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A B S T R A C T

Due to overactive inflammation and hindered angiogenesis, self-healing of diabetic wounds (DW) remains 
challenging in the clinic. Platelet-derived exosomes (PLT-Exos), a novel exosome capable of anti-inflammation 
and pro-angiogenesis, show great potential in DW treatment. However, previous administration of exosomes 
into skin wounds is topical daub or intradermal injection, which cannot intradermally deliver PLT-Exos into the 
dermis layer, thus impeding its long-term efficacy in anti-inflammation and pro-angiogenesis. Herein, a 
dissolvable microneedle-based wound dressing (PLT-Exos@ADMMA-MN) was developed for transdermal and 
long-term delivery of PLT-Exos. Firstly, a photo-crosslinking methacrylated acellular dermal matrix-based 
hydrogel (ADMMA-GEL), showing physiochemical tailorability, fast-gelling performance, excellent biocompat-
ibility, and pro-angiogenic capacities, was synthesized as a base material of our dressing. For endowing the 
dressing with anti-inflammation and pro-angiogenesis, PLT-Exos were encapsulated into ADMMA-GEL with a 
minimum effective concentration determined by our in-vitro experiments. Then, in-vitro results show that this 
dressing exhibits excellent properties in anti-inflammation and pro-angiogenesis. Lastly, in-vivo experiments 
showed that this dressing could continuously and transdermally deliver PLT-Exos into skin wounds to switch 
local macrophage into M2 phenotype while stimulating neovascularization, thus proving a low-inflammatory 
and pro-angiogenic microenvironment for DW healing. Collectively, this study provides a novel wound dres-
sing capable of suppressing inflammation and stimulating vascularization for DW treatment.

1. Introduction

The global prevalence of adult diabetes will increase to 7.7 % by 
2030, and diabetes-associated complications seriously threaten the 
health of patients and increase medical costs and mortality [1–3]. Dia-
betic wounds (DW), a major complication of diabetes mellitus, happen 

in about 15–25 % of diabetic patients [4,5]. Pathologically, the DW 
consistently exists pro-inflammatory M1 macrophages accompanied by 
excessive production of reactive oxygen species (ROS) and 
pro-inflammatory cytokines, which induces chronic inflammation and 
hinders adequate angiogenesis, thereby significantly restricting the de-
livery of oxygen and nutrients to the wound site as well as the removal of 
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ROS and pro-inflammatory cytokines, finally creating a positive feed-
back loop that delays the DW healing [6–11]. In clinical settings, the 
treatments of DW primarily include glycemic control, debridement, 
administration of antibiotics, and repetitive dressing changes [12]. 
However, these treatments did not simultaneously target chronic 
inflammation and inferior vascularization of DW [10-12]]. Additionally, 
debridement of DW is invasive and painful, while repetitive dressing 
changes and frequent administration of antibiotics are awkward, which 
may induce life-threatening infections caused by multidrug-resistant 
bacteria in the wound site [13,14]. To successfully heal DW and 
improve patient outcomes, it is crucial to develop a painless and 
convenient therapy capable of simultaneously managing chronic 
inflammation and vascularization.

During the past few decades, topical wound dressing combined with 
advanced drug delivery systems has been developed for simultaneous 
modulating macrophage polarization and angiogenesis at the DW site 
[8,15–17]. These topical wound dressings include nano/micro carriers, 
tissue engineering scaffolds, and hydrogels, which indeed avoid tedious 
dressing changes and overuse of antibiotics and successfully deliver 
anti-inflammatory and pro-angiogenic drugs into wounds [8,15–17]. 
However, along with wound healing, the gradually formed wound clots 
or scar tissues will become physical barriers that hinder drug molecules 
from penetrating the deep wound bed, thus decreasing their efficacy 
[18,19]. In recent years, microneedles (MN), as a minimally invasive 
and transdermal drug delivery system consisting of an array of micro-
scale needles, has attracted widespread attention in dermatological 
treatment [18,20,21]. To date, various types of MN, such as solid, 
drug-coated, hollow, hydrogel, or dissolvable MN, have been success-
fully developed for DW treatment [21,22]. However, solid, drug-coated, 
or hollow MN needs troublesome drop-off after punching micropores or 
finishing drug delivery into skin wound [21,22]. Conversely, the 
dissolvable MN can be completely absorbed in the skin without 
worrying about MN removal and bio-hazardous wastes [22,23]. In 
addition, along with MN biodegradation, the dissolvable MN could 
transdermally release the encapsulated drugs for a long term, finally 
continuously functioning on the wound bed [22,23]. Thus, this study 
intends to develop a novel dissolvable MN-based wound dressing for DW 
treatment.

To realize that, the base material selected for fabricating this 
dissolvable MN is deemed to be critical. Acellular dermal matrix (ADM), 
a highly biomimetic dermal material acquired by the removal of cellular 
components in normal dermal tissues (NDT), is mainly composed of 
collagens, elastin, growth factors, cytokines, and adhesive proteins, and 
showed low immunogenicity, high biocompatibility, and good biode-
gradability [24–26]. These advantages render ADM to be a promising 
dermal matrix-mimetic material for fabricating dissolvable MN. How-
ever, the ADM is unchangeable in physiochemical morphology, and 
cannot be processed into the shape of microscale needles. Enlighted by 
published literature [27,28], blocky ADM was digested into a gel state 
and then modified with photo-crosslinking material to synthesize a 
methacrylated ADM-based hydrogel (ADMMA-GEL) through the amide 
bond reaction between methacryloyl groups and amino functional 
groups under ultraviolet excitation. Due to its physiochemical tailor-
ability and shape fidelity, this ADMMA-GEL was selected as the base 
material for preparing our dissolvable MN (ADMMA-MN).

To endow this ADMMA-MN showing superior anti-inflammatory and 
pro-angiogenic capacities, specific drugs or bioactive substances should 
be encapsulated. In the past few decades, the discovery of exosomes 
made a revolutionary contribution to cell biology [29]. Exosomes, 
nano-sized particles released by most cells in the body, can serve as 
unique carriers of bioactive proteins, mRNAs, and miRNAs, and partic-
ipate in cell-cell communication [29]. Moreover, many studies deter-
mined that exosomes exhibited superior biocompatibility, low 
immunogenicity, and therapeutic targetability [30,31]. These merits 
made the exosomes a potential bioactive substance encapsulating into 
ADMMA-MN. Recent studies showed that platelet-derived exosomes 

(PLT-Exos) have great efficacy in tissue regeneration owing to procoa-
gulant activity and hemostasis, angiogenesis, immunomodulation, and 
regulation of cellular behaviors [32–35]. More importantly, compared 
with other cell sources and fluids used for exosome isolation, large 
amounts of platelets can be easily obtained using minimally invasive 
procedures for abundant PLT-Exos isolation [35]. Thus, PLT-Exos was 
selected as the bioactive substance for endowing our ADMMA-MN with 
anti-inflammatory and pro-angiogenic capacities.

Based on the above considerations, a dissolvable MN-based wound 
dressing (PLT-Exos@ADMMA-MN) was fabricated for transdermal and 
long-term delivery of anti-inflammatory and pro-angiogenic PLT-Exos to 
accelerate DW healing (Fig. 1). Firstly, an ADMMA-GEL with photo- 
crosslinking ability and physiochemical tailorability was synthesized 
as the base material for preparing our wound dressing. In-vitro studies 
found that this ADMMA-GEL showed fast-gelling performance, suitable 
biodegradability, excellent biocompatibility, and pro-angiogenic ca-
pacities. Then, PLT-Exos was selected as the encapsulating substance 
due to its favorable safety, easy accessibility, anti-inflammatory, and 
pro-angiogenic functions. After determining the minimum effective 
concentration of PLT-Exos encapsulation, PLT-Exos was mixed with 
ADMMA-GEL to fabricate PLT-Exos@ADMMA-MN. Lastly, in-vivo 
studies were performed to determine that PLT-Exos@ADMMA-MN 
could continuously and transdermally deliver PLT-Exos into the DW 
site to switch macrophage phenotype and stimulate angiogenesis, thus 
promoting DW healing.

2. Results and discussion

2.1. Preparation and characterization of rat-derived ADM

ADM is mainly made up of collagen and elastin, and this collagen- 
rich network of ADM provides a platform for mucosal epithelialization 
and neovascularization [36,37]. According to the origin source of 
dermal tissue, it can be classified into allogenic ADM or xenogeneic ADM 
[36,37]. More recently, fish skin-derived ADM has attracted special 
attention, because of fewer animal ethical restrictions, low risk of 
infection transmission, and lower cost of donor tissue acquisition [38]. 
Although various studies stated that both allogenic ADM and xenogeneic 
ADM show low antigenicity and are suitable for DW healing, several 
comparative studies indicated that the xenogeneic ADM presents a 
higher risk of inducing short-lived acute inflammation than the allogenic 
ADM [39,40]. Considering that the difficulty of DW healing is largely 
caused by chronic inflammatory response [6,41], the materials selected 
for preparing our MN should have low immunogenicity and superior 
biocompatibility. In this study, a streptozotocin-induced diabetic rat was 
selected for the in-vivo experiment. For the aim of low immunogenicity 
and good biocompatibility, rat dermal tissues were harvested to prepare 
allogeneic ADM for our MN fabrication. In the clinical setting, our MN 
should be fabricated using human-derived ADM.

Ideal decellularization protocol should be capable of completely 
removing cellular components while preserving the original architec-
tural, compositional, biochemical, and mechanical properties of the 
native extracellular matrix (ECM) [42,43]. To date, researchers have 
successfully developed various decellularization protocols for NDT with 
physical, chemical, and/or enzymatic treatments, but there is no 
methodological gold standard for NDT decellularization. To minimize 
the adverse effect of decellularization on native ECM and maximize the 
removal of cellular components, these methods are generally chosen for 
a combined application, owing that one of these treatments alone is 
insufficient [42,43]. Recently, M.L. Pérez developed a fast protocol for 
decellularizing human dermal tissues while maintaining the desired 
biomechanical and structural properties of NDT [44], in which sodium 
dodecyl sulfate (SDS) was applied to wash away cellular substances of 
human dermal tissues. Considering that ionic detergents, such as SDS, 
sodium deoxycholate (SDC), and so on, showed harmful impacts on the 
structures and components of native ECM [42,43], our study modified 
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M.L. Pérez’s decellularization protocol, replacing the 0.5 % SDS solution 
washing with 50 mM Tris-hydrochloride buffer containing 1 % Triton 
X-100 and 1.5 M KCl. The procedures of our decellularization protocol 
are shown in Fig. 2A.

