompanied by a 1.44 + 0.02% insulin
reduction rate (Fig. 2e). These findings indicate that CHI-PDES possesses
remarkable drug loading capacity and stability, which is crucial for
designing MN patches that require high drug loading.

In order to achieve rapid 3D printing multi-material EMNSs, a high
photopolymerization rate of the printing ink is essential, which is
significantly influenced by the photoinitiator [39,40]. Therefore, the
maximum absorption wavelength of three different photoinitiators was
first examined using UV-visible spectrophotometer (Fig. S11). The re-
sults revealed that ethyl phenyl (2,4,6-trimethylbenzoyl) phosphinate
(TPO-L) had a maximum absorption wavelength closer to the working
wavelength of DLP printer (405 nm), making it the ideal choice for DLP
3D printing eutectogel. The mechanical properties of 3D-printed struc-
tures play a pivotal role in determining their suitability for various ap-
plications. For the fabrication of needle portion, the rigidity of printed
constructions is an important factor for skin penetration. To explore
these aspects, the mechanical properties of the CHI-gel were investi-
gated through a tensile test. As shown in Fig. 2f, the CHI-gel fabricated
using three different monomer ratios exhibited high rigidity. The
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ultimate tensile strength slightly increased by decreasing ChCl content.
C1H3I1 exhibited the highest value of 41.8 MPa with the optimal
Young’s modulus (1.2 GPa), indicating the highest rigidity among all the
samples. In contrast, the tensile strain of soft CIH2G2 as the backing
layer is up to 428%, and the tensile stress is ~1.5 MPa (Fig. 2g). It is
highly stretchable and maintains sufficient toughness during the cyclic
tensile test (Fig. 2h). The material of backing layer exhibited high
stretchability and strength, making it highly flexible in its deformation
and suitable for application to various parts of the human body’s skin.
The peak intensity can reflect the extent of the polymerization re-
action at 1652 cm ™! associated with the C=C bond in FTIR spectrum
(Fig. S12). As the photopolymerization occurs, the peak intensity at
1652 cm ™! decreases correspondingly, further indicative of a high de-
gree of polymerization. In addition, the peaks observed at 1728 cm ™! in
the DES is attributed to —COOH of IA and HEMA. After polymerization,
these peaks shifted to lower wavenumbers (1705 em™Y). A similar
phenomenon is also observed in the FTIR spectrum of the CHG-gel used
as the backing layer (Fig. S13). The XRD results (Fig. S14-S15) of the two
eutectogels exhibited broad diffraction peaks at 20 ~ 22°, indicating
their amorphous structure [27]. The glass transition temperature (Tg) of
the needle portion eutectogels was detected at 80.7 °C and 33.3 °C in the
DSC spectrum (Fig. S16), both of which were higher than room tem-
perature, indicating that the needle portion eutectogel could maintain
high hardness at room temperature. Conversely, the DSC spectrum
(Fig. S17) of the backing layer eutectogel showed a Tg of —31.3 °C,
indicating its flexible characteristics. The thermogravimetric analysis
(TGA) of the needle portion eutectogel decomposed at approximately
220 °C, while the backing layer eutectogel decomposed at around
180 °C, indicating excellent thermal stability (Fig. S18-S19). Addition-
ally, the eutectogels exhibited conductivity (Table S2) and can function
as a flexible conductor to maintain lamp brightness (Fig. S20). The
backing layer eutectogel showed better conductivity (61.42 mS/cm)
than conventional hydrogel materials [30-32], indicating its potential
for use in wearable sensors or electrical stimulation response release.

2.2. Multi-material 3D printing customized EMN patches

As a type of 3D printing MNs inks, the design of PDES needs to ensure
sufficient biocompatibility after polymerization. In this study, a typical
choline chloride-based DES was used for the formulation of PDES.
Choline chloride, a commonly used food additive, was selected as HBA
[24]. HEMA is a kind of photocurable material that can be polymerized
by free radical reaction of the acrylate group. PHEMA exhibits good
biocompatibility and finds wide applications in soft contact lens mate-
rials, dentistry and tissue engineering [36]. IA is a well-known bio-based
unsaturated organic acid produced industrially from glucose by
fermentation [41]. Hydrogels by synthesized by IA polymerization are
non-toxic and have been extensively studied for pH-sensitive microgels
in anti-tumor medication release [42]. Theoretically, the CHI eutectogel
prepared in this study demonstrates good biocompatibility and holds
potential for in vivo drug delivery. Although MN patches typically
feature a rigid needle portion, however, the design of the backing layer
is often overlooked due to the complexity of the preparation process
[33]. Impressively, for our PDES as photocurable ink, hierarchical DLP
3D printing could be applied for separate production of MN backing
layer and MN needle portion, providing them with distinct structural
and functional characteristics (Fig. 3a). In this process, the green fluo-
rescent substances and the red one were added to the PDES for MN
backing layer and another PDES for MN needle portion, respectively.
Then the EMN was prepared by hierarchical 3D printing. Finally, the
EMN combined with a green backing layer and red needle portion was
observed under the fluorescence microscope (Fig. 3b).

Hierarchical 3D printing allows for the adjustment of print numbers
by editing the print models (Fig. 3c), resulting in a high-precision (MN
tip diameter < 20 pm) MN patch (Fig. 3d). Additionally, MN patches
with different structures (Fig. 3e) can be fabricated by the
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references to color in this figure legend, the reader is referred to the web version of this article.)

programmability of 3D printing. Notably, our 3D printing strategy
simplifies the preparation process of hollow microneedles, thereby
effectively expanding the application potential of EMNs and offer new
avenues for personalized manufacturing of MNs. 3D printing technology
also allows the preparation of MN patches for different uses, such as
conventional patch shape, wound patch shape, eye patch shape, and
octopus tentacle structure at the edge of MNs (Fig. 3f), which can
enhance their adhesion. This approach makes the one-step production of
EMNSs combining hard needles and a flexible backing more accessible.
The excellent stretchability (Movie 1) can be applied to any part of the
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human body (Fig. S21). The results demonstrate 3D printing enables the
design and manufacture of MNs customized to individual patients and
their specific treatment needs, thereby enhancing the adaptability and
efficacy of MNs. This represents a powerful tool for achieving person-
alized medicine.

