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Abstract

Oral ulcers are a common oral mucosal disease that seriously affect the quality of life. Traditional drug treatments
have shown unsatisfactory efficacy and potential adverse reactions. In this study, curcumin-loaded multifunctional
magnesium metal-organic framework-embedded hyaluronic acid-soluble microneedles patches were developed
to optimize treatment strategies for oral ulcers. This microneedles patch achieves efficient release of curcumin

and Mg?" in the ulcer through precisely targeted delivery and controllable release mechanism, significantly regulates
inflammation, promotes cell migration and angiogenesis, and accelerates the ulcer healing process. At the same
time, the synergistic effect of curcumin and gallic acid effectively alleviated oxidative stress, while the backplate
e-poly-L-lysine and needle tip Mg”" jointly constructed an antibacterial barrier to effectively inhibit pathogens. Veri-
fication using an oral ulcer rat model showed that the microneedles patch exhibited excellent therapeutic effects.
This not only opens up a new avenue for clinical oral treatment but also marks a breakthrough in nanobiomaterials
science and drug delivery technology and heralds a broad prospect in the field of oral ulcer treatment in the future.
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Introduction
As ubiquitous oral mucosal lesions, oral ulcers have a
clinical attack rate as high as 20% and have a significant
negative impact on patients’ quality of life [1], which is
mainly attributed to their inherent tendency to relapse
and the accompanying severe pain experience [2]. Path-
ologically, the condition is characterized by the loss of
mucosal epithelial continuity and marked inflammatory
cell infiltration at the ulcer base [3]. For cases with fre-
quent recurrences and complex situations, traditional
treatments such as hormones, transfer factors, and
immunomodulators have certain therapeutic effects, but
are often accompanied by a series of adverse reactions
such as immune dysfunction, disruption of oral micro-
ecological balance, increased risk of wound infection, and
allergic reactions [3-7]. In addition, existing drug deliv-
ery methods, including local injection and direct mucosal
administration, have certain limitations [8, 9]. Commer-
cial oral ulcer dressings also face challenges in terms of
drug absorption efficiency, distribution uniformity, and
drug efficacy stability when dealing with complex and
changing microenvironments in the oral cavity [10-12].
In view of this, to further optimize the clinical treat-
ment effects of oral ulcers and reduce the side effects of
treatment, it is urgent to deeply explore and innovatively
develop more efficient and safe new treatment strategies.
Natural biomaterials are increasingly becoming
the focus of scientific research because of their wide

availability, excellent biological activity, significant ther-
apeutic benefits, and biodegradability. Among them,
curcumin (CUR), as a hydrophobic polyphenolic com-
pound derived from turmeric, is known as the “golden
molecule” for its multiple effects of regulating inflamma-
tory responses, alleviating oxidative stress, and inhibiting
tumor growth [13-18]. CUR has shown great potential
in the treatment of oral and systemic diseases [19-21].
Compared with hormonal drugs, CUR avoids side effects
owing to its excellent safety and promotes the healing of
oral ulcers in multiple dimensions through multiple bio-
logical effects. However, the clinical application of CUR is
limited by its inherent low water solubility and physico-
chemical instability, which directly affects its bioavailabil-
ity and in vivo stability [22]. To overcome the bottleneck
of drug efficacy and dosage optimization, research has
focused on encapsulating CUR in nanoparticles with
high drug loading, controlled release, and bioprotection
properties [23-26]. Porous magnesium metal-organic
framework (Mg-MOF) are considered ideal drug delivery
carriers because they can slowly degrade in the body and
release magnesium and gallic acid, regulate cell function,
and accelerate wound healing [27, 28]. Although research
on metal-organic framework (MOF) is progressing rap-
idly, their potential in the treatment of oral diseases is yet
to be fully explored and verified.