As shown in Fig. 2B, the residual deoxyribose nucleic acid (DNA) in 
our ADM was nearly undetectable, which satisfies the minimum stan-
dard of decellularized scaffolds (50 ng/mg) [44]. Besides, there was no 
obvious 4′,6-diamidino-2-phenyl-indole (DAPI)-positive nuclear sub-
stances observed in our ADM (Fig. 2C). In addition, hematoxylin & eosin 
(H&E) and masson’s trichrome (MT)-stained images showed that the 
histological structure of ADM was similar to NDT, including the 
microvascular structure and collagen arrangement (Fig. 2C). Using a 
scanning electron microscope (SEM), our ADM revealed a similar and 
unbroken microstructure to NDT (Fig. 2C). Considering that collagen I 
and elastin are major constituents of NDT, immunofluorescent images 
showed that collagen I and elastin were well reserved in our ADM 
(Fig. 2C). These results indicated that our decellularization protocol is 
capable of rapidly removing cellular components from rat dermal tissue 
without jeopardizing its natural structures and components.

2.2. Preparation and characterization of photo-crosslinkable 
methacrylate ADM hydrogel

In view that our ADM presented a blocky appearance with 

unchangeable physical morphology, it cannot be processed into the 
shape of microscale needles. Herein, to change the physiochemical tai-
lorability of our ADM, it was firstly solubilized and then chemically 
reacted with methacrylic anhydride (MA) to form amide bonds, thus 
generating a methacrylate ADM (ADMMA) (Fig. 2D). To reveal the 
successful methacrylation on ADM, Fourier transform infrared (FTIR) 
spectra of ADM or ADMMA were recorded in the range of 4000-400 
cm− 1 (Fig. S1). Compared to the ADM, the hydroxyl peak or amino peak 
of ADMMA around 3300 cm− 1 was decreased and widened, which may 
result from the formation of hydrogen bonds between MA and the amino 
groups in the ADM. Specifically, the peaks at 1334 cm− 1 and 1341 cm− 1 

mainly attributed to the C–N stretching vibration, and the peaks at 1341 
cm− 1 were shifted to the location of 1334 cm− 1 when the ADM was 
transformed to the ADMMA, indicating the potential methacrylation on 
ADM.

With the help of a photo-initiator (Irgacure 2959) [45], four ADMMA 
pre-gels with different concentrations of ADMMA powders (3 %, 4 %, 5 
%, 6 %) (w/v) were prepared, which can change into a gel state under 
ultraviolet and achieve the sol-gel transition process. Using a dynamic 
rotational rheometer, the viscoelastic properties of the four ADMMA 
pre-gels were measured, including the mechanical strength and gelling 
time. A frequency-sweep test was applied for the assessment of storage 
modulus (G′) of the four ADMMA pre-gels (3 %, 4 %, 5 %, 6 %) (w/v), 
and the result showed 5%ADMMA-GEL exhibited the highest modulus 

Fig. 1. Schematic illustration showing our dissolvable MN-based wound dressing (PLT-Exos@ADMMA-MN) preparation, merits, and mechanisms in DW treatment. 
In this study, PLT-Exos was mixed with biodegradable ADMMA-GEL to fabricate PLT-Exos@ADMMA-MN. Compared with the topical administration of PLT- 
Exos@ADMMA-GEL, this PLT-Exos@ADMMA-MN could transdermally deliver PLT-Exos into the dermis layer for a long time, thus switching more macrophages 
into M2 phenotype while stimulating neovascularization at the DW site for accelerating skin regeneration.
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(approximately 4550 Pa) (Fig. 2E). The irradiation of ultraviolet on the 
5%ADMMA pre-gel for 12s made the storage modulus G′ superior to loss 
modulus G″, resulting in the hydrogel formation, demonstrating the 
property of fast gelling of the ADMMA-GEL (Fig. 2F). In addition, with 
the concentration increasing of ADMMA, the four kinds of 
ADMMA-GELs showed a gradually delayed degradation in both 
phosphate-buffered saline (PBS) and collagenase environments. Under 
the collagenase environment, 5%ADMMA-GEL was completely 
degraded for about 7 days (Fig. 2G). Under the PBS environment, the 
degradable rate of ADMMA-GEL was markedly decreased, and the time 
for 5%ADMMA-GEL complete degradation was extended to 15 days 
(Fig. 2G). In-vitro degradability evaluation predicted that the MN 

prepared with the ADMMA-GEL could be degraded absolutely in vivo, 
more suitable for clinical application compared to those MN fabricated 
with polymer materials [18].

Apart from collagen I and elastin, growth factors are the key com-
ponents rendering biological activities to the ADM [46]. As the decel-
lularization protocol of our study was modified for the aim of 
minimizing the adverse effect of acellular procedures on native ECM, 
growth factors and cytokines embedded within NDT should be well 
preserved. In this study, the NDT, ADM, or ADMMA were used to 
quantify the contents of growth factors and cytokines involved in 
immunomodulation (CSF1, CSF2), angiogenesis (VEGFα, PDGFββ), and 
wound healing (βFGF, EGF). As shown in Fig. 2H, the majority of 

Fig. 2. (A) Schematic illustration showing the procedures of acellular dermal matrix (ADM) fabrication; (B) DNA residues in the NDT or ADM; (C) Gross images, 
H&E, MT, Collagen1/DAPI, Elastin/DAPI staining, and SEM were used to evaluate the morphological changes of the dermal matrix before and after decellularization, 
and DAPI staining was used to observe DNA residues, Scale bar = 100 μm; (D) The procedures of fabricating ADMMA powders, ADMMA pre-gel, and ADMMA-GEL; 
(E) Frequency-sweep assessment of storage modulus of ADMMA pre-gel with different concentration; (F) Storage modulus (G′) and loss modulus (G″) of 5%ADMMA- 
GEL; (G) Degradation rate of ADMMA-GEL with different concentration in collagenase or PBS environment; (H) The content of cytokines involved in immuno-
modulation, angiogenesis, and wound healing within the NDT, ADM, and ADMMA. Data are presented as mean ± SD (n = 4). **p < 0.0021, ***p < 0.0002.

Y. Cao et al.                                                                                                                                                                                                                                     Bioactive Materials 42 (2024) 32–51 

35 



investigated growth factors and cytokines in the ADM or the ADMMA 
showed decreases more or less when compared with the NDT, while no 
significant differences were found between the ADM and the ADMMA. 
In particular, VEGFα in the ADM and the ADMMA decreased signifi-
cantly when compared with the NDT. The processes of decellularization 
and physiochemical modification inevitably lead to the loss and inacti-
vation of growth factors [42,43], more investigations involving decel-
lularization optimization of NDT and physiochemical modification of 
ADM should be performed to improve this dilemma in the future.

2.3. Preparation and characterization of isolated PLT-Exos

Due to low immunogenicity, high stability, and easy storage, exo-
somes have been isolated or engineered as an effective and novel cell- 
free strategy for tissue repair or regeneration [29,47–49]. In the DW 
site, exosomes are important components regulating the diabetic 
microenvironment, and accumulating evidence confirmed that 

exosomes can promote wound closure and skin regeneration through 
various pathways, such as promoting angiogenesis, collagen fiber 
deposition, and inhibiting inflammation [50–52]. To date, exosomes 
isolated from diabetic wound-related fibroblasts (DWAF), adipose stem 
cells (ASCs), mesenchymal stem cells (MSCs), immune cells, platelets, 
amniotic epithelial cells (AECs), epidermal stem cells (ESCs), has been 
determined in promoting DW healing [49,51,52]. Among the cell types 
used for exosome isolation, only the platelets can be easily and abun-
dantly obtained using minimally invasive procedures, and avoid the 
complicated and tedious cell culture to obtain sufficient supernatant for 
exosome isolation [35]. These advantages ensured the convenient 
application of PLT-Exos in clinical settings. In addition, previous studies 
have determined that PLT-Exos showed the function in hemostasis, 
vascularization, immunomodulation, and tissue repair [32–35]. Thus, 
we selected PLT-Exos as encapsulating substances to endow our MN 
with anti-inflammatory and pro-angiogenic capabilities.

In this study, the procedures of PLT-Exos isolation are shown in 

Fig. 3. (A) Schematic illustration showing the procedures of PLT-Exos preparation; (B) Typical TEM image of a PLT-Exo, NTA showing the size distribution of PLT- 
Exos, Western blot analysis of the exosome markers in the PLT-Exos, Scale bar = 100 nm; (C) Heat map showing the content of inflammatory cytokines in the PLT- 
Exos, the activated platelets (A-PLT) were also analyzed as a control; (D) Human angiogenesis array analysis of the samples of PLT-Exos or A-PLT, fluorescence signals 
of the ten angiogenic cytokines in PLT-Exos or A-PLT, heat map showing the content of angiogenic cytokines in PLT-Exos or A-PLT; “*” indicates significant difference 
between PLT-Exos and A-PLT.
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Fig. 3A. After isolating PLT-Exos, transmission electron microscopy 
(TEM), nano visual tracking analysis (NTA), and western blotting for 
exosome markers were used together to fully identify these isolated 
exosomes. As shown in Fig. 3B, TEM and NTA show that the diameter of 
these isolated exosomes ranged from 40 nm to 100 nm, which is 
consistent with the previous literature [29]. Western blotting showed 
that these isolated exosomes were positive for specific exosomal surface 
markers (CD63, CD81, and TSG101), further confirming their identity. 
More importantly, the cargoes in these isolated exosomes were analyzed 
using Bio-Plex Pro Human Cytokine 27-plex Assay and Human Angio-
genesis Array. After the platelets were activated, the main bioactive 
molecules in the platelets were released absolutely, thus these activated 
platelets (A-PLT) were selected as control. The Human Cytokine 27-plex 
Assay (Fig. 3C) showed that PLT-Exos contained anti-inflammatory cy-
tokines (IL4, IL10, G-CSF) and chemotactic factors (CCL5, CCL11, 
CXCL10), while the Human Angiogenesis Array (Fig. 3D) showed that 
PLT-Exos are full of cytokines involved in angiogenesis (ANG-2, VEGF, 
PDGFββ) and wound healing (βFGF, EGF).