The MN structure’s size depended on the resolution and brightness of
the projector used in the DLP 3D printing process [10,11]. The high-
fidelity projector used in this study acted as a light source, allowing
photo crosslinking at the irradiation feature to produce the gel layer. The
illumination time of each layer (0.05 mm) was crucial to the accuracy of
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the MN in the DLP 3D printing process. The experimental results
(Fig. 3g) showed that prolonging the illumination time of each layer
could improve the accuracy of the MN, and the highest accuracy (16 pm)
could be achieved at 10 s/layer. In addition, the MN structure design
included the backing layer with less precision requirements. Therefore,
the rapid manufacturing of the backing layer could also be achieved by
increasing the slice thickness (0.5 mm) and shortening the illumination

(a)

Control Eutectogel-MNs (e)
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time (5 s). The 3D printing process of the MN could be controlled within
10 min using the hierarchical printing method. Compared to other MN
3D printing processes that usually require >2 or 3 h, this method pro-
vided an ultrafast and high-precision MN preparation process. The sec-
ondary light curing process was common in DLP photocuring printing
technology to polymerize the unreacted polymer monomer in the
eutectogel. The experimental results (Fig. 3h) showed that it took only 5
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Fig. 4. Characterization of EMN patches. (a) Macroscopic view of EMNs inserted into porcine cadaver skin. (b) HE staining section observation of EMNs inserted into
porcine cadaver skin. (¢) CLSM observation of EMNs inserted into mice skin. (d) Images of high concentration EMN extraction solution effect on NIH-3 T3 cell
growth. (e) Impact of EMN extraction solution on NIH-3 T3 cell viability (n = 3). (f) Evaluation of EMNs effect on mice skin irritation and recovery.
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min to completely solidify the MN to achieve the mechanical strength
(1.68 N/ needle) required to pierce the skin (0.06 N/ needle) [43]. The
above experimental results show that high-precision MN patches can be
rapid one-step (< 20 min) prepared using 3D printing PDES (Movie 2).
The structure and shape of MNs can be easily changed according to the
design, and mass production can be achieved. This method solves the
problems of time-consuming and low insulin drug loading in conven-
tional MN preparation technology, offering new ideas for the design and
preparation of novel MNs.

2.3. Optimizing the structural design of EMNs

The design of microneedle (MN) structures, including shape and
aspect ratio, greatly influences their penetration performance [10-15].
Optimal structural designs vary for different MN materials. A finite
element analysis (FEA) was established to evaluate the mechanical
strength and penetration performance of EMNSs, as shown in Fig. S22a.
The force-displacement diagram demonstrates the gradual increase in
reaction force on the MN with displacement during the quasi-static
simulation of MN mechanical strength. Local deformation results in
stress concentration below the tip, leading to MN breakage when the
Von Mises stress reaches the yield stress (Fig. S22b). The penetration
process of MNs into the skin is simulated using a conventional three-
layer model (stratum corneum, epidermis, and dermis) (Fig. S22c).
The presence of penetration force causes changes in local stress distri-
bution during MN insertion (Fig. S22d). Cracks in the stratum corneum,
which may expand and produce tearing, are observed only in this layer
due to its significantly higher hardness compared to the dermis. The
penetration force is evaluated in the screening of MN structure, with
greater mechanical strength and smaller penetration force being desir-
able (Fig. S23). For MNs, a larger aspect ratio results in a smaller
penetration force and easier skin piercing. However, the corresponding
mechanical strength is also smaller, making it more prone to breakage
[44]. Through simulation and further experiments, the optimal needle
shape was determined to be a pyramid MN with a bottom diameter of
300 pm and an aspect ratio of 3:1 (height 900 pm). These geometric
parameters exhibit the best mechanical strength and penetration force
(Fig. 3i) for practical application. Therefore, these optimized geometric
parameters were used to prepare multifunctional EMNs in the subse-
quent experiments. This experimental simulation method was used to
systematically evaluate geometric parameters, providing valuable in-
sights for designing MN structures of different materials. This approach
could potentially serve as a reference for future MN material design and
optimization.

2.4. Characterization of EMN patches

The MNs with much hardness present more advantages for trans-
dermal drug delivery through the skin [4-6]. Based on the previous
mechanical examinations on MNs, further preclinical testing was con-
ducted by administering EMNs on isolated porcine cadaver skin
(Fig. 4a). As anticipated, the MN application resulted in an enduring
puncture site on the skin surface and a penetrating cavity (~500 pm) in
the epidermis (Fig. 4b), thereby verifying the successful penetration and
deposition of the MN in the stratum corneum. The discrepancy between
the insertion depth and MN length can be attributed to the skin’s high
viscoelasticity [45].

Rhodamine B (RhB) loaded EMN was prepared to visualize the skin
penetration of the drug. Confocal laser scanning microscopy (CLSM) was
used to scan the mice’s skin layer by layer to evaluate the penetration
depth. The images were taken at different depths and the fluorescence is
mainly distributed at depths between 0 and 600 pym (Fig. 4c). Contin-
uous fluorescence signals indicate that the drug in MNP diffuses into the
skin after insertion. The results of 3D reconstruction showed that the
drug distribution was pyramidal. The drug content gradually decreases
from the base to the tip, which is related to the pyramid shape of the MN.
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The results showed that EMN could completely penetrate the epidermis
for drug delivery.

