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A B S T R A C T   

Oral ulcers have periodicity and recurrence, and the etiology and causative mechanisms remain unclear; 
therefore, it is difficult to treat oral ulcers effectively. Current clinical treatment methods mainly include pain 
relief and administration of anti-inflammatories to prevent secondary infections and a prolonged recurrence 
cycle. However, these traditional treatment methods are administered independently and are susceptible to 
muscle movements and constant salivary secretion in the mouth, resulting in ineffective drug functioning. 
Therefore, development of a novel treatment to reduce wound infection and accelerate wound healing for oral 
ulcers is required for effective treatment. Herein, we report a multifunctional polysaccharide composite 
microneedle patch based on hyaluronic acid (HA) and hydroxypropyl trimethyl ammonium chloride chitosan 
(HACC) loaded with dexamethasone (DXMS) and basic fibroblast growth factor (bFGF) for oral ulcer healing. 
DXMS and bFGF encapsulated the HA tip portion of the microneedle patch, endowing the microneedle patches 
with anti-inflammatory and angiogenic properties. HACC was applied to the back of the microneedle patch, 
adding antibacterial properties. The experimental results indicated that the prepared dressings exhibited good 
antibacterial activity and effectively promoted cell migration growth and angiogenesis. More importantly, ani
mal experiments have shown that multifunctional microneedle patches can effectively promote oral ulcer 
healing. Thus, these novel multifunctional polysaccharide composite microneedle patches have great potential 
for oral ulcers treatment.   

1. Introduction 

Oral ulcer is one of the most common oral mucosal diseases，with a 
prevalence ranging from 5% to 20% [1–3]. Although oral ulcers have 
self-limiting properties and most often heal within 2 weeks, some pa
tients experience a “continuous rise and fall” of ulcers, which persist in 
the oral cavity for an extended period and seriously impacts physical and 
mental health [4]. At present, the etiology and causative mechanisms of 
oral ulcers remain unclear [5]. Therefore, clinical treatment mainly fo
cuses on treating symptoms, such as by reducing inflammation and pain, 
to prevent infection and promote healing [6]. Because of significant 
individual differences in the cause and degree of disease among patients, 
there is a need for a more effective treatment method. Currently, local 
treatment remains the first choice of treatment for oral ulcers. 
Commonly used drugs include glucocorticoids, healing-promoting 

drugs, mucosal protective agents, and antibacterial drugs [7]. Most 
local drugs for oral ulcers are used alone in the form of gargles, gels, 
buccal tablets, films, and sprays, and have a single effect. In addition, 
local drug use is affected by muscle movement and continuous secretion 
of saliva in the mouth, which shortens the action time of the drug in the 
mouth, leading to a decrease in the effective drug concentration at the 
lesion, thus significantly weakening its therapeutic effect [8]. Therefore, 
it is necessary to develop a new method that can simultaneously reduce 
infection and accelerate wound healing without affecting muscle 
movement, which is particularly important for the treatment of oral 
ulcers. 

Microbial communities colonizing the oral mucosa can influence the 
progression of oral ulcers [9]. Disorders of the immune system also play 
a crucial role in the development of oral ulcers [10]. Decreased levels of 
growth factors in the wound environment usually lead to ischemia at the 
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lesion site and impaired tissue regeneration, which affects ulcer healing. 
The pseudomembrane on the ulcer surface leads to the failure of the 
commonly used clinical drug delivery route to effectively penetrate the 
mucosa and exert its effects. Interactions between various factors can 
further the extent of oral ulcers. Microneedle (MN) patches can simul
taneously load multiple drugs and penetrate the epidermis to form mi
cropores [11]. The patches combine the advantages of a subcutaneous 
injection needle and transdermal patch so that drugs can directly 
penetrate the dermis, promote drug penetration in a minimally invasive 
and painless manner [12], and promote intradermal and transdermal 
delivery of vaccines or peptides [13,14]. Using MN patches to carry 
various drugs to treat oral ulcers can solve existing problems related to 
short local drug action time, low effective concentration, and single 
efficacy. Hence, the application of MN patches for oral ulcers is an 
effective treatment option. 

