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Self-Healing Porous Microneedles Fabricated Via Cryogenic
Micromoulding and Phase Separation for Efficient Loading
and Sustained Delivery of Diverse Therapeutics

Zhixin Ling, Yanting Zheng, Zhiming Li, Puxuan Zhao, and Hao Chang*

Sustained-release drug delivery formulations are preferable for treating
various diseases as they enhance and prolong efficacy, minimize adverse
effects, and avoid frequent dosing. However, these formulations are
associated with poor patient compliance, require trained personnel for
administration, and involve harsh manufacturing conditions that compromise
drug stability. Here, a self-healing biodegradable porous microneedle (PMN)
patch is reported for sustained drug delivery. The PMN patch is fabricated by
a cryogenic micromoulding followed by phase separation, leading to
formation of interconnected pores on the surface and internals of MNs. The
pores with self-healing feature enable the PMNs to load hydrophilic drugs
with different molecular weights in a mild and efficient manner. The healed
PMNs can easily penetrate into the skin under press and detach from the
supporting substrate under shear, thereby acting as implantable drug
reservoirs for achieving sustained release of drugs for at least 40 days.
One-time administration of desired therapeutics using the sustained-release
healed PMNs resulted in stronger and longer-lasting efficacy in mitigating
psoriasis and eliciting immunity compared to conventional methods with
multiple administrations. The self-healing PMN patch for self-administrated
and long-acting drug delivery can eventually improve medication adherence in
prophylactic and therapeutic protocols that typically require frequent dosages.

1. Introduction

Delivery of drug molecules (also referred to as active pharma-
ceutical ingredients) in a sustained-release manner is highly
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attractive in many biomedical applications.
For instance, in the treatment of chronic
diseases (e. g. autoimmune skin dis-
ease, cardiovascular disease, and cancer),
sustained-release drug delivery formula-
tions can increase drug effectiveness and
reduce the potential side effect by maintain-
ing drug in the body at optimal therapeutic
level, and improve patient compliance and
adherence by decreasing administration
frequency, compared to immediate-release
drug delivery formulations.[1] Furthermore,
sustained delivery of vaccines has been
demonstrated to induce potent and robust
adaptive immune responses by mimick-
ing natural infection and prolonging the
presentation of antigens.[2] Currently, var-
ious sustained-release delivery systems
or formulations have been developed in-
cluding implantable devices, polymeric
micro/nanoparticles and hydrogels.[3] Un-
fortunately, these formulations have to
rely on the hypodermic needle for admin-
istration or surgical implantation within
the body. These invasive procedures are
painful and cause stress, necessitate trained
professionals, thereby limiting them to use

in hospitals or clinics, and pose serious safety issues due to the
possible re-use and injuries from sharp tools such as needles
and scalpels.[4] Therefore, development of a sustained release
delivery system that is painless, minimally invasive and allows
self-administration is necessary in order to meet the tremendous
clinic needs.

Microneedles (MNs) are regarded as an attractive drug de-
livery system that can pierce the stratum corneum of the skin
and administer therapeutic molecules into the viable epidermis
and dermis layers in a painless, efficient, and minimally invasive
manner.[5] Drugs can be directly encapsulated into the matrix of
MNs to form MN-based drug-device combination systems, mak-
ing MNs easy to use and allowing for patient self-administration
with minimal training.[6] Transdermal delivery with MNs has
been extensively used for the treatment of local skin disorders
and systemic diseases, as well as vaccination.[7] Currently, sev-
eral types of MNs with sustained release properties have been
developed, mainly including hydrogel MNs, biodegradable MNs,
and MNs combined with nano/microparticles.[8] However, the
fabrication of hydrogel MNs and biodegradable MNs generally
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Figure 1. Schematic illustration of drug loading and transdermal administration using self-healing porous microneedle (PMN) patch. i) The proposed
PMNs have interpenetrating pores on both the surface and internal areas and are incubated in the aqueous drug solution. ii) Due to the ample space
provided by the pores, drug molecules can readily diffuse inside the PMNs, thereby achieving the efficient drug loading. iii) After being exposed to gentle
infrared irradiation, the slightly increased temperature (≈43 °C) triggers the glass transition of the polymer material, which leads to the self-healing of
the pores. iv) The resulted drug-loaded healed PMN patch can easily penetrate the skin under press. v) By applying a slight shear force with the fingers,
the drug-loaded healed PMNs can detach from the supporting substrate and be implanted inside skin tissue, further undergoing gradual biodegradation
to achieve sustained drug release.

involves harsh conditions, such as freezing-thaw cycles or UV-
irradiation for crosslinking hydrogel and high-temperature or or-
ganic solvents for making biodegradable MNs. Such a compli-
cated and harsh process can greatly compromise the bioactivity
of loaded drugs, particularly biomacromolecules such as antibod-
ies, peptides, and vaccine antigens.[9] In addition, MNs combined
with nano/microparticles are restricted by defects inherent to
nano/microparticles, such as low drug loading capacity, potential
toxicity, instability, and complexity of manufacturing.[10] These
limitations hamper the clinical translation of sustained-release
MN delivery systems.

Herein, we introduce a self-healing biodegradable porous mi-
croneedle (PMN) patch that not only enables mild and efficient
loading of hydrophilic drugs with different molecular weights,
but also acts as an implantable drug reservoir for sustained re-
lease in a minimally invasive manner (Figure 1). The PMN patch
consists of an array of porous MNs made from polylactic-co-
glycolic acid (PLGA) and a supporting substrate made from a
biocompatible resin. The PMN patch is fabricated using a cryo-
genic micromoulding followed by non-solvent exchange induced
phase separation, resulting in interconnected pores on both the
surface and internal areas of the MNs (Figure 2A). The pores en-
able PMNs to efficiently load hydrophilic drugs with different
molecular weights in a diffusion manner, and they can further
be self-healed under mild conditions to form the drug-loaded
biodegradable MNs. The healed PMN can efficiently penetrate
the skin with a thumb press and detach from the supporting sub-

strate under shear, acting as drug reservoirs implanted into skin
tissue. Subsequently, they undergo slow biodegradation in the
skin to achieve the sustained release of the payload for over 40
days. The PMN patch was used to load methotrexate (MTX) and
ovalbumin (OVA) as a model antigen, followed by transdermal
administration. Our results demonstrate that one-time adminis-
tration of desired therapeutics using healed PMN patch resulted
in more robust and durable efficacy in alleviating psoriasis and
inducing adaptive immune responses compared to conventional
methods with multiple administrations.