In light of the promising mechanical properties, the biocompatibility
of EMNs was investigated through cytotoxicity experiments. As shown
in Fig. 4d, the fabricated EMNs exhibited negligible cytotoxicity. The
NIH-3 T3 cell culture medium was mixed with a high concentration (1
mg/mL) of the EMN patches extract, and the cell activity was compa-
rable to that of the normal culture medium. After 24 h of exposure to
varying concentrations of EMN extract, the CCK-8 method was used to
determine cell viability, which exceeded 90% (Fig. 4e). To evaluate the
effect of micro acupuncture on skin irritation and recovery performance,
the EMN was applied to the depilated mice’s back skin for 10 min and
then removed to observe the EMN insertion into the surrounding skin
and recovery. The experimental results (Fig. 4f) indicated that the EMN
did not cause skin redness and swelling, further verifying its excellent
biocompatibility. The EMN recovered quickly after removal, as observed
in human healthy volunteers (Fig. S24). The negligible cytotoxicity and
skin irritation of the eutectogel may be attributed to the biocompati-
bility of the matrix materials (natural materials ChCl and biocompatible
poly HEMA-IA) [46-48].

2.5. EMN patches for wireless monitoring of human motions

Continuous stretching of the skin wound may impede the healing
process. Especially in diabetic patients, this intense stretching often goes
unnoticed due to nerve damage in the foot. Monitoring physical activity
during wound healing aims to observe the involuntary and forceful
stretching around the wound, particularly at joints. Repeated exercises
in these areas hinder the formation of blood vessels, cells, and tissues
around the wound, hampering the healing process [30]. Therefore,
monitoring movement should also be an essential application in the
design of multi-material EMNs. As mentioned earlier, the multi-material
EMNs exhibited excellent stretchability and electrical conductivity
(Fig. 5a), which is beneficial for their application in strain sensors with a
low limit of detection (1%). To demonstrate their potential in flexible
health motion sensor, the EMN was affixed to the wrist and connected
with the circuit board and smartphone to design a wireless body motion
monitor, which received the real-time motion of the body surface on the
smartphone via Bluetooth (Fig. 5b). As shown in Fig. 5c, the EMN sensor
effectively captures electrical signals at both low (50%) and high (200%)
strains, and the signal amplitudes increase proportionally with strain.
The gauge factor, which represents the sensitivity of the sensor, was
calculated to be 1.025 within the strain range of 0-300% (Fig. S25),
indicating significant sensitivity and stable, repeatable signals.

Due to its exceptional sensitivity and stability, the EMN can be used
as wearable sensors for real-time and accurate detection of human body
movements, such as the joint motion of fingers, wrist and neck. When
applied to the finger, the bending motion of the finger was precisely
recorded (Fig. 5d), where different bending angles were determined by
different ionic conductivity signals. Furthermore, the signal strength
under different frequencies from slow to rapid remains steady (Fig. Se),
indicating excellent independence on the test frequency. In addition to
multi-functional subtle movements, large human movements can also be
monitored by targeting this EMN sensor to the wrist (Fig. 5f). Due to the
excellent antifreeze and solvent retention capabilities of the EMN
sensor, the sensor exhibits consistent response patterns without signal
degradation at temperatures ranging from —20 to 60 °C, highlighting its
stability under various temperature conditions (Fig. 5g-h). These find-
ings demonstrate the potential of the wireless EMN sensor in applica-
tions related to joint disease diagnosis and wound healing monitoring.

2.6. EMN patches for colorimetric glucose detection
Compared to motion sensing, biosensing is more focused on the

analysis of biomarkers within the body for disease diagnosis. Interstitial
fluid (ISF) within skin tissue resulting from blood transcapillary
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Fig. 5. The motion sensing of multi-functional EMN. (a) Photograph of flexible and stretchable backing layer. (b) Photograph of resistance detection machine using
real-time and wireless transmission (c) Resistance variation of the CHG eutectogel sensor responded to the various cyclic tensile strains and bending angle (d). (e)
Resistance variation of eutectogel in finger motion at different speeds. (f) Resistance variation of eutectogel in the wrist. Resistance variation under repeated loading

and unloading of 100% strain at —20 °C (g) and 60 °C (h).

filtration is an attractive source of biomarkers [1]. To enable the
colorimetric analysis of ISF extraction, MNs should be non-dissolvable
and exhibit high shellability, and have adequate mechanical strength
to facilitate skin penetration as well as high affinity for water to ensure
the rapid and substantial absorption of ISF [9]. Although colorimetric
MNs can be easily fabricated, these reported methods require a long
process and extra devices for operation and analysis. Here CHG-gel
contained 3,3',5,5’-Tetramethylbenzidine (TMB) was adopted as the
backing layer material, CHI-gel contained horseradish peroxidase (HRP)
and glucose oxidase enzyme (Gox) as the needle portion for colorimetric
EMN was prepared by multi-material 3D printing. Upon glucose chal-
lenge, Gox selectively catalyzes the extraction of glucose from the MN
into gluconic acid and H305. In the presence of HoO5, HRP catalyzes the
oxidation of the TMB contained in the backing layer, causing an im-
mediate color change of the sensing layer, with high selectivity (Fig. 6a).

In order to evaluate the color development response of colorimetric
EMNSs (CEMNSs) to glucose, the CEMNs were inserted in 1% agarose gels
containing 10 mmol glucose to simulate the in vivo skin ISF extraction
process. As the insertion time increased, the cyan color became darker
and reached the maximum at 10 min (Fig. 6b). The representations of
color changes corresponding to glucose concentrations ranging from 0
mmol to 20 mmol can be found in Fig. 6¢. The analysis of the color shift
was quantified through an RGB histogram analysis. When CEMNs turned
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cyan in a glucose-dependent manner, the values of all three channels
decreased in similar trends. As the red channel showed the steepest
change, the red RGB value was employed as a positive indicator corre-
lated with glucose levels. The average response curve (R?> = 0.9946;
Fig. 6d) from several measurements (3 times) was utilized to estimate
glucose concentrations in in vivo experiments.