Microneedles (MNs), as an emerging drug delivery
system, have shown broad application prospects due to
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Fig. 1 Schematic diagram of multifunctional soluble microneedles (denoted as HEMC-MNs) for the treatment of oral ulcers. a Schematic diagram
illustrating the process of synthesizing CUR-loaded Mg-MOF. b Schematic illustration depicting the process of preparing HEMC MNs; ¢ schematic
depiction illustrating the utilization of HEMC MNs to promote oral ulcer healing
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Fig. 2 Synthesis and characterization of Mg-MOF and MC. a SEM image of MC. Scale bars: T um. b—e Elemental distribution images of MC. Scale
bars: 1 um. f Zeta potential of Mg-MOF and MC. g Size distribution of Mg-MOF and MC nanoparticles. h FT-IR spectra of CUR, Mg-MOF and MC. i

XRD patterns of CUR, Mg-MOF and MC

their minimally invasive, painless and easy operation [29,
30]. Its structural features lie in the array arrangement
of micron-sized pointed protrusions. This design ena-
bles it to penetrate the mucosal epithelium and lamina
propria, construct a temporary delivery channel, effec-
tively circumvent the mucosal barrier, and achieve the
efficient delivery of drugs directly targeted to the lesion
area. Compared to traditional oral dressings and hydro-
gel systems, this mechanism significantly improves the
efficiency and accuracy of drug delivery [31]. Recent sci-
entific research has focused on the application of MNs
arrays in the field of oral disease treatment [32]. However,
current MNs drug delivery systems are limited to steroids
and immunomodulators. Although effective, they are
associated with a risk of adverse events. In addition, they
have a narrow therapeutic range and require frequent
administration, which limits their ability to release drugs
in a sustained and stable manner, thereby becoming a

bottleneck in the widespread application of MNs tech-
nology [33, 34]. Therefore, the development of more
efficient, safe, and adaptable MNs systems to broaden
the therapeutic range, reduce the frequency of adminis-
tration, and improve patient compliance has become an
important issue that needs to be urgently addressed in
the current scientific research field.

In this study, we developed a multifunctional MNs
patch with CUR-loaded Mg-MOF for accelerated oral
ulcer healing (Fig. 1). The Mg-MOF framework prepared
by the hydrothermal method was efficiently loaded with
the natural biomaterial CUR using ultrasonic adsorption
technology. Then, a composite strategy of molecular-level
blending and matrix embedding was adopted to suc-
cessfully disperse the MC composite nanoparticles uni-
formly and firmly embed them into the hyaluronic acid
(HA) matrix to construct the precisely released MNs
tip. MN’s achieve the synergistic delivery of CUR, Mg*",
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and gallic acid in ulcer lesions, effectively exerting anti-
inflammatory and pro-angiogenic effects and reducing
oxidative stress and tissue damage. In addition, the EPL/
HA complex on the back layer of the MNs synergisti-
cally exhibited antibacterial properties with Mg?*, further
consolidating the therapeutic effect. This multifunctional
MNs patch is the first innovative attempt to use MOF
as a carrier to deliver natural bioactive molecules to the
oral mucosa. It not only expands the application scope of
MOF in the biomedical field, but also sets a new scientific
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benchmark for the noninvasive treatment of oral mucosal
diseases and provides a solid experimental foundation
and theoretical support.

Results and discussion

Syntheses and characterizations of the MC

Mg-MOFs were synthesized using a hydrothermal tech-
nique [35]. Examination of the morphology of MC using
scanning electron microscopy (SEM) indicated a uniform
bipyramidal structure with discernible CUR particles

Fig. 3 Synthesis and characterization of HEMC MNs. a Digital photographs of PDMS MNs moulds. b, ¢ Light microscopy images of HEMC MNs. d—f
SEM images of HEMC MNs. g—i Stereomicroscope images of HEMC MNs after Rhodamine B staining. The labels indicate the specific dimensions

of the MNs tip: 300 um diameter at the base and 600 um height. j Stereomicroscope images of HEMC MNs after moisture uptake at different time
points in a 75% humidity chamber



Liu et al. Journal of Nanobiotechnology (2024) 22:594

present on the surface (Fig. 2a). Elemental distribution
analysis using bright-field scanning SEM confirmed the
uniform distribution of C, O, and Mg within the MC
nanoparticles (Fig. 2b—e). Additionally, scanning the MC
using energy-dispersive spectroscopy (EDS) showed the
same elemental distribution (Figure Sla, b). The zeta
potentials of Mg-MOF, CUR, and MC were analyzed to
assess the changes in the surface charge of the MC. The
zeta potential of Mg-MOF was —29.17 mV, while that of
MC was —27.8 mV, indicating that loading CUR did not
affect the stability of Mg-MOF (Fig. 2f).