2. Results and Discussion

2.1. Design, Fabrication, and Characterization of Self-Healing
PMN Patches

PLGA is chosen as the material for the PMNs due to its
biodegradability, biocompatibility, and ability to be formulated
for sustained drug release over weeks to months.[11] In addition,
PLAG endows the PMNs with a self-healing ability, which occurs
at temperature near glass transition temperature (Tg) of PLGA,
ranging from 30 to 60 °C.[12] During the glass transition of PLGA,
its chains undergo rearrangement and self-assembly, which can
subsequently result in the healing of pore structures on a macro-
scopic scale.[13] The supporting substrate was made from a bio-
compatible resin that is impermeable and hydrophobic. This
design effectively prevents the drug from diffusing into the
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Figure 2. Fabrication and characterization of self-healing PMN patch. A) Schematic illustration of the fabrication process of self-healing PMN patch. The
self-healing PMN patch was fabricated using a cryogenic micromoulding followed by phase separation process. Representative bright-field microscopy
images of PMN patch B) and healed PMN patch C). Scale bar, 1000 μm (up) and 200 μm (down). Representative bright-field and fluorescence-field
microscopy images of FITC-OVA loaded PMN patch D) and healed PMN patch E). Scale bar, 2000 μm.

supporting substrate during the drug loading process. As a result,
it improves the efficiency of delivery and reduces the drug waste
because only the microneedles can be inserted into the skin. The
self-healing PMN patch was fabricated using a cryogenic micro-
moulding followed by the phase separation process (Figure 2A).
Briefly, PLGA solution was poured into the PDMS mould to fill
the microneedle cavities. A photo-curable resin was then poured
into the remaining sections of the mould, forming the support-
ing substrate through UV irradiation. The filled PDMS mould
was placed at −20 °C for 4 h. After cryogenic demoulding, the re-
sulting MN patch was immersed in deionized water for 4 h to in-
duce pore formation through phase separation. Finally, the PMN
patch was obtained after complete drying.

Cryogenic demoulding is a critical step during fabrication. The
freezing treatment leads to the formation of ice within MNs,
which facilitates the complete removal of the MNs composed
of the PLGA solution from the mould while preserving their
shape and structural integrity. It is similar to the fabrication
of cryomicroneedles.[14] With the increase of phase separation
temperature from 4 to 37 °C, accelerating the diffusion rate of

solution and the rearrangement of PLGA chains in the MNs.
The morphology of MNs is more uniform and complete, and
pores are interconnected at 37 °C (Figures S1 and S2, Support-
ing Information). Moreover, the MNs experienced different de-
grees of swelling under different temperature conditions, as in-
dicated by an increase in height to approximately 717, 1017, and
1400 μm, respectively, at the temperature of 4, 25, and 37 °C
(Figure S4, Supporting Information). In addition, as the concen-
tration of PLGA increased from 200 to 600 mg mL−1, the size of
the large pores in the PMNs gradually decreased, while the size
of the small pores gradually increased after phase separation at
37 °C. Moreover, at a concentration of 200 mg mL−1, the pores
formed on the surface of the PMNs are larger and more densely
packed, which hinders closure. Additionally, at a concentration
of 600 mg mL−1, the pores formed are too small, which will ad-
versely affect the drug load (Figure S3, Supporting Information).
However, at a concentration of 400 mg mL−1, the color of the
MNs changed to a pale white, and they exhibited a “sponge-like”
morphology (refer to Figure S5B,E, Supporting Information). Af-
ter cryogenic demoulding, the obtained MNs were translucent,
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Figure 3. Morphology of PMN patch and healed PMN patch. Representative SEM images of overall PMNs A), scale bar, 200 μm, surface of PMNs B),
scale bar, 20 μm, and the cross section of PMNs C), scale bar, 20 μm. D) Representative SEM images of cross sections of PMNs at different heights,
Scale bar, 200 μm. E) Representative SEM images of overall healed PMNs at different IR irradiation times, scale bar, 500 μm, as well as their surface,
scale bar, 20 μm, and the cross sections, scale bar, 100 μm.

with a height of approximately 1200 μm (Figure S5A,E, Support-
ing Information). The dimensions of the MNs after cryogenic de-
moulding are similar to those of the MN master template, indi-
cating successful replication of the template. Additionally, cryo-
genic demoulding allowed the MNs to retain the solvent phase,
which resulted in immediate phase separation within the MNs
upon immersion in the non-solvent (i.e., water). Due to the mis-
cibility of the solvent (1,4-dioxane) and the non-solvent (water), an
exchange occurred between the solvent and non-solvent, leading
to the formation of polymer-rich and polymer-lean phases. After
thorough drying, the polymer-rich phase establishes the skeletal
structure of the PMNs, while the polymer-lean phase creates the
pores.[15]

The fabricated PMN patch comprised a 10 × 10 array of
vertically arranged porous microneedles on a transparent resin
supporting substrate (Figure 2B). Scanning electron microscopy
(SEM) images revealed that the PMNs have a relatively uniform
size and that their surfaces are uniformly distributed with pores
ranging in diameter from 5 to 10 μm (Figure 3A,B). The cross-
section of MNs at various heights was further demonstrated to
possess numerous external pores and internally interconnected
cavities, which were formed through swelling and phase separa-
tion (Figure 3C,D; Figure S6, Supporting Information). The sizes
of the pores from 5 to 10 μm are sufficient for loading both low
and high molecular weight drugs.[16]

The PMNs were exposed to the gentle infrared (IR) irradiation
to increase the temperature to ≈43 °C (Figure S7A,B, Support-

ing Information), resulting in the self-healing of pores on both
the surface and within the internals of the MNs (Figure 3E).
This temperature was also applied for sealing PLGA in previ-
ous study.[17] In addition, the degree of pore healing increases
with the duration of IR irradiation. When the irradiation time
reached 80 min, the pores inside and on the surface of the
MNs were completely healed, despite the fact that the inter-
nal air could not be fully expelled during the glass transi-
tion of PLGA (Figure 3E). After complete healing of pores,
the color of MNs transformed from white to semi-translucent
(Figure 2C), and the MNs reduced in size to ≈1000 μm in height
(Figure S5C,E, Supporting Information). After separating the
MNs from the supporting substrate, it is observed that the MNs
are connected to a supportive cap structure with a height of
≈300 μm (Figure S5D,E, Supporting Information). Therefore,
the actual height of the healed PMN is ≈700 μm. This phe-
nomenon may arise from the rearrangement of molecular chains
caused by the movement of polymer chains during the pro-
cess of glass transition, leading to a reduction in the volume of
MNs.[18]

2.2. Mechanical Performance and Skin Insertion Ability of PMN
Patch

Sufficient mechanical strength is crucial for successful skin pen-
etration by MNs. The mechanical strength of the PMN patch was
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Figure 4. Mechanical property of healed PMN patch. A) Schematics of the experimental were obtained for the healed PMN patch exposed to different
IR irradiation times under vertical compression force. Data are presented as means ± s.d. (n = 8 independent samples). B) Representative images of
healed PMN patches irradiated at different IR times after vertical pressure. Scale bar, 1000 μm. C) Compressive strength of healed PMN patch prepared
by IR irradiation at different times. Data are presented as means ± s.d. (n = 8 independent samples). D) Schematic of the mechanical experimental for
the healed PMN patch under compression applied by a horizontal force after an 80 min period of IR irradiation. Data are presented as means ± s.d.
(n = 3 independent samples). E) Representative photographs of healed PMNs loaded with FITC-OVA before inserted into the fresh porcine skin. F) The
separated substrate of FITC-OVA loaded healed PMNs after being inserted into the porcine skin. Scale bar, 500 μm. G) Representative images of needle
retention in porcine skin after insertion of FITC-OVA loaded healed PMNs. Scale bar, 200 μm. H) Representative images of cryosections after application
of FITC-OVA loaded healed PMNs inserted into the porcine skin. Scale bar, 500 μm. In C, ***p < 0.001 versus IR 80 min, ****p < 0.0001 versus IR
60 min, ****p < 0.0001 versus IR 40 min.