Subsequently, the feasibility and performance of the instrument-free
in vivo skin ISF glucose biosensing using the combination of CEMN and a
smartphone were studied in streptozotocin (STZ)-induced diabetic mice.
The CEMNs was thumb pressed into the skin of the STZ-induced diabetic
mice back for 10 min to ensure adequate extraction of the skin ISF before
removal, light color on the CEMN was observed for the mice with nor-
moglycemia (4.3 mmol). Conversely, a cyan color can be observed on
the CEMN for the mice with hyperglycemia (16.1 mmol), respectively
(Fig. 6e). The results were also compared with those obtained using a
glucometer, revealing no significant differences between them (Fig. 6f).
This suggests that the combination of CEMNs and a smartphone can
attain the same level of accuracy and sensitivity as traditional gluc-
ometers, potentially offering painless and straightforward blood glucose
level monitoring with enhanced patient compliance. Compared with
prior studies of skin ISF glucose detection using MNs [9], the multi-
material CEMNs detection system holds the advantage of rapid cus-
tomization without the need for a centrifugation process or complex
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analytical instruments. loaded EMN was then applied for painless and syringe-free insulin de-
livery once the mice were diagnosed as hyperglycemic levels by CEMN.

2.7. Drug-loaded EMN patches for on-demand drug delivery To ensure the effectiveness of transdermal formulations, sustained drug
release is essential. Without it, the intelligent release of the drug be-

For BGLs control after BGLs monitoring using CEMN, the insulin- comes less relevant [49]. To achieve the sustained release, the increased
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drug loading is necessary. However, most existing insulin microneedles
suffer from insufficient loading capacity, with an average of only
0.07-3.66 pg/needle [50]. For a MN patch distributed in a 10 x 10
array, the drug load is only 7-366 pg, which is far less than the average
human’s daily requirement of 0.8-2.0 mg of insulin to maintain blood
glucose stability [51-53]. Remarkably, EMN offers a significant
advantage in this regard. They boast an impressive loading capacity of
insulin (42.81 + 1.72 pg/needle), which is 26 times higher than that of
conventional polymer MN (Fig. 7a) [54-63]. This enables an EMN to
contain a sufficient amount of insulin for one day’s worth (~ 4.3 mg)
within a small area (< 1 cm?), thereby improving the quality of life of
diabetic patients.

Another notable advantage of eutectogels is the ability to adjust drug
release kinetics by varying the amount of PEG porogen added to the
composition (Fig. 7b). The effect of PEG1500 content on the 3D printing
resolution of EMN was initially evaluated. It was observed that PEG1500
with over 50% content would precipitate in CHI-PDES; hence, pre-
scriptions exceeding this threshold were excluded from this experiment.
With the increase of PEG1500 content, the polymer monomer content in
the 3D printing ink decreases, resulting in longer exposure time for
curing. Therefore, it is necessary to extend the printing time for each
layer to achieve high-resolution 3D printing with higher PEG1500
contents. Experimental results in shown Fig. S26 demonstrate that the
appropriate printing speed for PDES with 20% PEG1500 is 15 s/0.05
mm while for those containing 40% PEG1500, a suitable printing speed
is achieved at 20s/0.05 mm. Adequate extension of the printing time
enables EMN to maintain its high resolution. Subsequently, the impact
of varying amounts of PEG1500 on the mechanical strength of EMN was
evaluated through mechanical test (Fig. S27). The results indicates that
as the PEG content increases, there is a gradual decrease in the breaking

(a)
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force by EMN samples. The minimum breaking force was observed at
50% PEG1500, but it still falls within an acceptable range (> 0.06 N)
[43]. As shown in Fig. S8, skin piercing experiments demonstrate the
successful penetration into porcine cadaver skin using EMNs with
different PEG contents. The needle tip did not fracture after penetration
and only experiencing minimal deformation, which is crucial for
ensuring the safe application of microneedles. Despite being a solid at
room temperature, PEG1500 possesses a certain level of hardness
although its mechanical strength is not as high as CHI eutectogel.
Therefore, incorporating a high content of PEG1500 did not compromise
its ability to penetrate the skin.

The transdermal release profile of insulin-loaded EMNSs in porcine
cadaver skin was quantitatively determined using an improved Franz
diffusion cell and HPLC (Fig. 7c). Results indicated that in the absence of
a PEG porogen, the drug was tightly enclosed within the polymer
network structure, leading to an extremely slow-release rate (24 h
release rate < 5%). This was not conducive to MN release and could not
achieve the desired therapeutic effect. However, the drug release rate
significantly improved after adding the porogen. This was because the
porogen dissolved after the MNs contacted the skin interstitial fluid,
forming holes on the surface of the polymer network structure, thereby
accelerating drug dissolution [34,64]. When the porogen content was
40%, the EMNs were almost completely released within 2 h (release rate
of 68.75%), after which it entered the release platform period. This
immediate-release MN (IR-MN) could be used to inhibit the rapid in-
crease of postprandial blood glucose. Conversely, when the porogen
content was 20%, the EMNs were continuously released within 24 h and
reached a high release rate (24 h release rate 78.64%). This extend-
release MN (XR-MN) could be used to regulate basal blood glucose
levels [4,5]. This result was further supported by electron microscopy
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observation (Fig. 7d). As the content of porogen increased, more pores
were observed on the surface of the MNs after swelling, resulting in
faster drug release. Fig. 7e illustrates that this acceleration of insulin
release rate increases exponentially with the PEG content, mirroring a
similar trend seen in pore diameters. This indicates the potential for
customized insulin release by employing the fitted curve (n = 0.993),
which aligns with first-order kinetics. To assess the structural stability of
insulin before and after release from EMNSs, circular dichroism (CD)
spectra were employed to evaluate its secondary structure, including
alpha helix and beta-sheets [65]. Fig. 7f depicts both curves with peaks
at 208 and 215 nm, corresponding to the alpha helix and beta-sheets of
insulin, respectively. This observation indicates that insulin maintains
its structural stability throughout the release process.