Inspired by the pathogenesis of oral ulcers, we developed multi
functional polysaccharide composite MN patches for oral ulcer healing. 
Dexamethasone (DXMS) is a long-acting glucocorticoid that reduces 
inflammation by inhibiting the migration of polymorphonuclear leu
kocytes and reducing capillary permeability, and can therefore be used 
in the treatment of oral ulcers [15,16]. The basic fibroblast growth 
factor (bFGF) is a polypeptide that exhibits potent angiogenesis and can 
stimulate cell proliferation and migration [17–19]. Hydroxypropyl tri
methyl ammonium chloride chitosan (HACC) and hyaluronic acid (HA) 
are two common polysaccharides that are widely used in the repair of 
skin wounds because of their biocompatibility, rapid response, and good 
degradability, as well as their rich, hydrophilic, living-tissue-like soft
ness and elasticity of the stimulus response pattern [20–22]. Recently, 
chitosan and its derivatives have become effective ways to deliver oral 
drugs [23]. HACC is a water-soluble chitosan derivative with better 
antibacterial activity than chitosan [24], so it has better application 
prospects as a wound dressing. HA is a biopolymer with biological 

activity and is widely present in the human body. It can increase the 
stability of drug delivery [25], improve drug permeability, and promote 
wound healing in the oral cavity [26]. HA has excellent mucosal adhe
sion [27], allowing it to act as a barrier in the protective hydration layer 
formed on the ulcer wound surface, protect the wound surface, and 
isolate external stimuli from the nerve endings in the mucosal tissue to 
relieve pain and shorten the ulcer healing time [28]. Thus, the devel
opment of a HACC/HA-based multifunctional drug delivery system for 
oral ulcer treatment is still anticipated. Herein, we report a multifunc
tional polysaccharide composite MN patch with antibacterial, 
anti-inflammatory, and angiogenic abilities for oral ulcer healing 
(Fig. 1). 

2. Material and methods 

2.1. Chemicals and drugs 

HA and HACC were purchased from Bloomage Biotech (Jinan, 
China). DXMS (5 mg/mL) was purchased from the Xiangya Second 
Hospital, Central South University (Hunan, China). bFGF was purchased 
from GenScript ProBio (Piscataway, NJ), and lipopolysaccharide (LPS) 
was purchased from Biosharp. The Live & Dead Viability/Cytotoxicity 
Assay Kit was purchased from the Keygen Biotech Company (Jiangsu, 
China), and the Cell Counting Kit (CCK)-8 Cell Proliferation and Cyto
toxicity Assay Kit was purchased from Biosharp (Tallinn, Harjumaa, 
Estonia). The Live & Dead Bacterial Staining Kit was purchased from 
Yeasen (Shanghai, China). All solvents and reagents used in this study 
were of analytical grade. 

2.2. Cell culture 

Human oral fibroblasts (HOrF) and human umbilical vein 

Fig. 1. Schematic presentation of the application of multifunctional HA/HACC composited microneedles patches for promoting oral ulcers healing. HACC, 
hydroxypropyl trimethyl ammonium chloride chitosan; HA, hyaluronic acid; DXMS, dexamethasone; bFGF, basic fibroblast growth factor; E. coli, Escherichia coli; S. 
aureus, Staphylococcus aureus; C. albicans, Candida albicans; WBC, white blood cell; EC, endothelial cell. 
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endothelial cells (HUVEC) were provided by the second Xiangya Central 
Laboratory (Changsha, China). Mouse macrophages (RAW264.7) cell 
lines were purchased from Abiowell (Changsha, China) and cultured in a 
high-glucose medium (DMEM) containing 10% FBS. All cells were 
maintained at 37 ◦C in an incubator with 5% CO2. 

2.3. MN patch preparation and characterization 

We purchased a polymethylsiloxane (PDMS) mould from Shiling 
Laker Mould Merchant (Guangzhou, China). HA powder was dissolved 
in phosphate-buffered saline (PBS) to obtain a 10% (w/v) HA solution, 
and the HACC solid was dissolved in PBS to obtain a HACC solution. 
DXMS and bFGF were added, mixed with the HA solution and centrifuge 
at 12,000 rpm for 30 min. The mixed solution was then spread into the 
PDMS mould, and a lyophiliser was used to remove bubbles under 
negative pressure for 30 min. Next, the following steps were performed: 
Remove the excess HA solution containing different components on the 
back of the MN patch, retain the HA solution on the tip, and add the 
HACC solution to form the back of the MN patch. Heat and dry for 2–3 h 
in a drying oven at 30–35 ◦C to remove excess moisture. Finally, the 
PDMS mould was peeled off to obtain HA/HACC with different com
ponents and stored at 4 ◦C for future use. The morphological features of 
the MN patch were characterised using a stereomicroscope (JSZ6S, 
Jiangnan Novel Optics, Jiangsu, China) and scanning electron micro
scopy (SEM). To visualise the structure of the MN patches, fluorescent 
probe-loaded MN patches were prepared and imaged using confocal 
laser scanning microscopy (CLSM, Zeiss LSM 710, Jena, Germany). 
Lumisphere was used as a fluorescent probe to show the tip morphology. 