assessed using a tensile testing machine after different durations
of IR irradiation. The load versus displacement profiles showed
that the force of PMNs could tolerate increased, while the frac-
ture or bend displacement decreased with longer IR irradiation
time (Figure 4A). This result indicates that the rigidity of PMNs
increased while their toughness decreased with the increasing in-
tensity of the glass transition of the PMNs. Regardless of whether
the PMNs healed, they were able to withstand compressive forces
greater than 0.3 N per needle without fracturing or bending.
This force is higher than the minimum average force required
for normal skin penetration, which is 0.058 N per needle.[19] As
the irradiation time increases, the morphology of PMNs under-
goes a significant phase transition from a white appearance to
a translucent one during compression (Figure 4B). Additionally,
the degree of bending or breaking displacement gradually de-
creases. The compression strength was calculated from the slope
of stress-strain curve. After subjecting the PMNs to IR irradiation
for various durations (0, 20, 40, 60, 80, and 100 min), the com-
pression strengths were measured as follows: 55.9 ± 7.6, 95.7 ±
11.2, 126.1 ± 9.5, 145.3 ± 10.1, 161.6 ± 9.1, and 177.6 ± 7.9 MPa,
respectively (Figure 4C). After subjecting the PMNs to 80 min of
IR irradiation, we observed complete healing of both the exter-
nal and internal pores (Figure 3E). Additionally, the compressive
strength reached a satisfactory level (Figure 4A). Based on these
results, we selected this duration as the optimized healing time
for subsequent experiments. Importantly, we also found no sig-

nificant difference in the OVA content loaded in the PMN patch
before and after IR-irradiation for 80 min (Figure S7C, Support-
ing Information), which suggests that this healing process did
not affect the activity of OVA.

Moreover, shear fracture strength of PMNs after 80 min of
healing was determined under shear administrated by a horizon-
tal force. The healed PMNs easily separated from the backing un-
der a shear force of ≈0.11 N per needle (Figure 4D), which can be
easily applied by hand.[20] To evaluate the skin insertion capabil-
ity of the healed PMNs, we used a healed PMN patch containing
FITC-OVA for visualization and applied it to porcine skin, which
is anatomically similar to human skin (Figure 4E).[21] The healed
PMNs were inserted into the skin by applying thumb pressure
and left in place for ≈30 s. Subsequently, a gentle shear force
was applied with the finger for 5 s to detach the MNs from the
supporting substrate. The MNs achieved a 100% insertion ra-
tio, as confirmed by an array of spots (10 × 10) and dye color of
FITC-OVA on the skin surface (Figure 4G). Minimal FITC-OVA
residue (light yellow) was observed on the resin supporting sub-
strate (Figure 4F). Histological sections revealed that the healed
PMNs were completely embedded in the skin tissue after sep-
aration from the substrate (Figure 4H). The complete implan-
tation of microneedles within the skin can be attributed to the
supportive cap structure on the backing (Figure S5D, Supporting
Information), which enhances the penetration depth of the MNs.
This excellent penetration ability and the implantable features of

Small 2023, 2307523 © 2023 Wiley-VCH GmbH2307523 (5 of 15)

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202307523 by Z
hejiang U

niversity, W
iley O

nline L
ibrary on [29/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.small-journal.com

Figure 5. Drug loading capacity of self-healing PMN patch. Representative bright-field and fluorescence-field microscopy images of PMNs A) and healed
PMNs B) loaded with FITC-OVA at the concentration of 2, 5, 10, 15, and 20 mg mL−1. Scale bar, 500 μm. Loading capacity of PMNs with C) fluorescein
(376 Da), D) FITC-OVA (45 kDa), and E) FITC-Dex (150 kDa) at various concentrations. Data are presented as means± s.d. (n = 6 independent samples).
In C, D, and E, ****p < 0.0001 versus 15 mg mL−1, ****p < 0.0001 versus 10 mg mL−1, ****p < 0.0001 versus 5 mg mL−1, ****p < 0.0001 versus
2 mg mL−1.

healed PMN patch would potentially improve drug delivery effi-
ciency by reducing drug leakage from the skin.

2.3. Drug Loading Capacity of the PMN Patch

Due to the existence of numerous external open pores and inter-
nally interconnected cavities, the drug molecules can be loaded
into the PMNs through the diffusion effect during the incubation
process (Figure 1). To evaluate the drug loading capacity of PMN
patch, we utilized three model drugs with varying molecular
weights: fluorescein (376 Da), fluorescein isothiocyanate-labelled
ovalbumin (FITC-OVA, 45 kDa), and fluorescein isothiocyanate-
labelled dextran (FITC-Dex, 150 kDa). Each drug was loaded into
the PMN patch individually, employing different concentrations
of incubation solution (2, 5, 10, 15, and 20 mg mL−1). All types
of drugs were successfully loaded into the PMN patch through
diffusion, as evidenced by the distribution of the fluoresce sig-
nal along with the MN matrix (Figure 5A,B; Figure S8, Support-
ing Information). The fluorescence intensity of FITC-OVA and
FITC-Dex in PMNs increased as the concentrations of incubation
solution increased (Figure 5A,B; Figure S8C,D, Supporting Infor-
mation). However, we observed that as the concentration of the
incubation solution increased, the fluorescence intensity of flu-
orescein in PMNs gradually decreased to the point where it was
no longer clearly visible (Figure S8A,B, Supporting Information).
This decrease can be attributed to the high concentration of flu-
orescein, which causes molecular collisions, reduces the fluores-
cence efficiency of the molecules, and ultimately leads to the phe-
nomenon of fluorescence self-extinction.[22] Using FITC-OVA as
an example, the morphology of both the PMN patch and the
healed PMN patch after drug loading shows that FITC-OVA was

predominantly concentrated within the needle parts and mini-
mal fluorescence was observed in the resin supporting substrate
(Figure 2D,E), which would potentially avoid drug waste and im-
prove delivery efficiency.

Furthermore, the loading content of fluorescein, FITC-OVA,
and FITC-Dex using PMN patch were quantified, respectively.
The loading content is positively correlated with the concentra-
tion of the incubation drug solution, regardless of the drugs’
molecular weight (Figure 5C–E). When the concentration of the
incubation solution was 2, 5, and 10 mg mL−1, the loading con-
tent of the three drugs in PMNs was the same, ≈10, 22, and
44 μg, respectively. At concentrations of 15 and 20 mg mL−1

in the incubation solution, the drug loading content of PMNs
slightly decreased as the molecular weight of the drugs increased.
For instance, when the concentration of the incubation solution
was 20 mg mL−1, the loading content of PMNs for fluorescence,
FITC-OVA, and FITC-Dex was 104.5 ± 5.1, 97.1 ± 3.7, and 88.9
± 4.7 μg, respectively. Anyway, these results suggest that the
PMN patch was able to load hydrophilic drugs, ranging from
small molecules to large molecules, through diffusion. The post-
loading approach, which utilizes the self-healing properties of
materials, has also been employed in the development of sus-
tained release microcapsules, also demonstrating great advan-
tages compared to the pre-loading approach.[13,23] Additionally,
the loading content could be precisely controlled by adjusting the
drug concentration in the incubation solution.