Notably, high drug-loaded EMNs may be susceptible to sudden
release due to the potential burst release from the outermost layer
during in vivo swelling. This phenomenon is unfavorable for achieving
sustained drug release and optimal therapeutic efficacy. The sudden
release of insulin was not observed due to its low content within EMNs in
previous experiments. Ibuprofen, with the highest solubility in PDES
(364.3 mg/g), was chosen as a model drug to explore the release profiles
of EMNs. With increasing contents of ibuprofen, a sudden release occurs
when reaching 200 mg/g (Fig. S29a), resulting in a significantly higher
release rate of 50.2% within 1 h compared to the normal rate of 19.5%.
To address this challenge, additional crosslinkers were incorporated into
PDES to enhance the crosslinking density of eutectogels and suppress
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abrupt drug releases. Under identical drug loading conditions (300 mg/
g), an increase in crosslinker content effectively inhibits the occurrence
of sudden releases (Fig.S29b). Furthermore, augmenting crosslinker
content leads to a rapid reduction in drug release rate, providing valu-
able insights for future development towards long-acting controlled-
release EMNs. Therefore, comprehensive pre-clinical research is crucial
for addressing potential risks associated with sudden drug releases when
dealing with different drugs. Furthermore, the drug release process of
EMNs was detected using an in vivo imaging system (Fig. 8a). Compared
with XR-MN, the fluorescence signal of the IR-MN penetrating site was
>5 times stronger in the first 2 h, and the fluorescence model was
stronger with higher porogen content (Fig. 8b). This further verified that
the system could achieve drug delivery with porogen content control.
These findings suggest that the use of 3D printing EMNs could provide a
promising approach for personalized medicine, allowing for tailored
drug delivery based on individual needs.

Streptozotocin (STZ) induced diabetic mice were treated with
different administration methods to verify the therapeutic effect of
insulin-loaded EMN [5]. The insulin dose in each EMN patch was
controlled at 50 pIU with different porogen content. Next, The EMN
patch was applied to the back epidermis of the depilated mice and fixed
with surgical tape. Blood glucose was measured at regular intervals
using a commercial blood glucose meter. The experimental results
(Fig. 8c) showed that the effectiveness of different EMN patches on real-
time insulin release was directly reflected in the hypoglycemic effect.
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The prepared insulin-loaded EMN patch significantly affected diabetes,
as demonstrated by satisfactory blood glucose control.

Mice treated with subcutaneous injection of conventional insulin and
IR-MN resulted in a ~ 70% decrease in blood glucose within 1-2 h,
followed by a rapid return to the initial level within 4 h. In contrast,
glucose levels administered by XR-MN mildly decreased and maintained
long-term normal blood glucose. The controlled release characteristics
of EMN are entirely due to the blocking effect of crosslinked polymer
matrix and porogen. The data showed that changing the matrix material
can adjust the insulin release kinetics. IR-MN can rapidly reduce blood
glucose levels like subcutaneous injection of insulin, while XR-MN can
maintain normal blood glucose levels for at least 12 h. This suggests that
the basal-meal combined insulin delivery system may have great po-
tential for reducing the risk of hypoglycemia and improving daily
continuous blood glucose control [4].

Measurement of plasma insulin in rats by the Elisa test further
revealed the continuous supplementation of insulin under the treatment
of EMNs [4]. The pharmacokinetic parameters (Fig. 8d) were analyzed,
and the area under the curve value was comparable to that of insulin
injection and insulin-loaded IR-MNs (Table S3). Subcutaneous injection
caused a sharp increase in insulin, reaching a peak concentration at 1 h
after treatment, and then significantly decreased to a negligible level
within 4 h. On the other hand, in the case of XR-MN treatment, plasma
insulin concentration fluctuated between 6 and 15 pIU/mL at Tpax.
These results confirmed that insulin administered by EMN was almost
completely absorbed from the skin to the systemic circulation, and the
biological activity of the released insulin remained intact after exposure
to MN matrix materials. This indicates that EMN can not only prolong
blood glucose control but also effectively reduce the risk of excessive
fluctuations and hypoglycemia.

In summary, these results present further evidence supporting the
higher drug loading capacity of one-step 3D printed EMN patches, which
allows for a reduction in patch size while still meeting the daily insulin
requirements of the human body. Furthermore, these patches can
effectively address both post-prandial and basal insulin needs by
employing diverse release strategies. In addition, the utilization of low-
cost PDES as the 3D printing ink enables the fabrication of an insulin-
loaded EMN patch for <1 US cent (Table S4). Notably, this cost is
significantly lower than conventional insulin injections, eliminating the
need for any additional therapeutic device. As a result, this innovative
method offers a more affordable and accessible treatment option,
effectively addressing a major challenge faced by diabetes patients
worldwide.

3. Conclusions

Microneedle patches offer a promising and effective smart sensor and
drug administration system, but current fabrication methods including
negative molding and 3D printing techniques suffer from limitations
such as inadequate drug encapsulation, high cost, and time-consuming
processes. In this study, we present a novel approach for the fast
multi-material 3D printing of multi-functional EMN patches. The
designed multi-material EMNs exhibit high conductive, excellent me-
chanical strength, biocompatibility, and tunable drug release kinetics,
making them suitable for wearable monitoring and transdermal drug
delivery applications. Compared to the current 3D printing MNs inks
[17-21], the low-cost PDES used in this study allows for fast and effi-
cient photopolymerization, facilitating the fabrication of high-precision
(MN tip diameter < 20 pm) MN patches within 20 min. In addition,
PDES has high drug solubility, with ibuprofen being approximately
18,215 times more soluble in PDES compared to water—a feature ab-
sents in existing 3D printing MNs inks. Additionally, PDES allows for
customization of drug release profiles by controlling the content of
porogen and crosslinker. More importantly, when combined with the
multi-material hierarchical 3D printing technique, PDES enables the
creation of MN patches with tailored structures and functionalities. The
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ability to design and produce personalized MNs that cater to individual
needs, coupled with the rapid printing process, signifies a transformative
step towards personalized medicine.