2.4. Physical properties of MN patch  

I) Mechanical Test 

To ensure that the HAMN has sufficient strength to penetrate the oral 
mucosa without fracture, we applied a force gauge (Handpi NK-50, 
Shenzhen, China) to test the mechanical properties of the MN patch. 
The MNs were attached to a horizontal platform with the needle tip 
facing upward. The probe was moved downward perpendicular to the 
MNs at a constant speed of 0.1 mm/min. The maximum support force 
(N/microneedle) of each tip can be calculated from the value of the force 
divided by the number of tips.  

II) In vivo mucosa penetration ability 

The Rhodamine B (RhoB)-loaded HA/HACC MN patch was inserted 
into the normal buccal mucosa of Sprague–Dawley rats. Frozen sections 
of rat mucosa were then prepared. The depth of MN patch penetration 
into the oral mucosa was observed using a fluorescence microscope. 
Changes in the oral mucosal epithelium after treatment with MN patches 
were also observed using hematoxylin and eosin (H&E) staining. 
Insertion depth was measured using ImageJ software.  

III) Dissolution properties 

The dissolution properties of microneedles were tested using rat oral 
mucosa. The HA/HACC@DXMS&bFGF were pressed into the lower lip 
mucosa of rats and continued for 30s, 1 min and 2 min respectively, and 
the MN patches were removed at different time points to observe the 
dissolution under light microscopy. 

Fig. 2. Characterization of HA/HACC MN patches. (A–C) Images of intact and magnified MN patches based on optical microscopy. (D–F) SEM images showing 
surface microstructures. (G–I) Fluorescence images of the tip of the HA/HACC MN patches loaded with Lumisphere. Scale bars respectively are (A) 5 mm, (B, D, G) 
500 μm, (C, E, H) 200 μm, (F) 10 μm and (I) 100 μm. 
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2.5. In vitro and in vivo biocompatibility assays  

I) Calcein-AM/propidium iodide (PI) staining: HA, HA/HACC, HA/ 
HACC@DXMS, HA/HACC@bFGF, and HA/HACC@DXMS&bFGF 
were dissolved in 1 mL of culture medium containing 10% FBS 
and filtered to obtain a sterile filtrate for use. HOrF and HUVEC 
were inoculated separately in 96-well plates and incubated for 24 
h. This step was followed by intervention using sterile filtrate 
from each group of MN patches for 24 h. After treatment, the cells 
were fluorescently labelled with calcein-AM/PI staining. Finally, 
the results were examined by fluorescence microscopy. The cor
responding culture medium of various cells was used as a nega
tive control. Live cell (%) = live cell (green)/[live cell (green) +
dead cell (red)] × 100% (the percentage of viable cells in the 
control group was set at 100%).  

II) Hemolysis test: Fresh rat blood (1 mL) was stirred with a glass rod 
to extract the fibrinogen. After removing the fibrotic blood, the 
supernatant was aspirated after centrifugation at 2000 rpm for 5 
min. Then, the red blood cells were washed with 10 mL PBS three 
times, the supernatant was removed, and the red blood cell pre
cipitate was obtained. Red blood cells (100 μL) were added to 5 
mL of PBS to prepare a 2% red blood cell suspension, and MN 
patches were added to each group, respectively. After 2 h, the 
erythrocyte suspension was centrifuged at 2000 rpm for 5 min, 
the supernatant was added to a 96-well plate, and the optical 
density (OD) at 529 nm was measured using an ultraviolet–visible 

spectrophotometer. Triton X-100 (1% v/v) was used as a positive 
control (100% reference value for hemolysis). Hemolysis (%) =
[OD(treatment group) - OD(PBS)]/[OD(Triton X-100) - OD 
(PBS)] × 100%  

III) In vivo drug toxicity: HE staining of vital organs (the heart, liver, 
spleen, lungs, and kidneys) was performed to observe drug 
toxicity in vivo. 

2.6. CCK8 assay 

HOrF and HUVEC were grown in 96 well plates with a seeding 
density of 4 × 103. Cells in the exponential growth phase were treated 
with different groups (control, HA, HA/HACC, HA/HACC@DXMS, HA/ 
HACC@bFGF, and HA/HACC@DXMS&bFGF) and incubated for 24 h. 
Subsequently, the cells were incubated with CCK8 kit for 2 h. Cell 
viability was demonstrated by measuring the OD at 450 nm. Cell 
viability (%) = [OD(treatment group) - OD(blank group)]/[OD (control 
group) - OD(blank group)] × 100%. 