2.4. Drug Release and Degradation of Healed PMN Patch

FITC-OVA was loaded into the PMNs for the studies of release
kinetics and degradation behavior. The MNs were incubated in

Small 2023, 2307523 © 2023 Wiley-VCH GmbH2307523 (6 of 15)
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Figure 6. In vitro and in vivo degradation and drug release of healed PMN patch. A) Representative bright-field and fluorescence-field microscopy images
of the degradation behaviour of FITC-OVA loaded healed PMNs on day 3, 5, 10, 20, 30, 43, 50, and 60 in vitro. Scale bar, 1000 μm. (n = 6 independent
samples). B) The cumulative release of OVA-loaded healed PMNs was measured with a BCA kit during two months of incubation in vitro. Data are
presented as means± s.d. n = 6 independent samples. C) Optical images taken from IVIS analysis demonstrated the release of FITC-OVA-loaded
healed PMNs embedded inside the skin of the mice over a long period of time. (n = 4 independent animals). D) Quantification analysis of fluorescence
intensity was performed on IVIS images to measure the persistence of FITC-OVA loaded healed PMNs embedded inside the skin of mice over an extended
period. Data are normalized to the fluorescence intensity at day 0. Data are presented as means± s.d. (n = 4 independent animals).

phosphate-buffered saline (PBS, pH 7.4) at 37 °C to mimic the
physiological environment. We first examined the morphologi-
cal changes of healed PMNs during the degradation and the long
period of FITC-OVA release. As shown in Figure 6A, the MNs im-
mersed in PBS for a duration of 5 days exhibited a sharp-pointed
conic shape and displayed a strong fluorescence intensity. How-
ever, the tips of MNs were passivated, and the MNs gradually ex-
panded while the fluorescence intensity slowly decreased after
being immersed in PBS from 10 to 30 days. The MNs displayed
a poor appearance and low fluorescence intensity after being im-
mersed for 43 days. It took 60 days for the MNs to degrade almost
completely and the fluorescence signal was almost invisible. The
observed phenomenon of degradation may be attributed to the
pore formation and erosion caused by PLGA during hydrolysis,
leading to an increased volume and slow release of FITC-OVA.[24]

Furthermore, the cumulative release of OVA from healed PMNs
was quantified. There was almost no burst release of OVA on
day 1 (Figure S9, Supporting Information), and most of the drug
(≈96.2± 3.5%) was gradually released from the MNs over 60 days
(Figure 6B).

To evaluate the in vivo drug release, we monitored the fluo-
rescence signal of FITC-OVA after its delivery into the mice’s

back skin using healed PMN patch. Once the MNs implanted
into skin, a strong fluorescence signal was observed on the site of
administration (Figure 6C,D). Once the healed PMNs punctured
into the skin, the fluorescence signal and intensity can be cap-
tured at day 0. With the microneedles embedded in the skin for
an extended period, the fluorescence signal and intensity grad-
ually diminished. The fluorescence signal gradually weakened
from the center to the outer edges of application sites due to the
diffusion of FITC-OVA released from the healed PMNs. After 50
days, there was nearly no fluorescence signal detected. The degra-
dation and OVA release of healed PMNs show slight differences
between in vivo and in vitro settings, which might be attributed
to the more complex physiological environment of the skin com-
pared to PBS. For example, the presence of enzymes in the
skin resulted in an enzyme-catalyzed degradation mechanism of
PLGA, which differs from pure hydrolytic degradation.[25] Any-
way, these results collectively indicate that the healed PMN patch
has the capability to achieve a delivery timeframe of at least one
and a half months. Long-acting drug delivery formulations that
facilitate sustained drug release are highly preferable in many
clinical therapies by prolonging therapeutic effects, minimiz-
ing systemic toxicity, and enhancing patient adherence.[26] The
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healed PMNs can be easily detached from the supporting sub-
strate once inserted into the skin (Figure 4G). This implantable
feature not only minimizes discomfort caused by long-term patch
wearing on the skin surface but also has the potential to protect
patients’ medication privacy.[9a]

2.5. Sustained Delivery of Therapeutics by Healed PMN Patch in
Treatment of Psoriasis

Psoriasis is a chronic, immune-mediated inflammatory skin dis-
ease characterized by erythema, desquamation, and thickening.
It has a significant impact on the physical and mental health
of patients.[27] Methotrexate (MTX) has long been considered
the first-line pharmacotherapy for psoriasis, but it is associated
with systemic side effects such as nausea, vomiting, neutrope-
nia, and hepatotoxicity.[28] To evaluate the therapeutic effects of
MTX-loaded healed PMN patch, a mouse model of psoriasis in-
duced by imiquimod (IMQ) on the mice dorsal skin was estab-
lished. The oral and topical administration of MTX were used
for comparison. The release profile of MTX is similar to that
of OVA from healed PMNs (Figure S10, Supporting Informa-
tion). About 60% of MTX was gradually released from the MNs
over the course of 20 days. The schedules of different adminis-
tration methods are illustrated in Figure 7A. The skin lesions
of mouse with IMQ-induced psoriasis generally exhibited typical
manifestations of erythema, induration, and thickening.[29] On
day 7, psoriasis-like lesions were observed in the model group
and blank MN treated group, displaying severe hyperkeratosis
(Figure 7B). One-time administration of MTX with healed PMNs
greatly improves the severity of psoriasis in IMQ-induced skin le-
sions, compared to oral and topical administration, even with in-
creased administration frequency. The severity of the disease was
assessed daily using an objective scoring system called the Psori-
asis Area and Severity Index (PASI), which is based on the eval-
uation of erythema, scaling, and induration. The psoriasis lesion
area and PASI scores observed over the 7-day period were consis-
tent with the pathological symptoms depicted in the images and
statistical data on skin thickness. This indicates that the overall
efficacy of administering MTX-loaded healed PMN patches is su-
perior to that of other treatment groups (Figure 7C; Figure S11A,
Supporting Information). Topical application of IMQ can induce
splenomegaly in mice due to the increase infiltration of immune
cells such as dendritic cells, macrophages, and T cells.[30] The
spleens of the model mice that did not receive MTX treatment
displayed the largest size and the highest weight. The administra-
tion of MTX with healed PMN patches can reverse splenomegaly,
resulting in a smaller and lighter spleen compared to oral and
topical administration (Figure 7E,F).

The severity of psoriasis was further determined by weigh-
ing the skin biopsy specimens. The weight of the skin biopsy
from the mice treated with MTX-loaded healed PMN patch was
significantly lower than that of the mice treated with oral and
topical administration (Figure 7D). The full-thickness skin of
mice was subjected to H&E (hematoxylin and eosin) staining.
H&E staining revealed severe hyperkeratosis in both the model
group and the blank healed PMN group, which was charac-
terized by epidermal hyperplasia and edema. The epidermal
thickness of mice treated with MTX-loaded healed PMNs is

39.82 ± 3.74 μm (Figure 7G,H). In comparison, mice that re-
ceived oral or topical administration, regardless of the num-
ber of administrations, showed a thicker epidermis. The thick-
ness measured was 124.43 ± 3.94 μm for oral administration
once, 100.64 ± 2.71 μm for oral administration three times,
129.39 ± 2.63 μm for topical administration once, and 106.12
± 3.65 μm for topical administration three times, respectively
(Figure 7G,H). The level of glutamic oxaloacetic transaminase
(GOT) in the liver was evaluated to assess the systemic side ef-
fects of different treatments because the liver is responsible for
metabolizing drugs. Oral administration of MTX induced the
higher level of GOT than topical and MN administration. In-
creasing the topical administration times resulted in upregula-
tion of GOT level. One-time administration MTX with healed
PMN patches did not cause substantial harm (Figure 7I). Mean-
while, no obvious change in body weight was monitored dur-
ing treatment (Figure S11B, Supporting Information). Collec-
tively, the data demonstrate that a single dose of MTX-loaded
healed PMN patch has been shown to achieve prolonged ther-
apeutic effects in the mitigation of psoriasis while minimizing
side effects, even compared to multi-dose via oral and topical
administration.