As a proof-of-concept, three kinds of multi-material EMNs with
different functions have been 3D printed. Wearable wireless EMNs
monitor offer real-time and accurate detection of body movements,
which benefit in joint disease diagnosis and wound healing. In the realm
of glucose detection, the colorimetric EMNs provide a painless and
efficient alternative to traditional glucometers. Different from the re-
ported skin ISF detection MNs system, the developed EMN-based
colorimetric sensor is considered to be a multifunctional gel with
promising applications in smart biosensors. In addition, the drug-loaded
EMN’s capability for tunable drug delivery offering both immediate and
extended-release options showcased the potential to revolutionize dia-
betes management.

This achievement provides a potential smart sensor and drug
administration, improves the quality of life for diabetic or chronic pa-
tients worldwide. Diabetes mellitus is a chronic disease with high
morbidity and frequent complications, bringing heavy social and eco-
nomic burdens every year. The generation of multi-functional EMN
brings good news to billions of diabetic patients worldwide, as they will
no longer have to suffer from the pain of repeated penetrations for
diagnosis or treatment. All they have to do is apply multi-functional
EMNs regularly as instructed or recommended by doctors, which is
both simple and convenient. Due to the safe and non-invasive nature of
microneedle technology, the skin tissues will recover quickly and will
not be harmed even after being penetrated by these EMNs multiple
times. Besides, the use of these devices is economical. The material cost
of a single EMN is approximately 1 US cent. In addition to insulin, the
proposed EMNs are expected to load and deliver other bioactive sub-
stances (e.g., growth factors, exosomes, drug-carrying nanoparticles,
etc.) for the treatment of various diseases. Overall, the fast multi-
material 3D printing and high drug-loading capabilities of EMNs
address the limitations of conventional MN preparation methods, paving
the way for the development of multi-functional MN patches for
personalized medicine applications.

4. Methods
4.1. Materials

Choline chloride (ChCl), 2-Hydroxyethyl methacrylate (HEMA),
itaconic acid (IA), poly (ethylene glycol) diacrylate (PEGDA), glycerol
(Gly), ethyl phenyl (2,4,6-trimethylbenzoyl) phosphinate (TPO-L),
polyethylene glycol (PEG) 1500, poly(ethylene glycol) diacrylate
(PEGDA, the molecular weight = 400) and acetonitrile were purchased
from Aladdin Bio-Chem Tech Co., Ltd. (Shanghai, China). Horseradish
peroxidase (HRP), Glucose oxidase (Gox) enzyme, 3,3,5,5 -Tetrame-
thylbenzidine (TMB) and Insulin were purchased from J&K Scientific
(Beijing, China). The Keygen Biotech Co., Ltd. (Nanjing, China) supplied
the enzyme-linked immunosorbent assay (ELISA) detection kit. All other
chemical reagents were obtained from Sinopharm Chemical Reagent
Co., Ltd. (Beijing, China). Unless otherwise stated, ultrapure water from
a reverse osmosis membrane system was used for aqueous solutions.

Kunming (KM) mice (25 + 2 g) and Sprague Dawley (SD) rats (280
+ 20 g) were provided by SPF Biotech Co., Ltd. (Beijing, China). All
animals were treated following the Laboratory Animal Care and Use
Guidelines strictly. The protocols were reviewed and approved by the
Institutional Animal Care and Use Committee of the Beijing Institute of
Technology (approval number: BIT-EC-0010-M-036).

4.2. Preparation of PDES
Based on the polymerizable PDES prescription formulation design,

the drug-loaded MN needle portion and the backing layer of the MN
were designed as rigid and stretchable eutectogels, respectively. Two
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types of eutectogel were created using ChCl as the hydrogen bond
acceptor. For the rigid eutectogel, HEMA and IA were utilized as
hydrogen bond donors, and PEG1500, a functional hydrogen bond
acceptor, was added to enhance drug release performance. On the other
hand, the flexible stretchable eutectogel was created using HEMA and
glycerol as hydrogen bond donors. Homogeneous liquids were prepared
by mixing the hydrogen bond acceptor and hydrogen bond donor in
specific molar ratios (Table S1) in glass vessels and heating them (80 °C)
while stirring on a magnetic stirrer for 20 min. The prepared PDES were
further added with crosslinker, photoinitiator and APIs to formulate the
3D printing ink.

4.3. The effect of PDES on the solubility and stability of drugs

To ascertain the drug’s solubility in DES, surplus drug was incorpo-
rated into the PDES, and agitated vigorously until the excess solid
became insoluble. The solution obtained, which contained an excess of
the drug, was left to stand for 24 h to achieve equilibrium. Prior to
measuring solubility, solutions containing an excess of the drug were
passed through a syringe filter unit with a 0.22 pm membrane. Then, the
samples of the liquid were diluted in super pure water, and the contents
of the drugs were tested by a UV spectrometer (PG instruments) using
calibration curves.

To assess the stability of insulin in EMNs, a eutectogel containing 2
mg/g of insulin was prepared and refrigerated at 4 °C. Subsequently, the
sample was extracted with 20 times the weight of PBS solution through
ultrasonic extraction for 30 min. The insulin content was accurately
analyzed through HPLC utilizing a C18 chromatographic column (5 pm,
4.6 x 150 mm, Nanochrom Tech Co., Ltd) at 214 nm [67]. The mobile
phase consisted of 0.2 mol/L sulfate buffer and acetonitrile (74:26 (V/
V)) at a flow rate of 1 mL/min. Each sample was loaded three times, and
the average readings were obtained for further quantification. To further
evaluate the stability of the secondary structure of insulin, the circular
dichroism analysis of insulin between 20 °C, 190 and 260 nm before and
after preparation was recorded through a circular dichroism spectrom-
eter (J-1500, Jasco, Japan).

4.4. Photopolymerization of PDES

Crosslinker PEGDA (0.1% w/w) and photoinitiator TPO-L (0.1% w/
w) were added to the DES, and the precursor solution was stirred at
room temperature until a homogeneous, colorless solution was pro-
duced. The precursor solution was then injected into two silicone films
with a thickness of 1 mm. The UV light source (RW-UVA, Anycubic,
China) was then used to initiate the reaction by exposing it to a primary
wavelength of 405 nm.