2.7. Wound healing assay 

MN patches were dissolved in 1 mL of cell culture medium without 
FBS and filtered to obtain a sterile filtrate for use. HOrF and HUVEC 
were inoculated in 6-well plates and cultured in cell culture medium 
containing 10% FBS, and when their growth was confluent to 80%, they 
were scored using a 200 μL pipette tip. Interventions were performed 

Fig. 3. Physical properties of MN patches. (A) Mechanical strength of the MN patch with different concentrations of HA. (B, C) The penetration assay in rat oral 
mucosa. (D) Mechanical strength of different MN patches. (E) The red fluorescent RhoB-loaded MN patches is tightly attached to the mucosal surface. (F) HE staining 
images after MN patch puncture. (G) The MN patch can be completely dissolved within 2 min. The scar bar are (B, C) 5 mm and (E, F, G) 200 μm. (For interpretation 
of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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using cell culture medium without FBS and a sterile filtrate from each 
MN patch group. Images were observed using light microscopy at 0 and 
24 h after the intervention, and the wound size was quantified using 
ImageJ software. The migration rate (%) = (scratch distance - distance 
after growing)/scratch distance × 100%. 

2.8. Tube formation assay 

Extracellular matrix gel was mixed with DMEM at a 1:1 ratio on ice, 
and 50 μL was added to a 96-well plate and incubated for 1 h at 37 ◦C in a 
cell culture incubator. Cells were pendant suspended from the control, 
HA, HA/HACC, HA/HACC@DXMS, HA/HACC@bFGF, and HA/ 
HACC@DXMS&bFGF solutions. The cell concentration was adjusted to 
1 × 105 cells/mL. In total, 100 μL of cell suspension was added uni
formly to the prepared gels and incubated in the medium for 6 h before 
capturing images of tubule formation by microscopy after fluorescent 
staining. Quantitative statistical analysis was performed using ImageJ 
software. 

2.9. In vitro and in vivo antimicrobial assays 

Escherichia coli, Staphylococcus aureus, Streptococcus mutans and 
Candida albicans were used to assess the antibacterial capacity of the 
HACC backing plates. E. coli, S. aureus, and C. albicans are cultured on 
ordinary agar plate, and S. mutans is cultured on blood agar plate.  

I) Inhibition loop method: A 106 CFU/mL bacterial suspension was 
inoculated into a solid agarose Petri dish and spread evenly with a 
smear stick. Six-mm round filter paper was immersed into the 
sterile filtrate from each MN patch group for 5 min, then placed 
on a plate with a bacterial medium, and incubated for 24 h 
(37 ◦C) to observe the presence or absence and size of the inhi
bition ring around the round piece of filter paper.  

II) Coating of plates: A bacterial suspension (106 CFU/mL) was 
mixed with the sterile filtrate from each MN patch group and 
incubated at 37 ◦C for 24 h. After incubation, the bacterial sus
pension was diluted 1000 times, inoculated onto the surface of a 
solid agarose Petri dish, and incubated at 37 ◦C for 24 h. The Petri 
dish was removed and photographed to count and calculate the 
inhibition rate.  

III) Live dead staining: A bacterial suspension (106 CFU/mL) was 
mixed with the sterile filtrate from each MN patch group, and 
incubated at 37 ◦C for 24 h. At the end of incubation, the bacterial 
suspension was stained according to the Live & Dead Bacterial 
Staining Kit manufacturer’s method. 

2.10. In vitro assessment of anti-inflammatory potential 

RAW264.7 macrophages were inoculated into 96-well plates. Cells 
were pretreated with 200 ng/mL of LPS for 24 h to construct an in
flammatory model. Cells were treated with HA/HACC@DXMS&bFGF 
sterile filtrate. After 24 h, the supernatant was collected from the 96- 
well plates, and the inflammatory factors levels in the culture medium 
were measured using enzyme-linked immunosorbent assay kits for 
tumour necrosis factor (TNF)-α and interleukin (IL)-6 (Multisciences, 
Hangzhou, China). 