2.6. Sustained Delivery of Antigens with Healed PMN Patch Elicit
Potent and Durable Adaptive Immune Responses

To describe the application in vaccination, we applied the PMN
patch to loaded the OVA, a widely used model vaccine antigen,[31]

and compared the humoral and cellular immune responses with
conventional vaccination approaches including subcutaneous
(SC) and intramuscular (IM) injections. Mice received single vac-
cination on day 0 and the sera samples were collected on day
0, 10, 20, and 30 (Figure 8A). The levels of OVA-specific IgG
and IgG1 induced by the OVA-loaded healed PMN patch were
significantly higher compared to those in the SC and IM injec-
tion groups (Figure 8B,C). These levels showed a continuous in-
crease over a period of 30 days. This data implies the sustained
delivery of antigen with healed PMNs induced stronger humoral
immune responses than SC and IM injection. Furthermore, the
antigen-specific cellular immune responses induced by different
vaccination methods were evaluated. Compared to SC and IM in-
jections, vaccination with OVA-loaded healed PMNs resulted in
higher levels of OVA-specific IgG2a antibody (Figure 8D), sug-
gesting enhanced cell-mediated immune response.[32] Spleno-
cytes of mice vaccinated with OVA-loaded healed PMNs showed
the fastest proliferation (Figure 8E) and secreted higher levels
of IFN-𝛾 (Figure 8F) compared with those from mice vaccinated
with OVA-SC and OVA-IM injection groups. The OVA-specific
cytotoxic T lymphocyte (CTL) immunity relied on the ratio of
effector cells to target cells. Specifically, it determined the spe-
cific killing effect between splenic T lymphocytes from vacci-
nated mice and the B16 melanoma cell line transfected with oval-
bumin (OVA-B16). The data indicates a significant increase in
the efficiency of inducing OVA-B16 cell lysis as the proportion
of splenocytes increased from 10:1 to 100:1. Additionally, OVA-
loaded healed PMNs demonstrated higher lysis efficiency com-
pared to OVA injections via IM and SC methods (Figure 8G).
Finally, after being vaccinated with OVA-loaded healed PMNs,
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Figure 7. Psoriasis alleviation by methotrexate (MTX)-loaded healed PMN patch. A) Schematic illustration of different treatments for imiquimod (IMQ)-
induced psoriasis. B) Representative photographs of imiquimod-induced psoriasis mice treated with various treatments on day 7. C) PASI score of
psoriasis skin. D) The punch biopsy weight in the back skin of psoriasis mice after the indicated treatments on day 7. E) The images of spleen harvested
on day 7. F) Spleen weights of experiment mice on day 7. G) H&E staining of skin tissue sections after treated with various formulations. Scale bar,
200 μm. H) Quantification of epidermal thickness in H&E-stained microphotographs. I) Glutamic Oxalacetic Transaminase (GOT) activity in mice
liver was determined by GOT/AST kit after various treatments. The code demotes the following: I, Control (health mice without psoriasis); II: Model
(psoriasis mice without treatment); III: MTX-Oral×1 (psoriasis mice with oral administration of MTX one time); IV: MTX-Oral×3 (psoriasis mice with oral
administration of MTX three times); V: MTX-Topical×1 (psoriasis mice with topical administration of MTX one time); VI: MTX-Topical×3 (psoriasis mice
with topical administration of MTX three times); VII: Blank healed PMNs (psoriasis mice treated with blank healed PMNs); VIII: MTX-healed PMNs×1
(psoriasis mice treated with MTX-loaded healed PMNs one time). Data are presented as means ± s.d. (n = 5, independent animals). Two-tailed Student’s
t-test was used to compare MTX-Oral×1, MTX-Oral×3, MTX-Topical×1, and MTX-Topical×3 groups. In C, ****p < 0.0001 versus MTX-Oral×3 group,
****p < 0.0001 versus MTX-Topical×3 group. In D, ****p < 0.0001 versus MTX-Oral×3 group, ****p < 0.0001 versus MTX-Topical×3 group, p > 0.05
versus MTX-Topical×1 group, p > 0.05 versus MTX-Oral×1 group. In F, ****p< 0.0001 versus MTX-Oral×3 group, ****p< 0.0001 versus MTX-Topical×3
group, ****p < 0.0001 versus Model group, p > 0.05 versus MTX-Topical×1 group, p > 0.05 versus MTX-Oral×1 group. In H, ****p < 0.0001 versus
MTX-Oral×3 group, ****p < 0.0001 versus MTX-Topical×3 group, ***p < 0.001 versus MTX-Topical×1, ****p < 0.0001 versus MTX-Oral×1 group.
In I, ****p < 0.0001 versus MTX-Oral×3 group, ****p < 0.0001 versus MTX-Topical×3 group, ***p < 0.001 versus MTX-Topical×1, p > 0.05 versus
MTX-Oral×1 group. In G, three images were taken for each group and all experiments were repeated independently twice, with similar results.
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Figure 8. Vaccination of antigen (OVA)-loaded healed PMN patch. A) Schematic illustration of different vaccination methods on day 0. Vaccination with
OVA-healed PMNs (OVA-loaded healed PMNs), subcutaneous (OVA-SC), and intramuscular (OVA-IM) injections of OVA, and blood was collected on
days 0, 10, 20, and 30. The level of anti-OVA IgG B), IgG1 C), and IgG2a D) antibodies by ELISA over time. E) In vitro proliferation of extracted splenocytes
restimulated with 50 μg mL−1 antigen (OVA). The proliferation rate of splenocytes at 72 h was relative to 0 h and was obtained using CCK-8 assay.
F) Secretion level of IFN-𝛾 in the culture supernatants after 72 h of culture. G) Determination of cytotoxic T lymphocyte (CTL) activity in vitro. Effector
cells (splenocytes) and target cells (B16-OVA cells) were co-cultured at different ratios. “E:T” refers to the ratio of effector cells (E) and target cells (T).
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the weight of mice was not affected (Figure S12, Supporting
Information), and there were no abnormalities observed in the
main organs (heart, spleen, liver, kidney, and lung) (Figure S13,
Supporting Information).