2.4. Determining the minimum effective concentration of PLT-Exos 
encapsulation

In consideration that the PLT-Exos have positive effects on promot-
ing vascularization and inhibiting inflammatory response [32–35], 
PLT-Exos have been encapsulated into various materials for tissue 
repair, such as GelMA-based hydrogel with 10 × 1010 exosomes/mL for 
DW healing [53], thermosensitive hydrogel with 2 μg exosomes/μL for 
delaying osteoarthritis [54], PBS solution with 40 μg exosomes/mL for 
attenuating intervertebral disc degeneration [55]. More recently, a 
first-in-human clinical trial showed that allogeneic PLT-Exos (300 μg 
exosomes in 1 mL 0.9 % saline) injected subcutaneously adjacent to skin 
wound was a potential therapy for its healing [56]. According to those 
reports, it can be seen that the concentration of PLT-Exos encapsulated 
in the hydrogel remains controversial, and the minimum effective con-
centration of PLT-Exos mixing into our ADMMA-GEL needs further 
investigation. In this study, the minimum effective concentration of 
PLT-Exos encapsulating into ADMMA-GEL was determined by 
co-culturing human umbilical vein endothelial cells (HUVECs) with the 
four PLT-Exos@ADMMA-GELs (Fig. 4A), which were prepared with four 
gradient concentrations of PLT-Exos (0, 100, 200, 400 μg/mL), 

Fig. 4. (A) Schematic illustration showing the co-culturing system of HUVECs and PLT-Exos@ADMMA-GEL as well as evaluation experiments used for determining 
the minimum effective concentration of PLT-Exos encapsulation; (B) Cell viability of the four PLT-Exos@ADMMA-GELs using live/dead staining, fluorescent images 
show live (green) and dead (red) HUVECs cultured with the GELs, and the rate of live cells to total cells was calculated as cell viability, Scale bar = 100 μm; (C) CCK-8 
assay was used to assess the HUVECs proliferation on the four GELs; (D) Transwell assay was used to assess the HUVECs migration under the influence of the four 
GELs, Scale bar = 100 μm; (E) The effect of different PLT-Exos@ADMMA-GELs on tube formation of HUVECs at 6 h. Scale bar = 100 μm; (F) Schematic illustration 
showing the minimum effective concentration of PLT-Exos encapsulation. Data are presented as mean ± SD (n = 4). *p < 0.0332, **p < 0.0021, ***p < 0.0002, 
****p < 0.0001, and “ns” indicates no significance.
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referenced in the human clinical trial [56].
To evaluate the cytocompatibility of the four PLT-Exos@ADMMA- 

GEL, Live/Dead staining analysis was performed after 24 h of culture. 
The Live/Dead staining results showed that the cell viability of the four 
PLT-Exos@ ADMMA-GELs was greater than 95 % and similar to the cell 
culture plate (CCP) without significant differences (Fig. 4B), indicating 
no cytotoxicity of these PLT-Exos@ADMMA-GELs. The low cytotoxicity 
provides a safety guarantee for its clinical translation. Additionally, the 
cell counting kit-8 (CCK-8) assay showed that the HUVECs proliferation 
enhanced along with the increasing encapsulation of PLT-Exos. Mean-
while, the HUVECs cultured on the 200PLT-Exos@ADMMA-GEL (con-
taining 200 μg/mL PLT-Exos) or the 400PLT-Exos@ADMMA-GEL 
(containing 200 μg/mL PLT-Exos) presented a similar proliferation 
curve, proliferating significantly better than the HUVECs on the other 
hydrogels or CCP (Fig. 4C). As for in-vitro angiogenesis activity of these 
PLT-Exos@ADMMA-GELs, our results showed that the 200PLT-Exo-
s@ADMMA-GEL or the 400PLT-Exos@ADMMA-GEL exhibit a signifi-
cantly greater number of migrated HUVECs than the other hydrogels or 
CCP, and no significant difference was found between the 200PLT-Exo-
s@ADMMA-GEL and the 400PLT-Exos@ADMMA-GEL (Fig. 4D). More-
over, the tube formation assay showed that the HUVECs under the 
stimulation of the 200PLT-Exos@ADMMA-GEL and the 400PLT- 

Exos@ADMMA-GEL formed more capillary-like network structures 
rather than the branching structures with discontinuous tubular walls 
observed in other hydrogels or CCP. Quantitatively, the 200PLT-Exo-
s@ADMMA-GEL and the 400PLT-Exos@ADMMA-GEL have a signifi-
cantly greater number of tubules than the other hydrogels or CCP due to 
the stimulation of higher levels of PLT-Exos (Fig. 4E). This result showed 
that the PLT-Exos has a saturated concentration of encapsulation in our 
ADMMA-GEL, indicating 200 μg/mL is the minimum effective concen-
tration of PLT-Exos encapsulating into ADMMA-GEL (Fig. 4F).

2.5. Fabrication and characterization of PLT-Exos@ADMMA-MN

As presented in Fig. 5A, PLT-Exos@ADMMA-MN was fabricated by a 
micro-molding approach using a self-designed PDMS mold [18,22]. The 
parameters of our PDMS mold are detailed in Fig. S2. Briefly, after 
lyophilized PLT-Exos dissolved in the ADMMA pre-gel with 200 μg/mL 
concentration, this hybrid solution was filled into a mold and cross-
linked under ultraviolet. Subsequently, after drying and de-molding, the 
patch of PLT-Exos@ADMMA-MN was prepared and stored for the 
following experiment. This patch shows a diameter of 22 mm, in which 
688 microneedles are distributed equidistantly at intervals of 600 μm 
(Fig. 5B). Under SEM, each PLT-Exos@ADMMA-MN appeared tapered in 

Fig. 5. (A) Schematic illustration showing the procedures of PLT-Exos@ADMMA-MN preparation; (B) Morphological images and SEM images of PLT-Exos@ADMMA- 
MN, Scale bar = 200 μm; (C) Mechanical properties characterization of the PLT-Exos@ADMMA-MN; (D) Photograph of the pores left after PLT-Exos@ADMMA-MN 
was applied to the rat skin; (E) Representative images of the micrographs of MN and the Dil-labeled PLT-Exos distribution of MN after immersed in 37 ◦C PBS for 0, 4, 
7, 10, and 14 days; (F) Quantitative analysis of Dil-labeled PLT-Exos release in-vitro at day 0, 4, 7, 10, and 14; Data are presented as mean ± SD (n = 4).
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shape, with a height of about 800 μm and a bottom margin of about 350 
μm (Fig. 5B).

As shown in Fig. 5C, the maximum failure force of the entire 
microneedle array (688 needles) was about 90 N, which was signifi-
cantly greater than the minimum force required to pierce skin (0.1 N) 
[57]. Furthermore, the back skin of an SD rat was used to test the effect 
of the PLT-Exos@ADMMA-MN puncture. The MN was applied to the rat 
skin for 2 min and then removed. In Fig. 5D, well-arranged microporous 
channels in the rat skin can be observed, indicating that our MN was 

strong and sharp enough to penetrate the skin.
DW healing is a long-time repair process owing to persistent 

inflammation and poor vascularization at the wound site [6–9]. There-
fore, our MN with the ability for slow-sustained release of 
anti-inflammatory and pro-angiogenic PLT-Exos is helpful and neces-
sary. To detect the PLT-Exos distribution in our MN and the release 
profile of PLT-Exos from our MN, the PLT-Exos were labeled by a red 
fluorescence dye (Dil) before being encapsulated into the ADMMA 
pre-gel, and confocal laser scanning microscopy (CLSM) was used to 

Fig. 6. In-vitro anti-inflammatory capacity of the PLT-Exos@ADMMA-MN. (A) CLSM imaging showing the uptake PLT-Exos released from PLT-Exos@ADMMA-MN 
by THP-1 macrophages, Scale bar = 10 μm; (B) Microscope images and flow cytometry plots of THP-1 macrophages in the LPS, CTL, or MN group, Scale bar = 100 
μm; (C) Quantitative data indicating the ratio of CD206+CD80− positive cells (M2 macrophages) in the LPS, CTL, or MN group, n = 4; (D) Expression levels of M1 
(INOS and CD80) and M2 (CD163 and CD206) phenotypic markers in THP-1 macrophages from the LPS, CTL, or MN group, n = 3; (E) Western-blot images and semi- 
quantitative data showing the expression of CD206 and CD80 in THP-1 macrophages from the LPS, CTL, or MN group, n = 3; (F) The contents of pro-inflammatory 
cytokines (TNF-α, IL-6 and IL-1β), anti-inflammatory cytokines (IL-10 and IL-4), and angiogenic cytokines (VEGFα and PDGFββ) in the supernatants of THP-1 
macrophages from the LPS, CTL, or MN group, n = 4; (G) Schematic illustration showing the mechanisms of PLT-Exos@ADMMA-MN on switching macrophage 
polarization, secreting inflammatory and angiogenic cytokines. Data are presented as mean ± SD. *p < 0.0332, **p < 0.0021, ***p < 0.0002, ****p < 0.0001, and 
“ns” indicates no significance.
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observe the distributions of red fluorescence (Dil-labeled PLT-Exos) 
within our MN. The Dil-labeled PLT-Exos@ADMMA-MN were 
immersed in PBS at 37 ◦C, and red fluorescence was recorded by CLSM at 
different time points. The gradual decrease in the fluorescence area of 
MN tips was indicative of PLT-Exos release with increasing immersion 
time (Fig. 5E). Along with our MN degradation, the MN released about 
37.12 % of Dil-labeled PLT-Exos on day 4, 59.71 % of Dil-labeled 
PLT-Exos on day 7, and 82.08 % of Dil-labeled PLT-Exos on day 10 in 
PBS, while the red fluorescence area of MN tips disappeared almost on 
day 14 (Fig. 5F). These findings imply that our PLT-Exos@ADMMA-MN 
has sustainable PLT-Exos release properties in vitro.

2.6. In-vitro anti-inflammatory capacity of PLT-Exos@ADMMA-MN

Macrophages, as innate immune cells, play important roles in host 
defense, wound healing, and immune regulation [58]. Macrophages 
show high plasticity that can be polarized to classically activated mac-
rophages (M1), involved in pro-inflammatory responses; alternatively, 
activated macrophages (M2), optimizing local inflammation suitable for 
tissue repair and remodeling [58]. In the DW site, excessive 
pro-inflammatory M1 macrophages and deficient anti-inflammatory M2 
macrophages result in chronic inflammation, delaying wound healing 
[59,60]. Thus, therapies capable of reversing this abnormal macrophage 
polarization could be applied to accelerate DW healing. PLT-Exos is a 
natural nanoparticle obtained from blood platelets, known for its 
anti-inflammatory effects [32,35,54]. As determined in our array re-
sults, PLT-Exos cargo several kinds of anti-inflammatory cytokines 
(Fig. 3C). We predicted that our PLT-Exos@ADMMA-MN could regulate 
macrophage phenotypes and inflammatory cytokines secretion to 
orchestrate the DW microenvironment. Herein, the efficacy of our MN 
on macrophage polarization and inflammatory cytokines secretion was 
investigated by culturing THP-1 macrophages with the 
PLT-Exos@ADMMA-MN.