2.11. Construction of an animal model for oral ulcers in vivo 

All animal studies were ethically supported and approved by the 
Ethics Committee of the Xiangya Second Hospital, Central South Uni
versity and all animal experiments were carried out in accordance with 
the Care and Use of Laboratory Animals. Thirty-six male rats were 
anaesthetised with isoflurane gas and burned with 50% glacial acetic 
acid to establish an oral ulcer model with a diameter of 5 mm. 24 h later, 
the experimental area showed obvious ulcers with a yellowish-white 

Fig. 4. Investigation of biocompatibility ability and cell viability of MN patches. (A) Live/dead fluorescent images of HOrF. (B) Live/dead fluorescent images of 
HUVEC. (C) Quantitative Statistics of HOrF live cells. (D) Quantitative Statistics of HUVEC live cells. (E) CCK8 cell viability assay of HOrF. (F) CCK8 cell viability 
assay of HUVEC. The scale bars are 100 μm *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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surface and some ulceration and oozing, indicating successful model
ling. After successful modelling, the rats were randomly divided into six 
groups: control, HA, HA/HACC, HA/HACC@DXMS, HA/HACC@bFGF, 
HA/HACC@DXMS&bFGF. 

MN patches were cut to the appropriate size (completely covering 
the ulcer wound) for use. They were applied to the affected part of the 
rats’ oral ulcers during administration and gently pressed for 20 s to 
ensure that the MN patches fit closely to the affected part. The drug was 
administered once daily for 5 consecutive days after the model was 
successfully established. The control group was left untreated. Changes 
in the area of oral ulcers were recorded and photographed daily. The 
wound area and oral ulcer healing rate were measured using ImageJ 
software on Day 1–6. On the 6th day of treatment, HE and Masson 
stainings were performed to assess healing and collagen deposition in 
the lesion areas. 

2.12. Immunohistochemical analysis 

Immunohistochemical (IHC) staining of TNF-α and IL-6 was con
ducted to detect tissue inflammation; IHC staining of CD31 and 
α-smooth muscle actin (α-SMA) was performed to observe angiogenesis; 
and IHC staining of F4/80, CD86 and CD206 was performed to detect 

macrophage polarization. 

2.13. Statistical analysis 

All experimental data were analysed using GraphPad Prism 
(GraphPad Software, La Jolla, CA). Statistical differences between the 
data were assessed using one-way analysis of variance, and all data are 
presented as mean ± standard deviation. Statistical significance was set 
at p < 0.05. 

3. Results and discussion 

3.1. Characteristics of HA/HACC MN patches 

The fabricated multifunctional MN patch was observed using light 
microscopy, SEM and CLSM. The MN patch consisted of an array of 400 
(20 × 20) complete and continuous needles (Fig. 2A–C), each presenting 
a triangular pyramidal shape with a height of 430 μm and spacing of 
700 μm (Fig. 2D–F). The surfaces of the back and tip of the MN were 
smooth, indicating that HA/HACC was successfully manufactured. This 
structure was able to effectively penetrate the mucosa. A needle tip layer 
loading of the lumisphere was observed with CLSM, indicating that the 

Fig. 5. Evaluation of migration and angiogenesis ability in vitro. (A) Representative images of the cell migration assay of HOrF after different treatments. (B) 
Representative images of the cell migration assay of HUVEC after different treatments. (C) Fluorescence images of calcein-AM labeling HUVEC tube formation after 
various treatments. (D) Quantitative analysis of cell migration of HOrF. (E) Quantitative analysis of cell migration of HUVEC. (F) Analysis of tube length results. (G) 
Analysis of branching tubes. Scale bars are 100 μm *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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needle tip HA and dorsal HACC could form a single unit (Fig. 2G–I). 

3.2. Physical properties of MN patches 

The maximum support force (N/microneedle) of each tip of different 
MN patches was tested to ensure that the MN patches had sufficient 
strength to penetrate the oral mucosa without breaking. As shown in 
Fig. 3A, 10% HA had better mechanical properties and could withstand 
greater force without displacement. There was no statistical difference 
in the maximum support force of HA/HACC, HA/HACC@DXMS, HA/ 
HACC@bFGF, HA/HACC@DXMS&bFGF compared to that of 10% HA 
patch alone (Fig. 3D). Also, the addition of HACC, DXMS and bFGF did 
not affect the mechanical strength of the microneedle patches. To study 
the penetration ability of MN patches, HA/HACC@DXMS&bFGF were 
applied to rat oral mucosa for observing the array of MN patches. The 
corresponding insertion points could be observed after the removal of 
HA/HACC@DXMS&bFGF (Fig. 3B and C). In addition, the distribution 
of DXMS using fluorescent labelling can be observed at the tip site. The 
results showed that the needle tip of the MN patch successfully pene
trated the epidermis, where penetration depth reaches 400 ± 8 μm, and 
dissolved almost completely in the oral mucosa (Fig. 3E). H&E staining 
showed that a microporosity generated by MN patches was found in the 