Finally, we assessed the duration of immune responses follow-
ing a single administration of OVA using a healed PMN patch
and conducted a longitudinal analysis of antigen-specific IgG
production following various vaccination protocols (Figure 8H).
For a single bolus injection via SC or IM route, a delayed OVA-
specific humoral immune response was observed after 4 weeks
following immunization and it gradually decayed after the 6th
week (Figure 8I). The second immunization of OVA via SC or
IM injection induced a significant increase in level of OVA-
specific IgG antibody at week 6 (4 weeks after the second im-
munization). The level of IgG antibody, using the double im-
munization regimens, began to wane at the 10th week. A sin-
gle immunization of OVA using the healed PMN patch results
in a significant increase in the level of OVA-specific IgG anti-
bodies in the 2nd week and maintains this trend until the 10th
week. Although the level of IgG antibodies using the healed PMN
patch started to wane from the 10th week, the values still re-
mained higher over time compared to those after double im-
munization regimens via SC and IM injections. In the 14th
week after the first immunization, the levels of OVA-specific
IgG, IgG1, and IgG2a antibodies were significantly higher when
using the OVA-loaded healed PMN patch compared to dou-
ble SC or IM injections (Figure S14, Supporting Information).
These results collectively indicate the capability of a healed PMN
patch to not only induce more robust but also longer-lasting
antigen-specific adaptive immune responses, compared to con-
ventional bolus injections via SC and IM routes. The enhanced
and prolonged immunity can be attributed to two factors: the
spatial factor and the temporal factor. From a spatial perspec-
tive, the antigen is delivered into the skin, which is rich in
antigen-presenting cells (APCs) critical for initiating an adap-
tive immune response.[2a] From a temporal perspective, the sus-
tained release of antigen can prolong the exposure and pre-
sentation of the antigen, similar to natural infections.[2b] This
painless, easy-to-use, efficient, and single-administration vacci-
nation strategy could be an attractive alternative for mass vac-
cination programs, especially during a pandemic. The appli-
cations of the PMN patch are not limited to treating psoria-
sis and vaccination. By loading desired therapeutics, this PMN
patch could be used for various clinical purposes where there is
a need for long-acting medication, such as contraception, sup-
pression of androgens, and the treatment of opioid and alcohol
addiction.[1a]

3. Discussion

Porous MNs have been explored for drug and cell delivery.[33]

However, none of the existing systems has been demonstrated
to achieve sustained delivery of loaded therapeutics, and they al-
ways experience rapid release due to the leakage of the loaded
therapeutics from the pores.[33a,b] To the best of our knowledge,
our PMN patch with self-healing features, specially designed for
the sustained delivery of therapeutics, has never been reported
before. Currently, several strategies are commonly employed
for fabricating porous MNs, including lyophilization, sacrificial
porogens, and template phase separation.[33a,b,34] However, the
MNs produced through these methods often suffer from struc-
tural collapse and low porosity issues.[34a,35] Moreover, both the
MNs and their supporting substrate contain pores, which poses
a potential risk of drug wastage, as only the drugs loaded in the
MN part can be effectively delivered into the skin. In this study,
we present a novel fabrication strategy for the PMN patch. The
strategy involves a cryogenic demoulding-based micromoulding
technique, followed by non-solvent exchange-induced phase sep-
aration. The resulting PMNs exhibited well-replicated morphol-
ogy, and both the surface and interior of the PMNs displayed uni-
formly distributed interconnected pores (Figures 2 and 3). Be-
sides, the supporting substrate is made of biocompatible and im-
permeable resin, which ensure the drugs are loaded only in the
MN parts (Figures 2 and 5). Long-acting drug delivery formula-
tions that facilitate sustained drug release are highly preferable in
many clinical therapies by prolonging therapeutic effects, min-
imizing systemic toxicity, and enhancing patient adherence.[26]

The pores with a self-healing feature enable PMNs to encapsulate
hydrophilic drugs with varying molecular weights under gentle
conditions. The healed PMN patch facilitates the sustained re-
lease of therapeutics, potentially achieving the targeted delivery
timeframe of at least one month (Figure 6).

Although promising, several works remain before translating
our PMN patch from bench to clinic. First, the specific target re-
lease times need to be optimized for different clinical purposes.
Since PLGA with varying molecular weights or different propor-
tions of lactic acid and glycolic acid exhibit different degradation
rates,[12,36] we can use appropriate PLGA to make PMN patch
with the desired release duration. Second, the drug loading ca-
pacity of PMNs is still limited due to their micro-scale dimen-
sions, which poses a critical issue when a high dose of drugs is
required to achieve an effective therapeutic window. One solu-
tion to increase the dosage is by increasing the number of mi-
croneedle arrays with a larger patch.[37] Third, developing an ap-
plicator is necessary for the reliable administration of the PMN

H) Schematic illustration of different vaccination methods to determine long-term immunity. The first immunization vaccination was performed with
subcutaneous injection of OVA (OVA-SC 1), intramuscular injection of OVA (OVA-IM 1), and OVA-loaded healed PMNs (OVA-healed PMNs 1) on week
0. The second vaccinations were performed with subcutaneous injections of OVA (OVA-SC 2) and intramuscular injections of OVA (OVA-IM 2) on week
4. Blood of experiment mice was collected on week 0, 2, 4, 6, 8, 10, 12, and 14. I) Long-term immunity responses, shown are ELISA analyses of anti-OVA
IgG over times. In B-I, data are presented as means ± s.d. (n = 5, independent animals). Two-tailed Student’s t-test was used to for comparing OVA-SC,
OVA-IM, OVA-SC 2, and OVA-IM 2 groups. In (B–G), ****p < 0.0001versus OVA-SC group, ****p < 0.0001 versus OVA-IM group. In I, ****p < 0.0001
versus OVA-SC 2 group and ####p < 0.0001 versus OVA-IM 2 group on week 2, ****p < 0.0001 versus OVA-SC 2 group and ####p < 0.0001 versus
OVA-IM 2 group on week 4, ****p < 0.0001 versus OVA-SC 2 group and ####p < 0.0001 versus OVA-IM 2 group on week 6, ***p < 0.001 versus OVA-SC
2 group and ####p < 0.0001 versus OVA-IM 2 group on week 8, *p < 0.05 versus OVA-SC 2 group and ####p < 0.0001 versus OVA-IM 2 group on week
10, ****p < 0.0001 versus OVA-SC 2 group and ####p < 0.0001 versus OVA-IM 2 group on week 12, ****p < 0.0001 versus OVA-SC 2 group and ####p
< 0.0001 versus OVA-IM 2 group on week 14.
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patch, ensuring that the penetration and detachment of MNs do
not rely solely on users correctly applying compression and shear
force.

4. Conclusion

In this study, we developed a self-healing porous micronee-
dle (PMN) patch via cryogenic micromoulding and phase sep-
aration for efficient loading and sustained delivery of diverse
therapeutics. Compared to existing sustained-release drug de-
livery systems, the self-healing PMN patch offers several ad-
vantages. Firstly, due to its porous structure and self-healing
ability, the PMNs patch allows for a post-loading approach that
features a simple process, mild conditions, and the absence
of harsh conditions (such as high temperature, organic sol-
vents, and mechanical stirring), resulting in significantly im-
proved stability for loaded drugs. The loading content of de-
sired drugs can be controlled by adjusting the initial concentra-
tion of the incubation solution. Secondly, unlike conventional
sustained-release systems or formulations that rely on the in-
jection or surgical implantation, the administration of drug-
loaded healed PMN patch simply requires the penetration of
MNs into the skin with thumb press and detachment of MNs
from the based substrate with a shear, resulting in a painless,
user-friendly, and minimally invasive procedure. Last but not
least, the PMNs are made of FDA-approved material (PLGA)
with rational and ingenious design instead of newly synthesized
materials, potentially facilitating their translation from bench to
clinic. With further development and optimization, we antici-
pate that this microneedle technology may eventually help re-
duce the need for frequent administrations of drugs and vac-
cines, thereby improving patient compliance. Moreover, the pro-
posed fabrication strategy holds promise for widespread use in
developing a variety of porous materials for diverse applications,
such as biosensors, tissue engineering, energy storage, and so
on.