The resulting eutectogel was immersed in methanol twenty times
and subjected to ultrasonic oscillation (KQ-300DE, Keqiao Equipment
Co., Ltd., China) for 30 min. The supernatant was filtered through a 0.22
pm filter membrane, and the content of HEMA and IA was determined
using HPLC [66]. The analysis was performed using a C18 chromato-
graphic column (5 pm, 4.6 x 150 mm, Nanochrom Tech Co., Ltd.) at
210 nm. The mobile phase was a mixture of 0.1% phosphoric acid water
and methanol in a ratio of 90: 10 (V/V), and the flow rate was 1 mL/min.
Each sample was analyzed in triplicate, and the average readings were
used for further quantification. The degree of polymerization of the
eutectogel was determined by measuring the residual monomer content.

4.5. Characterization of eutectogel

The Nicolet Is-10 spectrometer was utilized to record Total Reflec-
tion Fourier Transform Infrared (ATR-FTIR) spectra within the wave-
number range of 400-4000 cm-1. Thermogravimetric analysis (TGA)
was conducted using a Q50 thermogravimetric analyzer (TA, USA) in a
nitrogen atmosphere, with a heating rate of 10 °C over a temperature
range of 20-700 °C. The TGA was measured in a nitrogen atmosphere
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with a heating rate of 10 °C. Differential Scanning Calorimetry (DSC)
was performed using a DSC-60 tester (Shimadzu, Japan). The mixture
was heated at a rate of 10 °C/min in a nitrogen atmosphere from —50 °C
to 150 °C in an aluminum pan. X-ray diffraction (XRD-6000, Shimadzu,
Japan) was used to analyze the amorphous phase of DES. The scanning
speed was 2°/min within the range of 5° ~ 80°, under the condition of
CuKa (emission wavelength 0.15406) ray with a tube current of 40 mA
and tube voltage of 40 kV. To determine the conductivity of the eutec-
togel, electrochemical characterization was performed using a CHI660E
electrochemical workstation (Chen Hua Instruments, China).

4.6. 3D printing EMNs

The production of MNs is achieved through the utilization of a
bottom-up DLP 3D printing device (Photon Ultra, Anycubic, China)
operating at a UV-visible wavelength of 405 nm. A customized model is
created using TinkerCAD software for the digital printing process. The
slicing function employs the Photon Workshop software for continuous
image projection. The MN backing layer is printed at a single layer
height of 1 mm, with each layer being cured for 30-60 s. The MN needle
portion is printed at a single layer height of 0.05 mm, with each layer
being cured for 2-30 s. After 3D printing, the EMNs were then cured in a
UV post-cure chamber (3.3 mW/cm? light intensity) for 10 min and then
soaked the EMNs in 70%v/v ethanol for 30 s, followed by water for 30 s
to remove monomers that were not fully polymerized.

4.7. Characterization of MN patches

In this study, the vertical microscope (4800-B, Tontruth, China) and
scanning electron microscope (SEM) (JSM-7500F, Shimadzu, Japan)
were utilized. Before SEM analysis, samples were freeze-dried and
coated with gold. The mechanical properties of EMNs were evaluated
using a universal testing machine (AGS-J, Shimadzu, Japan). The MN
elastic backing layer was stretched at a speed of 3 mm/min, while force
and displacement were continuously measured. The compression test
involved measuring the fracture and penetration forces of the MN. To
determine the breaking force, MNs were placed between metal parallel
plates and compressed vertically at a speed of 1 mm/s until fracture or
deformation was detected. To determine the piercing force, MNs were
placed above metal parallel plates with porcine cadaver skin below,
compressed vertically at a speed of 1 mm/s, and the stress-strain curve
resulting from the MN insertion behavior was detected.

4.8. Finite element analysis

The behavior of MNs during mechanical strength testing and inser-
tion into the skin was simulated using the finite element analysis soft-
ware Abaqus 6.1. The MN body’s actual material mechanics
characterization (refer to Table S5) was utilized, while the structure and
parameters of the skin (refer to Table S6) were set based on literature
reports [68-70]. The 3D model of the MN and skin structure was meshed
using hexahedral elements. The insertion process was executed using a
static conventional step with an incremental period of 60 s, and the
initial increment of each iteration was 0.5 s. The simulation of different
MNs’ breaking force (refer to Fig. 4a) and penetration force (refer to
Fig. 4b) was conducted. Finally, a specific needle shape’s finite element
simulation results were validated through corresponding experiments.

4.9. MN piercing skin performance

The manufactured MNs were inserted into the separated porcine skin
with the thickness of 1.62 4 0.27 mm to evaluate their efficacy. Punc-
ture marks on the skin surface were examined under a bright field mi-
croscope to determine the insertion rate after insertion. Skin samples
were collected from the middle of the pinhole for histological analysis
using HE staining and sectioning. To observe the drug distribution at
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different depths, Confocal Laser Scanning Microscopy (CLSM) was used
for in vivo skin insertion studies. The MN was loaded with RhB in
eutectogel. Mice were anesthetized and the MN was inserted into the
back skin for 10 min. After euthanizing the mice, the administration site
was excised and placed on a cover glass for CLSM imaging using
STELLARIS (Leica, Germany). The imaging plane was defined as the skin
surface (z = 0 pm).

4.10. Biocompatibility of MNs

The cytotoxicity of EMNs on NIH-3 T3 fibroblast cells was assessed
using live-dead cell staining and CCK-8 assay. Initially, a 96-well plate
was seeded with NIH-3 T3 fibroblast cells (5000 cells per well) and
incubated for 24 h until cell adhesion. Subsequently, the plate was
placed in a humidified incubator (37 °C, 5% CO2) and treated with a
continuous dilution of the MN solution, which was dissolved in 1 mg/
mL. After 72 h of incubation, the cells were stained using a calcein AM/
PI double staining kit (Keygen Biotech, China) and observed under a
microscope.