Firstly, to determine that the released PLT-Exos from our MN can be 
internalized by THP-1 macrophages, PLT-Exos were labeled by a red 
fluorescence dye (Dil) before preparing PLT-Exos@ADMMA-MN. As 
shown in Fig. 6A, Dil-labeled PLT-Exos could be dispersedly distributed 
around the nuclei of macrophages, suggesting the successful uptake of 
PLT-Exos by THP-1 cells. Additionally, flow cytometry was performed to 
quantitatively analyze macrophage polarization under stimulations of 
PLT-Exos@ADMMA-MN. CD206 and CD80 were used as markers of M2 
and M1 macrophages, respectively, for flow cytometry staining. THP-1 
macrophages treated with a culture medium containing lipopolysac-
charide (LPS) were set as positive control (named as LPS group), while 
those THP-1 macrophages cultured with the medium without any sup-
plements were set as negative control (named as CTL group). The culture 
medium containing PLT-Exos@ADMMA-MN was named as MN group. 
As shown in Fig. 6B, macrophages co-cultured with the PLT- 
Exos@ADMMA-MN displayed a small round morphology that resem-
bled to M2 phenotype, while M1 macrophages were flat with multiple 
pseudopodia. Flow cytometry analysis indicated that the ratio of 
CD206+CD80− positive cells (M2 macrophages) was only 2.29 ± 0.28 % 
and 2.88 ± 0.49 % in the LPS group or CTL group but sharply increased 
to 5.44 ± 0.57 % in the MN group (Fig. 6B and C).

To further confirm the polarization status of macrophages, CD206 
and CD163 genes (M2 marker) and CD80 and INOS genes (M1 marker) 
were measured by quantitative reverse transcription polymerase chain 
reaction (qRT-PCR). Compared to the LPS group, the macrophages in the 
MN group expressed significantly higher CD206 and CD163 genes, as 
well as lower CD80 and INOS genes (Fig. 6D). Meanwhile, using Western 
blot, the MN group showed significantly higher expression of CD206 
compared to the LPS and CTL groups (Fig. 6E). In addition, the pro- 
inflammatory cytokines (TNF-α and IL-6) secreted by THP-1 macro-
phages in the CTL and MN groups were similar without significant dif-
ferences, but significantly lower than that of the LPS group. In 
particular, IL-1β secreted by THP-1 macrophages in the CTL or MN 

group were undetectable (Fig. 6F). As for the anti-inflammatory cyto-
kines (IL-10 and IL-4), the supernatants from the LPS or CTL group 
contain significantly lower levels of IL-10 and IL-4 than the MN group 
(Fig. 6F). Additionally, the THP-1 macrophages in the MN group secret 
more VEGFα and PDGFββ into cell supernatants in comparison with the 
THP-1 macrophages of the CTL or LPS groups (Fig. 6F). Those results 
indicated that the macrophages under the stimulation of PLT- 
Exos@ADMMA-MN tend to polarize into the M2 phenotype rather 
than the M1 phenotype, and secret more anti-inflammatory and pro- 
angiogenic cytokines (Fig. 6G).

To further identify the mechanisms of PLT-Exos@ADMMA-MN 
switching macrophage polarization, RNA sequencing (RNA-Seq) was 
used to assess changes in messenger RNA (mRNA) levels in THP-1 
macrophages after culturing with the CCP (CTL group) or PLT- 
Exos@ADMMA-MN (MN group) (Fig. 7A). A total of 28475 genes 
were identified, and the analysis of differentially expressed genes 
(DEGs) showed that the expression of 2882 genes was up-regulated and 
1932 genes were down-regulated in the THP-1 macrophages of the MN 
group compared to that of the CTL group (Fig. 7B). Using the gene 
expression profiles (GEPs) of our RNA-Seq, cell-type identification by 
estimating relative subsets of RNA transcripts (CIBERSORT) analyzed 
the subsets of the THP-1 macrophages in the CTL or MN group according 
to literature [61], and the result showed more THP-1 macrophages po-
larization into M2 phenotype (Fig. 7C), which was accordance to the 
result of flow cytometry analysis (Fig. 6B and C). Gene ontology (GO) 
analysis was implemented to analyze the function of the DEGs. As shown 
in Fig. S3, 149 DEGs were associated with biological processes of 
“positive regulation of cytokine production”, and the MN caused the 
downregulation of genes involved in “positive regulation of cytokine 
production”. KEGG pathway analysis of the DEGs associated with 
“positive regulation of cytokine production” revealed the potential 
mechanisms of inflammatory cytokines release, such as NOD-like re-
ceptor signaling pathway (including 17 genes), Toll-like receptor 
signaling pathway (including 11 genes) (Fig. 7D). The “NOD-like re-
ceptor signaling pathway” has been known to mediate the immune 
response to cellular injury and stress [62]. As shown in Fig. 7E, the MN 
group caused a negative regulation of the “NOD-like receptor signaling 
pathway”, including the signal transducer and activator of transcription 
(STAT1) and interferon regulatory factor (IRF3/7). STAT 1 is a very 
important transcription factor, which can convert anti-inflammatory 
macrophages into a pro-inflammatory phenotype via STAT/IRF3/7 
pathway, and secret pro-inflammatory cytokines [63]. In addition, the 
MN group inhibited the activation of “Toll-like receptor signaling 
pathway” (Fig. 7F), including Toll-like receptor 8 (TLR8) and interferon 
regulatory factor (IRF3/7), which is involved in preventing macrophage 
polarization toward the M2 phenotype [64,65]. Thus, these results of 
RNA-seq suggest that our MN decreased THP-1 macrophages polariza-
tion into M1 phenotype, and then inhibited the secretion of 
pro-inflammatory cytokines by inhibiting the “NOD-like receptor 
signaling pathway” and “Toll-like receptor signaling pathway” (Fig. 6F).

2.7. In-vitro pro-angiogenic capacity of PLT-Exos@ADMMA-MN

Adequate angiogenesis plays an important role in DW healing, as 
neovascularization could deliver oxygen and nutrients to the wound site 
and transport away ROS and pro-inflammatory cytokines [66,67]. Our 
array results showed that PLT-Exos contains various angiogenic factors 
(Fig. 3D), and previous studies indicated that PLT-Exos facilitates 
angiogenesis [32,34,35], thus it was selected as a supplemental 
component for preparing our MN. For evaluating its pro-angiogenic 
ability, CCK-8 assay, cell scratch test together with transwell migra-
tion assay, and tube formation assay were performed to observe the 
proliferation, migration, and tube formation of HUVECs under the in-
fluence of our MN. In our study, HUVECs cultured within a medium 
containing VEGFα (6 ng/mL) were set as positive control (named as 
VEGF group) [17], while the HUVECs cultured with the medium without 
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any supplements were set as negative control (named as CTL group). The 
HUVECs co-cultured with PLT-Exos@ADMMA-MN were named the MN 
group.

As shown in Fig. 8A, several Dil-labeled PLT-Exos dispersedly 
distributed around the nuclei of HUVECs, indicating the successful up-
take of PLT-Exos by HUVECs. The CCK-8 assay showed that the MN 
group and the VEGF group significantly increased the proliferation of 
HUVECs on days 3 and 7 in comparison with the CTL, but the HUVECs in 
the MN group were slightly slower in proliferation than the VEGF group 
without significant difference (Fig. 8B). The cell scratch test together 
with the transwell migration assay revealed that our MN was similar to 
VEGFα in stimulating the HUVEC migration (Fig. 8C and D). The tube 
formation assay found that the MN group or the VEGF group shows 
significantly more capillary-like tubes than the CTL group, while the 
capillary-like tubes in the MN group formed significantly less than that 
of the VEGF group (Fig. 8D). Overall, our results indicated that PLT-Exos 
released from PLT-Exos@ADMMA-MN contributed greatly to 

angiogenesis in-vitro.
PI3K/Akt/HIF-1α pathway was closely related to angiogenesis dur-

ing DW healing [68]. To determine if the PI3K/Akt/HIF-1α pathway was 
involved in the process of PLT-Exos to stimulate angiogenesis, Western 
blot analysis was performed to measure the expression level of p-PI3K, 
PI3K, p-AKT, AKT, HIF-1α, and GAPDH in HUVECs. The results revealed 
that the HUVECs in the MN group could enhance the expression of 
p-PI3K, p-AKT, and HIF-1α, similar to the HUVECs in the VEGF group 
(Fig. 8E). These findings suggested that PLT-Exos@ADMMA-MN stim-
ulated the PI3K/Akt/HIF-1α pathway, which in turn increased the 
angiogenic activities of HUVECs in-vitro (Fig. 8F).

2.8. PLT-Exos@ADMMA-MN capable of transdermal and sustained 
delivery of PLT-Exos in-vivo

To evaluate our MN on transdermal delivery of PLT-Exos, the dis-
tribution of Dil-labeled PLT-Exos in the dermis layer was observed by a 

Fig. 7. RNA sequencing for elucidating the mechanisms of PLT-Exos@ADMMA-MN switching macrophage polarization. (A) RNA sequencing scheme for the THP-1 
macrophages in the CTL or MN group; (B) The DEGs in the MN group compared with the CTL group. Heatmap analysis reveals the DEGs that all up-regulated or 
down-regulated in the MN group and CTL group; (C) CIBERSORT analysis of gene sets for the subsets of the THP-1 macrophages in the CTL or MN group; (D) The top 
20 up-enrichment of KEGG pathways in the MN group compared with CTL group; (E) Heatmap representation and GSEA analysis of gene sets for NOD-like receptor 
signaling pathway; (F) Heatmap representation and GSEA analysis of gene sets for Toll-like receptor signaling pathway; NES, normalized enrichment score.
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CLSM at 30 min and 7 days following topical (TO) administration or 
microneedles (MN) administration of Dil-labeled PLT-Exos@ADMMA- 
GEL (named TO or MN group) (Fig. 9A). At 30 min post-treatment, both 
TO and MN groups showed red fluorescence in the dermis tissue, indi-
cating the presence of PLT-Exos. Particularly, strong fluorescent areas 
were shown at the wedge-shaped openings in the MN group, where PLT- 
Exos@ADMMA-MN was penetrated in the wounds. This strong fluores-
cence indicated that more encapsulated PLT-Exos were accumulated at 
the microneedle penetration site (Fig. 9B). At 7 days post-treatment, 
owing to the physical barrier of wound clots or scar tissues, the 
wounds in the TO group showed no red fluorescence in the dermis tissue, 
while the MN group showed obvious red fluorescence in the dermis 
tissue (Fig. 9B). These results imply that our MN could transdermally 
deliver PLT-Exos to the dermis layer.