5. Experimental Section
Materials: PDMS was purchased from Dow Corning (USA).

Poly(lactic-co-glycolic acid) (PLGA, Mw 45 kDa) was purchased from
Daigang Biomaterial Co., Ltd. (China). Fluorescein isothiocyanate iso-
mer I (FITC) was purchased from Macklin (China). Carbonate buffer
(0.05 m, pH = 9.6), IgG, IgG1, IgG2a antibody, horseradish peroxidase
(HRP)-conjugated goat anti-mouse IgG, IgG1, and IgG2a were purchased
from Applygen (China). Optical cutting temperature (OCT) compounds
were purchased from Sakura Finetek (Japan). 4% paraformaldehyde fix
solution was purchased from Biosharp (China). 1,4-dioxane, phosphate
buffered saline (PBS), and bovine serum albumin (BSA) sodium chloride
were purchased from Sigma-Aldrich (USA). Ovalbumin (from chicken
egg white, OVA) was purchased from Aladdin (China). DMEM, RPMI-
1640, fetal bovine serum (FBS), 10 000 U mL−1 penicillin–streptomycin
(P/S) were purchased from Thermo Fisher Scientific (USA). GOT/AST
assay kit was purchased from Solarbio (China). Hematoxylin and
eosin were purchased from Sigma-Aldrich (USA). Tween-20, TMB so-
lution for ELISA, stop solution for TMB Substrate, LDH cytotoxicity
assay kit, cell counting kit-8 (CCK-8) were purchased from Beyotime
(China). Mouse ELISA kit of IFN-𝛾 were purchased from Neo-Bioscience
(China).

Cell Culture: The B16 melanoma cell line transfected with ovalbumin
(B16-OVA) cells was purchased by the Meisen CTCC. B16-OVA cells were

cultivated in DMEM that prepared with 10% fetal bovine serum (FBS) and
1% penicillin/streptomycin (P/S) in a culture dish at 37 °C in a humidified
5% CO2 incubator. For subsequent cell tests, culture dishes with 80 – 90%
confluence were utilized and the culture media was changed every two or
three days.

Fabrication of Self-Healing PMN Patches: The pre-designed stainless
steel MN templates served as the master mould. To create the negative
mould of MNs, the master mould was replicated using a 10:1 ratio of
PDMS (polydimethylsiloxane), with each needle cavity measuring 450 μm
in diameter and 1200 μm in height. These needle cavities were arranged in
a 10× 10 array with a tip-to-tip spacing of 900 μm. A PLGA solution consist-
ing of 1 mL 1,4-dioxane supplemented with 400 mg of PLGA was poured
into the PDMS mould. The mould was then centrifuged at 3000 rpm for
3 min to ensure that the solution completely filled the needle cavities. Next,
180 μL of resin solution was cast into the substrate of the mould and ex-
posed to UV light (365 nm, 100 mW cm−2) for 30 s to solidify. After being
frozen at −40 °C for 4 h and cryogenically demolded, a preformed MN
patch was obtained. The resulting MN patch was immersed in deionized
water to facilitate phase separation. Since 1,4-diaxane is miscible with wa-
ter, PMNs can be soaked with a large amount of water repeatedly, and
subsequently dried by freeze-drying to deplete the solvent. The final PMN
patch was obtained after complete drying and transferred to a desiccator
for storage until it is ready for use. For inducing the self-healing of PMNs,
the PMN patch was exposed to mild infrared light (IR) for various dura-
tions (20, 40, 60, 80, and 100 min).

Morphology of Self-Healing PMN Patches: The MNs after cryogenic-
demoulding, PMNs and healed PMNs were imaged by an invert fluores-
cence microscope (CKX53, Olympus) and a digital camera. The tempera-
ture of healing behavior of the PMNs was monitored by the infrared ther-
mal imager. To visualize the pores inside and surface of PMNs and the
healed PMNs, the samples were coated with platinum in a sputter coat-
ing system (JEC-3000FC, JEOL, Japan) and then imaged under JSM-IT800
scanning electron microscope (SEM, JEOL, Japan).

Mechanical Properties of Self-Healing PMN Patches: The mechanical
properties of the PMNs and healed PMNs under different irradiation times
of IR were measured using a displacement-force test station (Instron
68SC-05, USA). Briefly, an array patch of PMN and healed PMNs for dif-
ferent irradiation times (20, 40, 60, 80, and 100 min) was attached to a
flat-rigid stainless steel, and the test sensor probe approached the MNs
at a slow speed of 0.008 mm s−1 in a vertical direction. The images of
PMN after compression test were photographed by an inverted fluores-
cence microscope (CKX53, Olympus). To assess the shear force of the
healed PMNs patch after an irradiation time of 80 min, the patch was at-
tached to a horizontally positioned rigid platform, with the microneedles
facing sideways. The test sensor was positioned 1 mm away from the first
row of healed PMNs and pressed vertically against the substrate at a low
speed of 0.008 mm s−1, covering the entire patch until reaching the end
of the last row.

Skin Penetration of Self-Healing PMN Patches: Healed PMNs patch
loaded with fluorescein isothiocyanate labelled ovalbumin (FITC-OVA)
was inserted into the fresh porcine skin by finger press for 30 s. The mi-
croneedles were gently separated from the substrate by sliding along the
surface of the porcine skin using a gentle shear force. After penetration,
the porcine skin containing MNs and the separated substrate were imaged
by an invert microscope (CKX53, Olympus). The porcine skin was further
fixed with 4% paraformaldehyde and cut into 5 μm slices by a cryostat mi-
crotome (NX70, Thermo Scientific). The bright-field and fluorescence-field
images of the slices were examined under an invert fluorescence micro-
scope stereo microscope (SZX16, Olympus).

Drug Loading Capacity of Self-Healing PMN Patches: Fluorescein
(376 Da), FITC-OVA (45 kDa), and fluorescein isothiocyanate-labelled
dextran (FITC-Dex, 150 kDa) were chosen as model drugs with vary-
ing molecular weights. They were subsequently dissolved in phosphate-
buffered saline (PBS, pH 7.4) at different concentrations (2, 5, 10, 15, and
20 mg mL−1) to create the incubation solution. First, the mass of PMNs
was recorded as v0. Then, the mass of the PMNs after immersed in the in-
cubation solution mentioned above for 10 min was recorded as v1. Mean-
while, remove excess solution from the surface of the microneedle with
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filter paper. Subsequently, the drug loading of PMNs was calculated using
the following formula:

m = (v1 − v0) ∗ c (1)

where m is the drug loading capacity, v0 is the mass of the PMNs, v1 is the
mass of PMNs after drug loading, and c is the concentration of the incu-
bation drug solution. The bright and fluorescent fields of PMNs, as well as
healed PMNs, were observed using an inverted fluorescence microscope
(SZX16, Olympus). Furthermore, the stability of OVA-loaded MNs was de-
tected before and after mild irradiation with infrared (IR) for 80 min. This
was done using a BCA protein colorimetric assay kit and examined using
a microplate reader (TECAN, Spark).