oral mucosal tissue at a depth of 380 ± 5 μm (Fig. 3F). Due to the 
elasticity of the oral mucosa, the depth of the microporosity was less 
than the height of the MNs [29]. However, it was clearly observed that 
the MNs had penetrated the epithelial and lamina propria to reach the 
submucosa. The loaded drug is released and diffused as the microneedle 
dissolves. As shown in Fig. 3F, the MN patches dissolved almost 
completely within 2 min. Therefore, in the subsequent animal experi
ments, we took a 2-min treatment time to ensure the release of the 
loaded drug. Overall, the findings suggest that 
HA/HACC@DXMS&bFGF have sufficient strength to penetrate the oral 
mucosa without fracture and can directly target the loaded drug to the 
deep part of ulcers, and have a rapid drug release capacity. 

3.3. Biocompatibility and cell viability of HA/HACC patches in vitro 

Good biocompatibility is a prerequisite for the application of various 
material components in the biomedical field [30]. We chose HOrF and 
HUVEC for exploring the effects of microneedle patches on oral mucosal 
cells. After staining the cells with calcein-AM/PI, after 24 h of incuba
tion, the morphology of the cells in each group was normal and healthy. 
The proportion of live cells in all groups was greater than that of the 
control group (Fig. 4A–D). Fig. 4E and F shows the cell viability of HOrF 

Fig. 6. Investigation of the antibacterial ability of MN patch. (A, C) Fluorescence imaging and live bacteria rate of E. coli, S. aureus, S. mutans and C. albicans. (B, D) 
Plate coating results and colony counting of E. coli, S. aureus, S. mutans and C. albicans. The scale are (A) 100 μm and (B) 1 cm *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001. 
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and HUVEC after different MN patch treatments. The CCK8 experiment 
results showed that, compared with the control group, MN patches 
containing bFGF significantly increased the viability in both two cell 
types. The above results showed that our MN patch has excellent 
biosafety and significantly promotes cell activity and proliferation with 
broad application prospects in the treatment of oral ulcers. 

3.4. Cell migration and angiogenesis of HA/HACC MN patches in vitro 

To shorten the duration of oral ulcers, we added pro-healing in
gredients to the MN patch to accelerate cell proliferation. We assessed 
the effects of HA containing different concentrations of bFGF on the 
migration and proliferation of HUVEC and HOrF. When its concentra
tion reached 1 μg/mL, HUVEC and HOrF showed the fastest migration to 
the scratch centre and the highest cell proliferation (Fig. S1). Therefore, 
we used 1 μg/mL bFGF in the follow-up experiment. The results of the 
scratch healing migration assay showed that after 24 h of treatment, 
HOrF treated with HA/HACC@bFGF and HA/HACC@DXMS&bFGF had 

a significantly increased migration rate (Fig. 5A, D), while HACC and 
DXMS did not affect cell migration in the wound healing assay. We also 
observed consistent results in HUVEC (Fig. 5B, E). During the cell pro
liferation and granulation phase, bFGF promotes the formation of new 
capillaries, which significantly increases the number of capillaries and 
blood flow in the granulation tissue, improves microcirculation, and 
provides oxygen and nutrients necessary for tissue repair [31]. The 
angiogenic potential of MN patch was determined by in vitro tube for
mation assay. Treatment HA/HACC@DXMS&bFGF resulted in a signif
icant increase in the total tube length and the number of branching tubes 
of HUVEC, indicating that HUVEC can respond to locally high bFGF 
expression and thus have the potential to promote neovascularization 
(Fig. 5C, F, G). 

3.5. Anti-inflammatory of HA/HACC MN patches in vitro 

Oral ulcers are a type of inflammatory disease, and their progression 
is mediated by various inflammatory factors, such as TNF-α and IL-6 

Fig. 7. Healing of oral ulcers in rats after treatment. (A) Image of rats oral ulcers on Day 0, Day 1 and Day 6 of treatment. (B) HE staining images of oral ulcers tissue 
on Day 6. (C) Percentage of oral ulcer repaired on Day 6. (D) Oral mucosal epithelial integrity in rats on Day 6 of treatment. Scale bars are (A) 250 μm, and (B) 100 
μm respectively. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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[32]. These inflammatory factors can induce nearby fibroblasts to 
release chemokines, further recruiting lymphocytes to the lesion site, 
ultimately leading to mucosal epithelial detachment and ulcer forma
tion. The levels of TNF-α and IL-6 were measured in the supernatant of 
macrophage after LPS induction. DXMS substantially reduced the 
LPS-induced expression levels of TNF-α and IL-6 compared to the control 
group. At the same time, HA/HACC@DXMS&bFGF had consistent 
anti-inflammatory effects with DXMS solution, suggesting that HA does 
not interfere with the action of DXMS. Therefore, the multifunctional 
MN patch loaded with DXMS exerted an effective anti-inflammatory 
effect (Fig. S2). 