To evaluate the capability of our MN on sustained delivery of PLT- 
Exos, the distribution of Dil-labeled PLT-Exos in the DW was observed 
using the in vivo imaging system (IVIS) from day 0 to day 14 following 
intradermal (ID) injection or microneedles (MN) administration of Dil- 
labeled PLT-Exos (named ID or MN group) (Fig. 9A). As shown in 

Fig. 9C, the rats in the MN group presented a strong Dil-positive red 
fluorescence signal at the penetration site, which remained visible for at 
least 14 days, while the rats in the ID group lost nearly all of the signals 
by day 7, implying the PLT-Exos@ADMMA-MN capable of sustained 
release of PLT-Exos at least 14 days in-vivo.

Overall, the transdermal and sustained delivery of PLT-Exos enabled 
by PLT-Exos@ADMMA-MN can attract more attention in the medical or 
cosmetic field owing to its user-friendly convenience.

2.9. PLT-Exos@ADMMA-MN accelerated diabetic wound healing in-vivo

In-vitro experiments have demonstrated the promising anti- 
inflammatory and proangiogenic potential of PLT-Exos@ADMMA-MN. 
We investigated the wound healing efficiency of PLT-Exos@ADMMA- 
MN in vivo using a streptozotocin-induced diabetic rat wound model. 
The schematic diagram of our in-vivo study is presented in Fig. 10A, in 
which the rats with DW were treated by intradermal injection of PLT- 
Exos solution (ID, the same PLT-Exos in our MN), topical administra-
tion of PLT-Exos@ADMMA-GEL (TO, the same PLT-Exos in our MN), or 

Fig. 8. In-vitro angiogenic capacity of the PLT-Exos@ADMMA-MN. (A) CLSM imaging showing the uptake PLT-Exos released from PLT-Exos@ADMMA-MN by 
HUVECs, Scale bar = 10 μm; (B) On days 1, 3, and 7, the CCK-8 assay was used to assess the HUVECs proliferation under the influence of PLT-Exos@ADMMA-MN, n 
= 4; (C) Cell scratch test together with transwell migration assay was used to assess the HUVECs migration under the influence of the PLT-Exos@ADMMA-MN, n = 4, 
Scale bar = 100 μm; (D) The effect of PLT-Exos@ADMMA-MN on tube formation of HUVECs at 6 h, n = 4, Scale bar = 100 μm; (E) Western blot analysis of the 
expression levels of PI3K, P-PI3K, AKT, P-AKT, and HIF-1α of HUVECs under the influence of the PLT-Exos@ADMMA-MN, n = 3; (F) Schematic illustration showing 
that PLT-Exos@ADMMA-MN increased the angiogenic activities of HUVECs in-vitro via stimulating PI3K/Akt/HIF-1α pathway; Data are presented as mean ± SD, *p 
< 0.0332, **p < 0.0021, ***p < 0.0002, ****p < 0.0001, and “ns” indicates no significance.

Y. Cao et al.                                                                                                                                                                                                                                     Bioactive Materials 42 (2024) 32–51 

42 



microneedles administration of PLT-Exos@ADMMA-MN (MN).
As shown in Fig. 10B, representative images of DW after various 

treatments at different treatment times are presented. In comparison to 
the ID group, the TO group only slightly decreased the wound area at 
different treatment times. Compared with the ID or TO group, the MN 
group showed a faster rate of wound healing starting on day 7, and the 
DW in the MN group showed a significant decrease on days 7, 14, and 21 
(P < 0.05) (Fig. 10C). The histological structures of diabetic wounds 
after different treatments were evaluated by H&E and MT staining on 
day 21. As shown in Fig. 10D–H&E-stained images revealed that large 
residual scars and immature skins (IS) were depicted in the ID or TO 
group, while most of the healed skins in the MN group presented mature 
skins (MS). Re-epithelialization and wound contraction are the main 
approaches to skin wound healing [69], the re-epithelialization rate (%) 
was measured for quantitative assessment of wound healing. The 
re-epithelialization rate of the MN group was the highest among the 
three groups, and the difference was statistically significant (P < 0.05) 
(Fig. 10E). The collagen expression in the skin was investigated by MT 
staining. The results showed a larger area of collagen fibers in the MN 
group than in the other groups. According to the area rate of MT 
staining-positive collagen, the collagen deposition in the MN group was 
significantly more obvious than in the ID or TO group (P < 0.05) 
(Fig. 10E).

There are two advantages of our MN. Firstly, our MN has an array of 
tips with a length of 800 μm, which coincides with the depth of the 
dermis layer. This feature makes them suitable for accurate intradermal 

delivery of PLT-Exos. By contrast, these PLT-Exos delivered by topical 
administration would be obstructed on the wound surface owing to the 
gradually formed physical barrier (wound clots or scar tissues), thus 
only functioning at the early stage of wound healing. Secondly, our MN 
can serve as a sustained delivery system for PLT-Exos, which continu-
ously suppresses inflammation and improves angiogenesis through their 
cargos (anti-inflammatory and angiogenic cytokines) (Fig. 3C and D). 
Thirdly, the ADMMA used in our MN was derived from NDT, and shows 
high biomimetics and superior degradability. The ADMMA, as the 
penetrated MN degradation, will provide biomimetic materials and 
support for dermis formation.

2.10. PLT-Exos@ADMMA-MN inhibited inflammation in vivo

Generally, DW healing undergoes four continuous and overlapping 
phases: hemostasis, inflammation, proliferation, and remodeling [10,70,
71]. At the inflammation stage, macrophages infiltrated into the wound 
site are polarized towards the M1 phenotype with phagocytic and 
clearance properties, followed by a transition from the M1 phenotype to 
the M2 phenotype, which secreting anti-inflammatory and angiogenic 
cytokines to provide a favorable microenvironment for successful 
wound healing [6,60,71]. Remarkable advances in research have shown 
that macrophage-predominated immunomodulation is one of the key 
mechanisms of DW healing, directly influencing its healing speed and 
quality [6,59,60,71,72]. Thus, the efficacy of our MN on the M1-to-M2 
polarization and the expression of inflammatory cytokines were 

Fig. 9. (A) Schematic illustration showing in-vivo experiment design for evaluating the capability of PLT-Exos@ADMMA-MN on transdermal and sustained delivery 
of PLT-Exos; (B) CLSM images of Dil-labeled PLT-Exos distribution in the DW sections after topical administration of Dil-labeled PLT-Exos@ADMMA-GEL (TO) or 
microneedles administration of Dil-labeled PLT-Exos@ADMMA-MN (MN), Scale bar = 100 μm; (C) IVIS images showing the Dil-labeled PLT-Exos distribution in the 
DW site after intradermal injection of Dil-labeled PLT-Exos (ID) or microneedles administration of Dil-labeled PLT-Exos@ADMMA-MN (MN); Data are presented as 
mean ± SD (n = 4). *p < 0.0332, **p < 0.0021, and “ns” indicates no significance.
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evaluated at this early stage.
On days 3 and 7, immunostaining of wound sections was conducted 

to label M1 and M2 macrophages with anti-86 or anti-CD206 antibodies, 
respectively (Fig. 11A). Immunofluorescent images showed heavily 
infiltrated CD206-positive cells within the wounds of the MN group 
compared with the wounds of the ID and TO groups, verifying increased 
quantities of anti-inflammatory M2 macrophages (Fig. 11B). Quantita-
tively, the M2/M1 ratio in the MN group was significantly higher than 
those in the ID and TO groups, indicating that our MN activated a 
smooth M1-to-M2 transition of macrophages in the early stage of wound 
healing (Fig. 11C). As for the expression of inflammatory cytokines, the 
MN group showed significantly lower levels of TNF-α and IL-6, as well as 
higher levels of IL-10 and IL-4 than other groups (Fig. 11D). These re-
sults indicated that our MN can optimize the inflammatory response at 
the early stage of wound healing.

This optimized immune environment in the MN group can be 
explained through the following two mechanisms: 1) the ADM used for 
preparing MN was allogeneic with low immunogenicity and good 
biocompatibility, which contains growth factors regulating the matu-
ration and differentiation of immune cells (CSF1, CSF2). The CSF1 were 
beneficial for macrophage survival, proliferation, and phenotypic switch 

[73]; 2) our MN encapsulated lots of PLT-Exos, which cargo several 
kinds of anti-inflammatory cytokines (Fig. 3C). Those cytokines could 
regulate macrophage phenotypes and inflammatory cytokines secretion 
to orchestrate the DW microenvironment.

2.11. PLT-Exos@ADMMA-MN promoted angiogenesis in vivo

Following the inflammation stage, the blood vessels will gradually 
invade the wounds in the proliferation stage to eliminate metabolic 
waste, transmit oxygen and nutrients for tissue regeneration, and release 
paracrine signals regulating special cells associated with skin regener-
ation [74]. Thus, the MN with angiogenesis stimulation in this prolif-
eration stage is a critical property for wound healing. To evaluate the 
vascularization potential of our MM, microcomputed tomography 
(micro-CT) combined with the injection of radiopaque contrast agents 
was performed at days 7 and 14 post-treatment to visualize angiogenesis 
in the wounds. In addition, immunofluorescent staining of CD31 and 
αSMA was also used to observe angiogenesis of the wound site. As shown 
in Fig. 12A, the micro-CT images displayed that the MN group formed 
more blood vessels and capillary tributaries within the wounds 
compared with the ID and TO groups. Quantitatively, the vessel volume 

Fig. 10. In-vivo performance of the PLT-Exos@ADMMA-MN on DW healing. (A) Schematic illustration showing the design and evaluation of PLT-Exos@ADMMA- 
MN for the treatment of DW; (B) Gross images of DW healing after the treatment of ID, TO, MN at day 0, 7, 14 and 21, Diameter of the green band = 25 mm; (C) 
Closure rates of DW among the three group; (D) H&E and MT staining for the dorsal skin of diabetic rat after different treatments, immature skins (IS), mature skins 
(MS), scale bar = 1 mm or 400 μm; (E) Statistical analysis of re-epithelialization and collagen deposition at the DW site after different treatments; Data are presented 
as mean ± SD (n = 6). *p < 0.0332, **p < 0.0021, ***p < 0.0002, ****p < 0.0001, and “ns” indicates no significance.
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(%) in the MN group was significantly higher than that of the ID and TO 
groups on days 7 and 14 (Fig. 12B). The mean vessel diameter of the MN 
group was significantly higher than that of the ID group on day 7, while 
the MN group showed a lower value for the mean vessel diameter than 
that of the ID and TO groups on day 14(Fig. 12C), which reflected that 
blood vessels gave off fine capillary tributaries, suggesting that the MN 
induced a high functional angiogenic response. Histologically, CD31 and 
αSMA, respectively revealing vascular endothelial cells and pericytes 
within skin wounds, can be used to observe capillaries and mature ar-
teries [75]. The immunofluorescent staining of CD31 and αSMA showed 
that the MN group showed significantly more CD31-positive endothelial 
cells on day 7 in comparison with the ID and TO groups, reflecting a 
rapid endothelial cell response and robust capillary growth (Fig. 12D 
and E). On day 14, CD31 and αSMA-labeled vessels increased more 
obviously in the MN group when compared with the ID and TO groups 
(Fig. 12D and E), which can be attributed to part of the CD31-positive 
capillaries regressing into mature arteries, thus bringing nutrients, im-
mune cells, and oxygen to healing wounds. These results indicated that 
our MN can stimulate vascular formation and maturation at the prolif-
eration stage of wound healing.