Drug Release and Degradation of Self-Healing PMN Patches In Vitro:
Specifically, healed PMNs loaded with OVA and FITC-OVA were separated
from the supporting substrate and then incubated in PBS at 37 °C. At pre-
determined time intervals, 20 μL of the release medium was collected and
replaced with an equal amount of fresh PBS. The collected release me-
dia were quantitatively analyzed using a BCA protein colorimetric assay
kit and examined with a microplate reader (TECAN, Spark). Simultane-
ously, the FITC-OVA-loaded healed PMNs after different incubation times
were observed under an inverted fluorescence microscope (SZX16, Olym-
pus). To assess the release profile of MTX, the collected release media were
quantitatively analyzed using UV-visible spectroscopy to measure their ab-
sorbance at 302 nm.

In Vivo Drug Release of Self-Healing PMN Patches: The in vivo sus-
tained release kinetic behavior of healed PMNs was studied on C57BL/6
mice (female, 8 weeks). The study was approved by the Animal Research
Ethics Committee of Hangzhou Institute of Medicine (HIM), Chinese
Academy of Sciences. The mice were dehaired under anaesthesia be-
fore use. FITC-OVA-loaded healed PMNs were vertically pressed into the
mice’s skin using a thumb for 30 s, followed by the application of shear
force with a finger to remove the substrate. At predetermined time points
(0, 10, 20, 30, 40, and 50 days), the mice were anesthetized and imaged
using an in vivo imaging system (IVIS, PerkinElmer). Fluorescence images
were collected using 480/520 nm excitation/emission filters, and the fluo-
rescence intensity of the images was processed and analyzed using Living
Image.

In Vivo Treatment of Psoriasis with Self-Healing PMN Patches: The study
was approved by the Animal Research Ethics Committee of Hangzhou In-
stitute of Medicine (HIM), Chinese Academy of Sciences (2023R0010). Im-
iquimod (IMQ)-induced psoriasis mouse model was established. Briefly,
the BALB/c mice (male, 8–10 weeks) were dehaired under anaesthesia and
62.5 mg of IMQ cream was applied on the shaved skin of the mice. Mean-
while, the mice were randomly divided into eight groups and received
different treatments for consecutive 7 days: control group (health mice
without psoriasis), model group (psoriasis mice without treatment), MTX-
oral×1 group (psoriasis mice with oral administration of MTX one time),
MTX-oral×3 group (psoriasis mice with oral administration of MTX three
times), MTX-topical×1 group (psoriasis mice with topical administration
of MTX one time), MTX-topical×3 group (psoriasis mice with topical ad-
ministration of MTX three times), blank healed PMNs group (psoriasis
mice treated with blank healed PMNs) and MTX-healed PMNs×1 group
(psoriasis mice treated with MTX-loaded healed PMNs one time). Due to
the molecular weight of MTX (454 Da) falling between that of the carrier
model drug fluorescein (376 Da) and OVA (45 kDa), the loading of MTX
in PMNs can be achieved by immersing it in the incubation solution for
10 min, which is the same as the loading of fluorescein or OVA. For the
mice in the treatment groups, a single administration dosage was 30 μg.
Skin was imaged and body weight was monitored. During the treatment,
the Psoriasis Area and Severity Index (PASI) score was recorded by grading
erythema, scaling, and induration as 0 (no symptoms), 1 (mild), 2 (moder-
ate), 3 (severe), or 4 (very severe). The skin thickness was measured daily
for 7 days using a vernier caliper. After a 7-day treatment period, the mice
were sacrificed, and their skin, liver, and spleen tissues were collected. The
size of the spleen was documented through photography and weight mea-
surement. Additionally, the activity of Glutamic Oxaloacetic Transaminase
(GOT) in the liver was assessed using a GOT/AST kit to evaluate liver

damage. The skin tissue was fixed with 4% paraformaldehyde and then
sectioned for histological evaluation using H&E (hematoxylin & eosin)
staining.

In Vivo Immunization of Antigen using Self-Healing PMN Patches:
The study was approved by the Animal Research Ethics Committee of
Hangzhou Institute of Medicine (HIM), Chinese Academy of Sciences
(2023R0008; 2023R0009). In this study, OVA was used as model anti-
gen. C57BL/6 mice (female, 8 weeks) were randomly distributed into five
groups: untreated, blank healed PMNs, OVA-SC (subcutaneous injection
of 80 μg OVA), OVA-IM (intramuscular injection of 80 μg OVA), and OVA-
healed PMNs (healed PMNs loaded with 80 μg of OVA). Each group of
mice only received one-time vaccination on day 0. The blood was col-
lected to determine the level of anti-OVA IgG, IgG1 and IgG2a antibodies
in serum on day 0, 10, 20, and 30. All the mice were sacrificed on day 30 and
the major organs (heart, liver, spleen, lung, and kidney) were harvested for
the following study.

A splenocyte proliferation and cytotoxic T lymphocyte (CTL) assay were
performed. A single-cell suspension of splenocytes (5×105 per well) was
plated in a 96-well plate with 50 μg mL−1 OVA and incubated at 37°C.
The proliferation of splenocytes was measured using CCK-8 at 0 h and
72 h. The production of IFN-𝛾 in the culture supernatants, after 72 h of
incubation, was measured using a mouse IFN-𝛾 ELISA kit. The CTL as-
say was conducted according to the manufacturer’s protocol, using the
CyQUANT LDH cytotoxicity kit. In brief, effector cells (splenocytes) and
target cells (B16 melanoma cell line transfected with ovalbumin, B16-OVA)
were co-cultured in U-bottomed 96-well plates at cell number ratios of
10:1, 50:1, and 100:1. After incubating for 2 h at 37°C, the lysed target
cells were quantified. To analyze any organ damage following the vacci-
nation process, the major organs were cryosectioned and stained with
H&E.

Moreover, the long-term immunity elicited by different vaccination pro-
tocols was studied. BALB/c mice (male, 8 weeks) were randomly dis-
tributed into five groups

OVA-SC 1 group (subcutaneous injection of 80 μg OVA one time), OVA-
SC 2 group ((subcutaneous injection of 80 μg OVA two times), OVA-IM 1
group (intramuscular injection of 80 μg OVA one time), OVA-IM 2 group
(intramuscular injection of 80 μg OVA two time), and OVA-healed PMNs
1 group (one-time vaccination using the healed PMNs loaded with 80 μg
of OVA). The first and second immunizations were conducted at week 0
and week 4, respectively. Blood samples were collected at predetermined
time points to measure the levels of anti-OVA IgG, IgG1, and IgG2a in the
serum using ELISA assay.

Statistical Analysis: All experiments used biological replicates that con-
sisted of cells in non-repeated, independent cell culture wells or tissue
samples from different animals, unless specified otherwise. Quantita-
tive data are represented as mean ± s.d. Statistical analysis was per-
formed by using two-tailed Student’s t-test or original one-way ANOVA.
p < 0.05 were considered statistically significant (*p < 0.05, **p <

0.01, ***p < 0.001, ****p < 0.0001). GraphPad Prism 8.3 was used for
data analysis. Excel 2019 was used for calculating exact p value when
p < 0.0001.
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