3.6. Antibacterial ability of HA/HACC in vivo and in vitro 

Oral ulcer sites have reduced defences against microorganisms, and 
microbial colonization of the wound site can cause infection, thereby 
delaying the healing process [33]. Previous studies have reported that 
HACC has a wide range of antibacterial and fungal activities [34]. To 
improve the antibacterial performance of the MN patch and reduce the 
use of antibiotics, HACC was added as an MN backing in this study. 
Studies have shown that the development of oral ulcers is associated 
with the colonization of E. coli [35]. The presence of common antigens 
between streptococci hemolytic and the oral mucosal epithelium can 
cause the development of oral ulcers through cross-reactivity [36]. And 
S. aureus and C. albicans also play an important role in the development 
of oral ulcers. Through the inhibition loop experiment, we determined 
the optimal concentration of HACC for antibacterial activity (Fig. S3). 
And in subsequent experiments, a 4% HACC was used. Fig. 6A shows 
images of E. coli, S. aureus, S. mutans and C. albicans stained with the 
live/dead stain. The control and HA groups consisted mainly of live 

bacteria, with a small amount of dead bacteria. In contrast, HA/HACC 
and HA/HACC@DXMS&bFGF showed mainly dead bacteria, with a 
higher ratio of dead/live bacteria than the control group（Fig. 6C). The 
number of bacteria was significantly reduced after co-culture with the 
above bacteria using HA/HACC and HA/HACC@DXMS&bFGF. As 
shown in Fig. 6B, D, the highest number of bacterial colonies was 
observed in the control group, covering almost the entire culture plate. 
After HACC was added, only a few colonies were found in the Petri dish. 
The above results showed that the multifunctional MN patches with 
HACC added had a wide range of antimicrobial activities, and the 
addition of DXMS and bFGF did not affect the antimicrobial activity of 
HACC. 

3.7. In vivo ulcers healing assessment of HA/HACC 

Encouraged by the results of the in vitro experiments, a glacial acetic 
acid-induced rat oral ulcer model was used to assess the effects of HA, 
HA/HACC, HA/HACC@DXMS, HA/HACC@bFGF, HA/ 
HACC@DXMS&bFGF on ulcer surface healing. And the healing process 
was recorded for 6 days. On day 0, the oral mucosa of all groups of rats 
exhibited a uniform, smooth pink color. On Day 1, oral ulcers of rats in 
each group showed a round or oval ulcer (diameter 0.5 mm) covered 
with a yellow pseudomembrane, central depression, clear boundary, 
and red, swollen mucosa. No statistically significant differences were 
observed between the groups. After successful modelling, the rats were 
then treated in groups. Over time, a gradual decrease in the wound area 
was observed in all groups. As shown in Fig. S4, the HA/ 
HACC@DXMS&bFGF group had the fastest wound healing speed, and 
the ulcer healed completely on Day 6 of treatment. In addition, HA/ 
HACC@DXMS&bFGF could promote wound healing more significantly 

Fig. 8. Characterization of collagen deposition and proinflammatory factors. (A–C) Staining of collagen, TNF-α and IL-6. (D–F) Quantitative analysis of collagen 
deposition, TNF-α and IL-6 in different groups after treatment. The scale bars are (A) 100 μm and (B, C) 250 μm *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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Fig. 9. Characterization of neovascularization and macrophage polarization. (A) The fluorescent images of the immunostaining of α-SMA (green) and CD31 (red). (B) 
The fluorescent images of the immunostaining of CD86 (yellow) and CD206 (green). (C) The analysis of vessel density. (D) The analysis of M1/M2 macrophages ratio. 
The scale bars are (A) 250 μm and (B) 100 μm *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 
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compared with treatment with HA/HACC@bFGF, HA/HACC@DXMS or 
HA/HACC (Fig. 7A, C). The HACC back of HA/HACC@DXMS&bFGF has 
a favorable antibacterial effect and can provide a suitable microenvi
ronment for the healing of oral ulcers. It can also target the delivery of 
DXMS and bFGF to the injury site to perform anti-inflammatory and pro- 
angiogenic effects. A series of synergistic effects can greatly promote the 
healing of oral ulcer. These results showed that HA/ 
HACC@DXMS&bFGF significantly promoted the healing of oral ulcers 
in rats. 