Toward this enhanced neovascularization in the MN group, some 
putative mechanisms may be that: 1) the ADMMA contains serval kinds 
of angiogenic factors (Fig. 2H), which can promote vascular ingrowth by 
directly or indirectly modulating signaling pathways associated with 
angiogenesis; 2) Another important mechanism is the activation of 
signaling pathways in endothelial cells and vascular smooth muscle cells 
by angiogenic factors (Fig. 3C) in PLT-Exos, which stimulate endothelial 

cell migration and proliferation and induce undifferentiated cells to 
differentiate into vascular smooth muscle cells, thereby facilitating 
angiogenesis and maturation; 3) under the influence of the PLT-Exos, 
more pro-healing M2 macrophage accumulated within the DW site of 
MN group (Fig. 11B), which would release more angiogenic cytokines 
into DW site, such as PDGF and VEGF, to enhance vascularization.

3. Conclusion

In summary, to prepare a dissolvable MN-based wound dressing 
(PLT-Exos@ADMMA-MN), a novel ADMMA-GEL, showing photo- 
crosslinking, physiochemical tailorability, fast-gelling performance, 
suitable biodegradability, excellent biocompatibility, and pro- 
angiogenic capacities, was fabricated as the base material for MN 
preparation. PLT-Exos were encapsulated into this ADMMA-GEL to 
fabricate PLT-Exos@ADMMA-MN, due to its favorable safety, easy 
accessibility, and anti-inflammatory and pro-angiogenic functions. By 
applying to rat DW treatment, our results demonstrated that PLT- 
Exos@ADMMA-MN could transdermally and continuously deliver the 
encapsulated PLT-Exos into the DW site to switch M1-to-M2 macro-
phage transition and stimulate angiogenesis, thus promoting DW heal-
ing. Therefore, this PLT-Exos@ADMMA-MN is an excellent and 
convenient wound dressing, that can be used in DW treatment via 
simultaneous management of chronic inflammation and vascularization.

Fig. 11. In-vivo performance of the PLT-Exos@ADMMA-MN on inhibiting inflammation. (A) Schematic illustration showing the design and evaluation of PLT- 
Exos@ADMMA-MN on inhibiting inflammation; (B) Immunofluorescent staining of skin sections of wound area for CD86 (M1 marker) and CD206 (M2 marker) 
at days 3 and 7 after injury, Scale bars = 100 μm; (C) Quantification of the M2/M1 ratio in immunofluorescent images from the DW site; (D) ELISA analysis of TNF-α, 
IL-6, IL-10, and IL-4 from the wound tissue lysates extracted at days 3 and 7 after injury; Data are presented as mean ± SD (n = 6). *p < 0.0332, **p < 0.0021, ***p 
< 0.0002, ****p < 0.0001, and “ns” indicates no significance.
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4. Materials and methods

Ethical approval

The Ethics Committee of Chenzhou No. 1 People’s Hospital approved 
the experimental procedures for the use of male SD rats (3 months old) 
and the collection of human blood for PLT-Exos isolation (No. 2023001).

4.1. Preparation of rat-derived ADM

Native skin tissues were harvested from the dorsum of adult SD rats, 
and the hair and subcutaneous fascia were removed and washed with 
PBS solution containing 1 % penicillin-streptomycin-amphotericin B 
(Procell, CHN) for decontamination. After the skin was incubated in 1M 
NaCl solution for 2 h to induce cellular lysis by osmosis and facilitate the 

de-epithelization, they were digested with nuclease solution (100 μg/mL 
RNase and 150IU/mL DNase) (Sigma, USA) at 37 ◦C for 2 h for the 
elimination of genetic material. Then, 50 mM Tris-hydrochloride buffer 
containing 1 % Triton X-100 and 1.5M KCl (Aladdin, CHN) was used to 
wash out cellular debris for 12 h. Finally, PBS washing was performed to 
remove residual reagents. After that, the tissues were lyophilized to 
obtain ADM. During decellularization, 1 % penicillin-streptomycin- 
amphotericin B solution and protease inhibitor (1 tablet/100 mL, 
S8820-20TAB, Sigma) were added to the aforementioned solutions, 
while no protease inhibitor was added into nuclease solution.

4.2. Characterization of rat-derived ADM

DNeasy Blood&Tissue Kit (Qiagen, USA) together with PicoGreen 
DNA assay kit (Invitrogen, USA) was used to quantify the DNA content 

Fig. 12. In-vivo performance of the PLT-Exos@ADMMA-MN on promoting angiogenesis. (A) Schematic illustration showing the design and evaluation of PLT- 
Exos@ADMMA-MN on promoting angiogenesis; (B) Pseudocolored micro-CT image of the wound microvasculature correlated with vessel thickness at day 7 and 
day 14 after injury; (C) Quantitative analysis of vessel volume (%) and vascular diameter; (D) Immunofluorescent staining of skin sections of wound area for vascular 
formation and maturation using anti-CD31 and αSMA at days 7 and 14 after injury, Scale bars = 100 μm; (E) Quantification of CD31 or αSMA-positive area per field; 
Data are presented as mean ± SD (n = 6). *p < 0.0332, **p < 0.0021, ***p < 0.0002, ****p < 0.0001, and “ns” indicates no significance.
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in the NDT and ADM. After NDT and ADM were fixed and embedded in 
paraffin, they were sliced and stained with H&E, MT, anti-collagen I/ 
DAPI, or elastin/DAPI (immunofluorescent staining). H&E combined 
with DAPI staining was used to assess the removal of cellular compo-
nents in ADM. MT and immunofluorescent staining were used to eval-
uate the collagen and elastin in ADM. SEM (Mira3 LMH, Tescan, Czech 
Republic) was applied to observe the microstructure of ADM.

For immunofluorescent staining, sections were incubated with pri-
mary antibodies overnight at 4 ◦C. The primary antibodies applied here 
were as follows: rabbit anti-collagen I (1:200; Abcam, UK), and rabbit 
anti-elastin (1:200; Abcam, UK). After washed in PBS, sections were 
incubated in Alexa Fluor 488-conjugated secondary antibodies (Chem-
icon, USA), and then observed with a Fluorescent Microscope (ApoTome 
2, Carl Zeiss, Germany). For SEM observation, NDT and ADM were fixed 
with glutaraldehyde overnight, dehydrated with a series of ethanol so-
lutions, and then lyophilized. After the gold sputtering was treated, they 
were observed under SEM.

4.3. Preparation of ADMMA

The freeze-dried ADM was ground into powder and digested by 1 
mg/mL pepsin in a 0.01 mol/L hydrochloric acid solution at 37 ◦C for 72 
h with constant stirring. After removing undigested particles with 100 
mesh wire screens, the ADM solution was adjusted to pH 8.0–9.0. Then, 
MA (Aladdin, CHN) was added to this ADM solution with a dropping rate 
of 0.5 mL/min, at a ratio of 1 mL MA per gram of freeze-dried ADM. 
After stirred at 37 ◦C for acylation reaction, this ADM solution was 
dialyzed in a dialysis bag for 72 h to remove the residual MA, and then 
lyophilized to acquire ADMMA powders.

4.4. Characterization of ADMMA-GEL

The desired concentration of ADMMA pre-gels (3 %, 4 %, 5 %, 6 %) 
(w/v) was made by dissolving ADMMA powders in sterile PBS along 
with 0.05 % (w/v) of photoinitiator (Irgacure 2959, Aladdin, CHN). To 
evaluate the rheological properties of the four ADMMA-GELs, the stor-
age modulus (G′) and the loss modulus (G) were measured by a rota-
tional rheometer (Anton Paar MCR 302e) with a plate geometry (25 mm 
dia, 3 mm gap). Firstly, a frequency sweep (0.1–10 Hz) was conducted 
on the four ADMMA pre-gels with 1 % strain after UV crosslinking at 
25 ◦C. Additionally, a time sweep was also conducted on ADMMA-GELs 
for 30 s at 25 ◦C with a frequency of 10 Hz, 1 % strain. FTIR spectra were 
recorded in the range of 4000-400 cm− 1 and at a resolution of 2 cm− 1 by 
FTIR spectrophotometer (Nicolet 6700, Thermo Fisher Scientific Inc.). 
The spectra plots represented the average of 32 scans.

In-vitro biodegradation of these ADMMA-GELs was assessed using 
PBS solution or collagenase I solution (Sigma, USA). After measuring the 
original weight (W0) of the freeze-dried ADMMA-GEL, they were incu-
bated in the PBS solution or collagenase I solution (1 mg/mL) for 1, 3, 5, 
7, 9, 11, 13, and 15 days. After these incubated ADMMA-GELs were 
washed with deionized water and freeze-dried again, they were weighed 
at each time point (Wd). The degradation rate was calculated by the 
following equation: Degradation Rate (%) = [(W0− Wd)/W0] × 100 
(%).

To evaluate the protein maintenance during fabricating ADMMA 
powders, the growth factors in the ADMMA powders involved in 
immunomodulation (CSF1, CSF2), angiogenesis (VEGFα, PDGFββ), and 
wound healing (βFGF, EGF) were evaluated using corresponding ELISA 
kits, which was listed in Table S1.