To further demonstrate the biocompatibility of EMN, various con-
centrations of MN extract were added to the cells. The MN extracts were
obtained by adding 3D printed EMN to the medium solution, followed
by co-culturing at 37 °C for 48 h. After 24 h of incubation, the medium
was replaced with fresh medium containing CCK-8 reagent (0.1 mL) and
incubated for 2 h. The relative cell survival percentage was determined
by calculating the final absorbance at 450 nm using a microplate reader
(Imark, BIORAD, USA). Cells cultured in the initial medium served as
negative controls.

To evaluate the skin and tissue response following MN application,
EMN was applied to the depilated back skin of mice, removed after 10
min, and the application site was photographed using a digital camera.
The same procedure was performed on human volunteers to record any
irritation, such as erythema, bleeding, or edema.

4.11. Fabrication and testing of EMN motion monitoring sensor

To explore the potential of EMN in the field of flexible sensors, a
wireless monitor using EMN was developed. The EMN was attached to
the skin of volunteers, and the two ends of the EMN were connected to
the electrodes of the monitor. A Mechanical strain was applied to EMN
and the resistance variations were recorded by the monitor and trans-
mitted to a smartphone via Bluetooth. To quantitatively assess the
sensing property, the resistance change rate was AR/Rg x 100, where R
is the initial resistance in an unaltered state, and AR is the difference
between resistance in the deformed state and Ry.

4.12. Fabrication of the colorimetric EMN for glucose detection

Colorimetric EMNs (CEMNSs) were prepared using a method building
upon prior work with 3D printing multi-material EMNs. This involved
adding 0.04 mg/mL of HRP and 10 mg/mL of GOx enzyme to PDES.
After 3D printing, the backing layer was immersed in a 4 mg/mL TMB
solution for 10 min and air-dried. The EMNs were applied to mice’s
backs for 10 min, and pre- and post-application weights were recorded
to calculate skin ISF extraction weight per patch. To evaluate its fluid
extraction and glucose detection capacity, 1% agarose gels with varying
glucose concentrations were prepared. CEMNs were applied to these
agarose gels for 10 min. Images of CEMNs were captured using a
smartphone equipped with a custom app to calculate RGB values in the
central patch area. For on-skin blood glucose level (BGL) detection,
animal experiments were conducted on STZ-induced diabetic mice.
Initially, tail vein blood was collected to determine baseline BGL using a
blood glucose meter (I-580, Yuyue Medical Equipment Co., Ltd., China).
CEMNSs were then applied to the mice for 10 min, and color changes
were recorded with a smartphone. Subsequently, red, green, and blue
values were obtained using a custom app. BGLs of the STZ-induced
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diabetic mice were determined by comparing recorded RGB values to
respective calibration curves developed for on-skin BGL monitoring.

4.13. Drug release behavior of EMN in vivo and in vitro

For the penetration test, fresh porcine skin was obtained from the
market. The in vitro insulin release experiment was conducted by
piercing insulin-loaded MNs with varying PEG1500 contents (% relative
to PDES) into the porcine cadaver skin and detecting the insulin content
in the receiving solution. One piece of EMNs patch (1 cm?10 x 10)
contain only a needle portion weighing 0.03 g. Type I diabetic patients
require approximately 16 IU of insulin per day [52]. Therefore, the in-
sulin content of PDES used for the in vitro release experiments was 33
mg/g to ensure that each EMNs patch contained 1 mg (about 26 IU) of
insulin. Specifically, the MN was attached to isolated porcine cadaver
skin using a modified Franz diffusion cell. The receiving solution, a 0.1
M PBS solution, was continuously stirred at 200 rpm and maintained at
37 °C throughout the analysis. To determine the insulin release of the
prepared MN, 500 pL of the sample was taken at a predetermined time
point and an equal volume of fresh receiving solution was added. The
actual concentration of insulin in each obtained sample was quantified
using HPLC. To further characterize the diffusion release behavior of the
MN, a MN patch loaded with fluorescein sodium was prepared and
applied to mice. The in vivo imaging system (IVIS) (Xenogen 200, Caliper
Life Sciences, USA) was used to measure the fluorescence intensity and
determine the in vivo drug delivery efficiency.

4.14. Diabetes animal model and MNs treatment

The laboratory animals were acclimatized to standard conditions for
over two weeks before any experimentation. Diabetic mice were
induced by intraperitoneal injection of STZ (100 mg/kg body weight)
dissolved in 0.2 mL of sodium citrate buffer solution (pH 4.5, 0.05 M)
after an overnight fast. Blood glucose levels of the treated mice were
monitored for one week using a blood glucose meter (I-580, Yuyue
Medical Equipment Co., Ltd., China) until they stabilized. Only mice
with blood glucose levels exceeding 11.1 mM were considered diabetic
and used in this study. The content of insulin in PDES is 0.063 pg/g to
make sure each EMN patch used in each mouse contains 50 pIU of in-
sulin. Before the experiment, diabetic mice were anesthetized with 2%
isoflurane gas, and their hind hair was gently shaved. The insulin-loaded
MN patch (50 pIU) was then inserted into the dorsal skin and secured
with surgical tape. As a control experiment, the same dose of insulin
solution was subcutaneously injected. Blood samples were collected
from the cutting tip of the tail at selected time points (0 to 12 h) after
treatment, and the relationship between blood glucose levels and time
was measured using a blood glucose meter. The pharmacokinetic
behavior of insulin in animals was determined by piercing the insulin-
loaded MN into the skin of healthy rats. The collected blood samples
were centrifuged at 3000 rpm for 10 min to obtain plasma, which was
then frozen and stored at —20 °C until analyzed using an insulin ELISA
kit to measure the plasma levels of insulin delivered to the rats.

4.15. Statistical analysis

All analyses were conducted using a minimum sample size of n > 3.
Data analysis was performed using Excel and Origin 9. Descriptive sta-
tistics were presented as mean + SE. The t-test was employed to
compare data points. A statistical difference was considered repeatable
when P < 0.05. Significance is denoted in the figures as *P < 0.05, **P <
0.01, ***P < 0.001.

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.jconrel.2024.02.023.
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