The HE staining results showed that only a small amount of epi
thelialized and loose disorganised connective tissue was observed in the 
control group (Fig. 7B). After treatment with HA/HACC@DXMS&bFGF, 
all layers of tissue in the ulcerated area were intact and there was no 
significant inflammatory response (Fig. 7D). 

3.8. Histological analysis 

To observe the healing of oral ulcers at a pathologic level, we further 
assessed collagen deposition in oral ulcer wounds using Masson staining. 
The control group had irregular arrangement, sparse collagen fibers, and 
the least collagen deposition. The healing surface of oral ulcers treated 
with HA/HACC@DXMS&bFGF showed denser collagen fibrils than the 
control group (Fig. 8A), which were arranged in parallel in the extra
cellular matrix more regularly. There was an increase in collagen 
deposition to varying degrees in all groups as compared to the control 
group. While collagen deposition was highest in group HA/ 
HACC@DXMS&bFGF (Fig. 8D). We used immunohistochemical staining 
to assess the inflammation of the wounds. The results showed that the 
expression of TNF-α and IL-6 decreased in the remaining groups 
compared with the control group, with the greatest decrease in HA/ 
HACC@DXMS&bFGF (Fig. 8B, C, E, F). These results suggest that HA/ 
HACC@DXMS&bFGF has a positive anti-inflammatory effect and can 
effectively alleviate the inflammatory response of oral ulcers. CD31 is an 
endothelial marker [37], and α-SMA is abundant in smooth muscle cells 
of the vessel wall [38], which are commonly used as markers of neo
vascularization. The results of α-SMA and CD31 immunofluorescence 
staining showed that angiogenesis in the HA/HACC@DXMS&bFGF 
group was better than that in the other treatment groups (Fig. 9A, C). 
This is consistent with the findings of previous cell experiments. 
Following tissue injury, M1 macrophages secrete pro-inflammatory cy
tokines such as TNF-α, IL-1, IL-6, and IL-12, which have 
anti-proliferative functions [39]. While M2 anti-inflammatory macro
phages can improve immunomodulation, tissue repair. Thus, the 
balanced polarization of M1/M2 macrophages determines tissue 
outcome in inflammation or injury. We used CD86 (yellow) and CD206 
(green) immunofluorescence staining to probe the effect of microneedle 
patches on macrophage polarization. The results showed that both 
HACC, DXMS and bFGF increased the proportion of CD206-positive cells 
(M2 macrophages) and decreased the proportion of CD86-positive cells 
(M1 macrophages ()B, D)Fig. 9. The M2/M1 ratio in the tissues was the 
greatest on Day 6 after treatment with HA/HACC@DXMS&bFGF, sug
gesting the most effective repair and remodeling of the injury site. These 
experimental results demonstrated that we prepared 
HA/HACC@DXMS&bFGF with excellent tissue-repair ability (see ). 

A hemolysis assay was performed to assess the compatibility of the 
MN patch with the biological system (Fig. S5A). As shown in Fig. S5B, 
the control group and groups of MN patches caused hemolysis of <2% 
[40]. Therefore, the MN patch can be considered non-hemolytic and can 
be safely used as an effective drug for the treatment of oral ulcers in rats. 
Finally, to verify the biological safety of the prepared MN patches con
taining different components, we removed the critical organs of the 
experimental animals on Day 6 of treatment. We performed histopath
ological analysis of the changes in the heart, liver, spleen, lungs, and 
kidneys using HE staining. As shown in Fig. S5C, compared with the 
control group, no abnormal cells or structural changes were observed in 
the organs of rats treated with various MN components. 

4. Conclusions 

In summary, we developed a multifunctional polysaccharide com
posite MN patch for oral ulcers healing. This composite MN patch is 
independent of muscle movement and can target the therapeutic drug to 
the lesion in a short time compared to conventional delivery methods. In 
addition, it can be loaded with multiple drugs at the same time, greatly 
reducing patient pain by reducing infections and accelerating wound 
healing. These features make this composite MN patch ideal for the 
treatment of oral ulcers and other related diseases. HACC effectively 
inhibited the growth of pathogenic bacteria and created a good repair 
microenvironment for ulcer healing. Additionally, the dual modification 
with DXMS and bFGF effectively improved the anti-inflammatory 
properties and tissue repair ability of the MN patches, thereby acceler
ating ulcer wound healing. Overall, our work suggests that multifunc
tional HA/HACC composited MN patches containing DXMS and bFGF 
may be an effective treatment for oral ulcers and have other wound- 
healing applications. 
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