4.5. Preparation and identification of isolated PLT-Exos

After whole blood was taken from healthy donors, citrate dextrose 
solution A (ACD-A) was added as an anticoagulant. Then, 40 mL of 
whole blood was centrifuged at 160 g for 10 min to obtain platelet- 
containing plasma. After that, this platelet-containing plasma was 

centrifuged again at 250 g for 15 min. The supernatant plasma was 
discarded, and the platelet pellet was resuspended in the residual plasma 
to obtain 4 mL platelet-rich plasma (PRP). After the PRP samples were 
centrifuged at 250 g for 15 min to obtain platelet pellet and then washed 
with PBS (calcium-free, magnesium-free, and phenol red-free; Gibco; 
USA) three times. The PRP suspension was activated with 1 mL of 10 % 
CaCl2 and 1000 U thrombin (Hunan Yige Pharmaceutical, China), and 
then centrifuged in series at low speeds (300 g for 10 min, 2000g for 10 
min) to discard cell debris. Then, the supernatant was filtered through a 
0.22 μm filter (Millipore, Germany), and ultrafiltered under 4000 g 
centrifugation for 1 h. After repeating the ultrafiltration, the ultra-
filtered liquid was transferred onto a 30 % sucrose/D2O cushion in an 
Ultra-Clear™ tube (Beckman Coulter, USA) and ultracentrifuged at 
100,000 g for 70 min to pellet the exosomes. After washing the pelleted 
exosomes with PBS, exosome suspension was ultracentrifuged again at 
100,000 g for 70 min. After washing the pelleted exosomes with PBS, the 
isolated exosomes were carefully resuspended in sterile PBS and stored 
at − 80 ◦C for subsequent experiments.

The size distribution, morphology appearance, and specific exosome 
markers (CD63, CD81, and TSG101) were analyzed to identify the iso-
lated exosomes. After the platelets were activated, the bioactive mole-
cules in the platelets were released absolutely, thus these A-PLTs were 
selected as control. The cargoes in these isolated exosomes and A-PLT 
were analyzed using Bio-Plex Pro Human Cytokine 27-plex Assay kit 
(Bio-Plex, USA) and human angiogenic factors arrays (Raybiotech, 
USA).

4.6. Determining the minimum effective concentration of PLT-Exos 
encapsulation

Based on the results of rheological and biodegradative properties, the 
ADMMA pre-gels were made by dissolvable 5 % (w/v) ADMMA powders 
in sterile PBS along with 0.05 % (w/v) of photoinitiator (Irgacure 2959, 
Aladdin, CHN). To determine the minimum effective concentration of 
PLT-Exos encapsulation, four PLT-Exos@ADMMA-GELs were prepared 
with four gradient concentrations of PLT-Exos (0, 100, 200, 400 μg/mL), 
referenced in the human clinical trial [56], and the cytocompatibility, 
proliferation, migration, and tube formation of HUVECs (OriCell®, 
China, HUVEC-20001) were evaluated under the influence of the four 
PLT-Exos@ADMMA-GELs.

A live/dead cell staining kit (Abbkine, China, KTA1001) was used to 
illustrate the influence of the four hydrogels on HUVECs cytocompati-
bility. Briefly, the four hydrogels (200μL) in sol state were respectively 
injected into the upper chamber of a 24-well transwell chamber (Serv-
icebio, China, WG3422) (n = 4), and placed into ultraviolet light to gel. 
After the upper chamber was immersed into the culture medium of 
HUVECs for 24 h, 2 × 104 HUVECs were seeded into the lower chamber. 
After incubating for 3 days, the cells were stained with a live/dead cell 
staining kit, and imaged by a fluorescent microscope (ApoTome 2, Carl 
Zeiss, Germany).

CCK-8 assay (Abbkine, China, KTA1001) was used to evaluate the 
influence of the four hydrogels on HUVECs proliferation. Briefly, the 
four hydrogels (200μL) in sol state were respectively injected into the 
upper chamber of a 24-well transwell chamber (n = 4), and placed into 
ultraviolet light to gel. After the upper chamber was immersed into the 
culture medium of HUVECs for 24 h, 2 × 104 HUVECs were seeded into 
the lower chamber. After incubating for 1, 3, 5, 7, 9, and 11 days, CCK-8 
solution was added into each well and incubated for 2 h. The optical 
density (OD) was detected by a microplate absorbance reader (Tecan, 
Switzerland, M1000) at 450 nm.

A transwell migration assay was performed to evaluate the influence 
of the four hydrogels on HUVEC migration. Briefly, the four hydrogels 
(200μL) in sol state were respectively injected into the lower chamber of 
a 24-well transwell chamber (n = 4), placed into ultraviolet light to gel, 
and 600 μL culture medium of HUVECs was added into the lower 
chamber for 24 h. Then, 5 × 104 HUVECs were resuspended with an FBS- 
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free medium and added into the upper chamber. After incubating for 6 
h, the transwell inserts were removed and rinsed gently with PBS, and 
those noninvaded cells on the surface of the microporous membrane 
were gently wiped off with a cotton swab. After fixation in 4 % para-
formaldehyde (Biosharp, China, BL539A) for 10 min at room tempera-
ture, 0.1 % crystal violet (Servicebio, China, G1014) was used to stain 
for 5 min. Photographs were taken by microscopy (Leica, Germany, 
DMI3000B).

Tubular network formation of HUVECs was performed to further 
evaluate the angiogenic potential of the four PLT-Exos@ADMMA-GELs. 
Briefly, the four hydrogels (200μL) in sol state were respectively injected 
into the upper chamber of a 24-well transwell chamber, and placed into 
ultraviolet light to gel. After the upper chamber was immersed into the 
culture medium of HUVECs for 24 h, the down chamber was covered 
with 200uL matrix gel (Corning, America, 354248) for 30 min at 37 ◦C, 
and then seeded with 1.5 × 105/well of HUVECs (n = 4). After 6 h, 
HUVECs were taken by microscopy (Leica, Germany, DMI3000B) to 
count the number of lattice-like shapes.

4.7. Fabrication, appearance, and mechanical evaluation of PLT- 
Exos@ADMMA-MN

A self-designed PDMS mold (Fig. S2) was applied for preparing PLT- 
Exos@ADMMA-MN. Briefly, the PLT-Exos at a concentration of 200 μg/ 
mL were mixed within an ADMMA pre-gel (5 %, w/v), and then 
deposited into the needle cavities of PDMS mold, and then kept under 
vacuum for 1 h to remove air bubbles at the bottom of the mold. Sub-
sequently, the PDMS mold containing PLT-Exos@ADMMA pre-gel was 
exposed to UV light for gel. After keeping the mold in the dark for 24 h to 
dry the perfused PLT-Exos@ADMMA-GEL at room temperature, our MN 
was de-molded and stored under dry conditions at 4 ◦C before further 
use. The gross images of PLT-Exos@ADMMA-MN were captured for 
appearance observation. The surface morphology of PLT- 
Exos@ADMMA-MN was observed by SEM.

The mechanical properties of the PLT-Exos@ADMMA-MN were 
measured using a universal testing machine. The microneedle patch was 
fixed on the universal testing machine with the tips facing upward, with 
the breaking strength of the needle tip was measured at a test speed of 5 
mm/min.

4.8. In-vitro release assay of PLT-Exos from PLT-Exos@ADMMA-MN

To detect the release profile of PLT-Exos from our MN, the PLT-Exos 
were labeled by the red fluorescence dye (Dil, D282, Invitrogen, USA) 
before being encapsulated into the ADMMA pre-gel. The Dil-labeled 
PLT-Exos@ADMMA-MN were immersed in PBS at 37 ◦C, and fluores-
cence images of the tips of Dil-labeled PLT-Exos@ADMMA-MN were 
captured by CLSM at day 0, 4, 7, 10, and 14. The fluorescence images of 
the tips of Dil-labeled PLT-Exos@ADMMA-MN at day 0 were taken to 
visualize the PLT-Exos distribution in the PLT-Exos@ADMMA-MN. In 
addition, the release rate of PLT-Exos was calculated by the following 
formula: R=(D0-Dx)/D0*100 %. where “R” is the release rate, D0 refers 
to the area of red fluorescence at day 0; and Dx refers to the area of red 
fluorescence at day 0, 4, 7, 10, or 14, respectively.

4.9. In-vitro immunomodulation and angiogenesis of PLT- 
Exos@ADMMA-MN

4.9.1. Cell culture systems
The immunomodulatory properties of PLT-Exos@ADMMA-MN were 

evaluated using a co-culture system of THP-1 macrophages and PLT- 
Exos@ADMMA-MN. Briefly, 200uL of PLT-Exos@ADMMA pre-gel was 
respectively injected into the upper chamber of a 24-well transwell 
chamber (n = 4), and placed into ultraviolet light to gel. The PLT- 
Exos@ADMMA-GEL on the plate was dried in a sterile and dark envi-
ronment for 24 h at room temperature as MN for cell culture. To obtain 

THP-1 macrophages, THP-1 monocytes (ATCC TIB202, Manassas, VA) 
were cultured on the medium containing PMA (20 ng/mL, Sigma- 
Aldrich). After 24 h of incubation, these cells adhering to the Petri 
dish surface were THP-1 macrophages, which were collected and seeded 
into the lower chamber at a density of 5 × 105/well. THP-1 macrophages 
cultured within a medium containing lipopolysaccharide (LPS) (100 ng/ 
mL, Solarbio, China) were set up as an LPS group. THP-1 macrophages 
cultured without LPS were set up as a CTL group. THP-1 macrophages 
cultured with an upper chamber loading PLT-Exos@ADMMA-MN were 
set up as an MN group.

The pro-angiogenic capacities of PLT-Exos@ADMMA-MN were 
evaluated using a co-culture system of HUVECs and PLT- 
Exos@ADMMA-MN. Briefly, 200uL of PLT-Exos@ADMMA pre-gel was 
respectively injected into the upper chamber of a 24-well transwell 
chamber (n = 4), and placed into ultraviolet light to gel. The PLT- 
Exos@ADMMA-GEL on the plate was dried in a sterile and dark envi-
ronment for 24 h at room temperature as MN for cell culture. Then, 1.5 
× 105/well of HUVECs were seeded into the lower chamber at a density 
of 5 × 105/well. HUVECs cultured within a medium containing VEGFα 
(100 ng/mL, Procell, CHN) were set up as a VEGF group. HUVECs 
cultured within a medium containing without VEGFα were set up as a 
CTL group. HUVECs cultured with an upper chamber loading PLT- 
Exos@ADMMA-MN were set up as MN group.

4.9.2. PLT-Exos uptake by THP-1 macrophages or HUVECs
PLT-Exos were labeled by the red fluorescence dye (Dil) before being 

encapsulated into the ADMMA pre-gel, the medium of THP-1 macro-
phages or HUVECs was incubated into this Dil-labeled PLT-Exo-
s@ADMMA-MN for 24 h. The two mediums containing Dil-labeled PLT- 
Exos were respectively collected for culturing THP-1 macrophages or 
HUVECs. After 6 h of culture, the THP-1 macrophages or the HUVECs 
were stained by DAPI and anti-phalloidin and then captured by a fluo-
rescence microscope for observing PLT-Exos uptake.

4.9.3. Flow cytometry
After 3 days of co-culture, the THP-1 macrophages were collected for 

flow cytometry using a flow cytometer (CyAN ADP, Beckman, USA). 
According to the sorting procedures (Fig. S4), three surface markers 
were used together to measure the counts of M1 macrophages (CD11b +
CD206-CD80+) and M2 macrophages (CD11b + CD206+CD80− ) by a 
subsequent flow-cytometry-activated cell sorting (FACS) gating scheme.

4.9.4. qRT-PCR
qRT-PCR was used to detect the expression of M1 macrophages 

related genes (CD80, INOS) and M2 macrophages related genes (CD206, 
CD163). Briefly, the collected THP-1 macrophages were used to extract 
total RNA with TRIzol reagent (CW Biotech, China), and cDNA was 
synthesized using a reverse transcription kit (Takara, Japan). cDNA was 
then amplified by qPCR system, all in 20 μL of the final reaction mixture. 
GAPDH was used as a reference for data processing. The primer se-
quences are shown in Table S2.

4.9.5. Enzyme-linked immunosorbent assays (ELISAs)
Using a co-culture system of THP-1 macrophages and PLT- 

Exos@ADMMA-MN, the cell supernatant on day 3 was collected for 
measuring TNF-α, IL-6, IL-10, IL-4, VEGFα, and PDGFββ content ac-
cording to the instructions of the ELISA kit. The detailed information on 
the ELISA kits is listed in Table S1.

4.9.6. RNA sequencing and analysis
On day 3 of culture, the THP-1 macrophages in the CTL group or the 

MN group were collected for transcriptome analysis. Briefly, total RNA 
was extracted using Trizol reagent (Invitrogen, USA) from THP-1 mac-
rophages in the CTL group or the MN group. The obtained RNA samples 
were sent to HaploX Genomics Center (Shenzhen, China) for RNA 
sequencing. The expression FPKM value of the respective gene in each 
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sample was determined using featureCounts software. Differential 
expression analysis was performed using DESeq software and counted 
using the DESeq algorithm. The genes with significantly different ex-
pressions were identified as follows: [log 2fold change] > 1 and P <
0.05. CIBERSORT was used to characterize the immune cell subsets in 
the CTL group or the MN group based on their gene expression profiles 
[61]. Through the GO (Gene ontology) analysis, the biological functions 
of differential genes were described, which included biological pro-
cesses (BP), molecular function (MF), and cellular components (CC). The 
pathways with significant enrichment of differential genes were 
described by KEGG (Kyoto Encyclopedia of Genes and Genome) 
pathway enrichment analysis and GSEA (Gene Set Enrichment Analysis) 
dataset analysis.

4.9.7. CCK-8 assay
CCK-8 assay was used to evaluate the influence of our PLT- 

Exos@ADMMA-MN on HUVEC proliferation. After incubating for 1, 3, 
and 7 days, CCK-8 solution was added into each well and incubated for 2 
h. The optical density (OD) was detected by a microplate absorbance 
reader at 450 nm.

4.9.8. Cell scratch test
A cell scratch test was performed to evaluate the influence of our 

PLT-Exos@ADMMA-MN on HUVEC migration. Briefly, when the density 
of the HUVECs proliferates to about 95 %, a straight line is drawn to 
create a uniform scratch with a 1-mL pipette tip. After incubating for 12 
h, photographs were taken by microscopy (Leica, Germany, DMI3000B).

4.9.9. Tubular network formation
Tubular network formation of HUVECs was used to evaluate the pro- 

angiogenic potential of our PLT-Exos@ADMMA-MN. Briefly, after 
culturing for 6 h, HUVECs were taken by microscopy (Leica, Germany, 
DMI3000B) to measure the number of lattice-like shapes.

4.10. Animal experiment

4.10.1. Animal model of diabetic wound (DW)
Male Sprague Dawley rats were induced into diabetes by a single 

intraperitoneal injection of streptozotocin (90 mg/kg). The rats with 
stable high levels of blood glucose (300 mg/dl) for 2 weeks were used for 
the following experiments. These diabetic rats were randomly allocated 
into the ID, TO, or MN group, and then anesthetized by isoflurane gas. 
After the rats were shaved and sterilized, round full-thickness skin de-
fects with a diameter of 2 cm were created on the back of each rat. The 
rats in the ID group were treated by intradermal (ID) injection of PLT- 
Exos solution, while in the TO group, the DW on the rat back was 
treated by topical administration (TO) of PLT-Exos@ADMMA-GEL. The 
rats in the MN group were treated by microneedles (MN) administration 
of PLT-Exos@ADMMA-MN.

4.10.2. PLT-Exos@ADMMA-MN capable of transdermal and sustained 
delivery of PLT-Exos

To evaluate the transdermal and sustained delivery of PLT-Exos of 
our MN, we prepared Dil-labeled PLT-Exos@ADMMA-MN or Dil-labeled 
PLT-Exos@ADMMA-GEL. The DW tissue was harvested 30 min or 7 days 
after treatment with topical administration of Dil-labeled PLT-Exo-
s@ADMMA-GEL (TO group, the same PLT-Exos in our MN) or micro-
needles administration of Dil-labeled PLT-Exos@ADMMA-MN (MN 
group). The excised tissue was washed with deionized water, fixed with 
a 4 % formalin solution, and sectioned for the observation of Dil-positive 
red fluorescence using a fluorescent microscope. Additionally, after the 
rat DW was treated with intradermal injection of Dil-labeled PLT-Exos 
(ID group, the same PLT-Exos in our MN, n = 4) or microneedles 
administration of Dil-labeled PLT-Exos@ADMMA-MN (MN group, n =
4), whole-body fluorescence images were captured using in vivo imag-
ing system (IVIS) (Lumina XR, PerkinElmer, Waltham, MA, USA), and 

the fluorescence intensity was comparatively measured in the DW re-
gion using the Living Image software for evaluating the sustained de-
livery of PLT-Exos of our MN.

4.10.3. Wound healing assay
The images of rat DWs at days 0, 7, 14, and 21 were imported into 

Image-Pro Plus (version 6.0.0; Media Cybernetics Inc.) for the calcula-
tion of wound closure by two investigators (Yanpeng Cao and Liang Liu). 
The percentage of wound closure was calculated as follows: (A0-At)/ 
A0*100 %, where “A0” indicates the area of the original wound, and 
“At” is the area of the wound at the measured time point.

4.10.4. H&E and MT staining
At day 21, all rats were euthanized, and the wound tissues were 

harvested and fixed with 4 % paraformaldehyde. Then the tissues were 
embedded in paraffin and sectioned for H&E staining and MT staining to 
study the re-epithelialization and collagen deposition of wounds (n = 6 
per group). In the H&E-stained sections, the percentage of re- 
epithelialization (E%) was calculated according to previously 
described methods: E% = Wt/Wo*100, where “Wo” is the length of the 
original wound, and “Wt” is the length of the neo-epithelium across the 
surface of the wound. In the MT-stained sections, the collagen deposition 
was calculated by detecting the mean staining intensity for Masson using 
Image-Pro Plus 6 software.

4.10.5. Immunofluorescent staining
On days 3 and 7, wound samples from each group were used to 

observe the macrophage polarization of DW. On days 7 and 14, wound 
samples from each group were used to detect angiogenesis that occurred 
in the granulation tissue of DW. The sections of harvested wound tissues 
were blocked with 1 % Bovine Serum Albumin (Aladdin, CHN) for 1 h 
and permeabilized with 2 % Triton X-100 for 30 min. After the sections 
were incubated with primary antibodies overnight at 4 ◦C, Alexa Fluor 
488 or Alexa Fluor 594 conjugated secondary antibodies were used to 
stain these sections for 1 h at room temperature. Finally, these sections 
were counterstained with DAPI. The images were captured by a fluo-
rescent microscope. Primary antibodies were listed as follows: anti- 
CD86 antibody (1:200, Abcam, USA), anti-CD206 antibody (1:200, 
Abcam, USA), anti-CD 31 antibody (1:200, Abcam, USA), anti-αSMA 
antibody (1:200, Abcam, USA).

4.10.6. Enzyme-linked immunosorbent assays (ELISA)
On days 3 and 7, the skin tissue acquired from the rat DW site was 

dissected for ELISA. Briefly, the specimen was immediately frozen in 
liquid nitrogen after dissection and then crushed into a fine powder 
using a precooled Bio-Pulverizer (BioSpecs, Bartlesville, OK, USA). The 
powdered tissue was extracted and centrifuged to collect the clear tissue 
extract. Protein concentration in the extract was determined using a 
Pierce BCA protein assay kit (Thermo Fisher Scientific Inc, Rockford, IL, 
USA). After that, rat ELISA kits for TNF-α, IL-6, IL-10, and IL-4 (Table S1) 
were used to measure protein levels. Concentrations of TNF-α, IL-6, IL- 
10, and IL-4 were normalized to total protein concentrations determined 
using the Pierce BCA protein assay.

4.10.7. Angiography
To evaluate angiogenesis in the DW healing process, experimental 

rats were perfused by Microfil (Microfil MV-122; Flow Tech, USA) on 
days 7 and 14 according to a previous study [28]. In brief, after anes-
thesia with 4 % chloral hydrate, the thoracic cavity was opened and the 
infusion needle was placed into the left ventricular. Heparinized normal 
saline, 10 % formalin, and 10 mL mixed microfil solution were perfused 
successively. After the contrast agent was fully polymerized, the skin of 
the DW was harvested and scanned by micro-CT (SKYSCAN 1176, 
Bruker, Kontich, Belgium) to quantify the angiogenesis in the DW site. 
Then, 3D reconstructions were generated with the application of the 
CTVol software (Skyscan Company). Parameter of the angiogenesis, 
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including vessel volume/tissue volume (%) and vessel diameter (μm), 
was analyzed using the CTAn software (Skyscan Company).

4.11. Statistical analysis

Data were collected and documented as mean ± standard deviation, 
and the data were statistically analyzed using GraphPad Prism 9.0 
software. One-way ANOVA was used for comparison between different 
groups, while a student t-test was utilized to compare the statistical 
difference between the two groups. Statistical difference was labeled in 
parallel, and * indicates p < 0.0332, which is considered a statistically 
significant difference, while ** indicates p < 0.0021, *** indicates p <
0.0002, **** indicates p < 0.0001, and “ns” indicates no significance.
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