Laser particle size analysis showed that the aver-
age particle size of the prepared Mg-MOF particles was
approximately 6 um. After loading with CUR, the particle
size of the MC composite increased slightly to the range
of 7.5 um (Fig. 2g). The X-ray diffraction (XRD) spectrum
confirmed that Mg-MOF crystals with excellent mor-
phology were synthesized, which is consistent with exist-
ing research results (Fig. 2h) [36]. The XRD characteristic
peaks of CUR and Mg-MOF were retained and matched
in the MC spectrum, which strongly proves that CUR
was successfully loaded.

The Fourier-transform infrared (FT-IR) spectrum
of Mg-MOF exhibited distinctive peaks at 1377 and
1550 cm™, which were attributed to the symmetric and
asymmetric stretching C-O vibrations, respectively, of
the carboxylic acid group (OCO-). The alteration in the
FT-IR spectrum of MC indicated the presence of CUR in
Mg-MOFE. Following CUR encapsulation, the peak inten-
sities at 988, 1160, and 1235 cm ™' increased, exhibiting
slight positional changes (Fig. 2i). These results indicate
that CUR was effectively encapsulated within the pores
of the Mg-MOF. In addition, the absorption spectrum
of Mg-MOF exhibited a distinct peak at 273 nm (Figure
S2a). According to the standard curve of CUR (Figure
S2b), the drug-loading capacity of MC was 23.1%, while
its efficiency was found to be 15% using a UV spectro-
photometer. In summary, we explored for the first time
the use of Mg-MOFs as carriers to achieve gentle encap-
sulation of CUR through ultrasound-assisted technology,
which is significantly different from the previous one-pot
loading method that focused on copper-based and zinc-
based MOFs. This method effectively avoids the chal-
lenge of easy degradation or inactivation of CUR under
traditional high-temperature and high-pressure condi-
tions and opens up new avenues for the application of
CUR in the fields of biomedicine and materials science.

Synthesis and characterization of HEMC MNs

To improve the efficiency and effectiveness of drug deliv-
ery for ulcer healing, HA MNs patches were used to
encapsulate MC and EPL, resulting in HA@EPL&Mg-
MOF@CUR (HEMC) MNs patches. The HEMC MNs
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were fabricated via two-step template replication. First,
the HEMC MNs patches were prepared using polydi-
methylsiloxane (PDMS) MNs molds (Fig. 3a). Figure 3b,
¢ depicts the stereomicroscopic image of the MNs patch
comprising a 20x20 array of MNs. Each MNs had a
quadrangular pyramidal shape. Moreover, SEM revealed
that the tips of the HEMC MNs exhibited a pyrami-
dal shape and were arranged systematically on the sub-
strate (Fig. 3d—f). This sharp pyramidal structure enables
the rapid, noninvasive, and precise insertion of HEMC
MN:s into the oral mucosa. The HEMC MNs were then
stained with rhodamine B, and the MC-loaded tip and
EPL-loaded backing layer measured 600 pum in height
and 300 pum in base diameter (Fig. 3g—i). The bioactivity
and biodegradability of the HEMC MNs were assessed by
evaluating their hygroscopicity. The HEMC MNs patch
was placed in a sealed jar at 75% humidity, and morpho-
logical changes in the MNs were recorded (Fig. 3j). After
25 min in a humidity chamber, the tips of the MNs exhib-
ited gradual moisture absorption and dissolution. Fur-
thermore, in an in vivo experiment on the oral mucosa
of rats, HEMC MNs showed excellent adhesion proper-
ties and were able to adhere stably to the surface of the
oral mucosa. The microneedle arrays were visible on the
ventral mucosa of the tongue, corresponding to the inser-
tion sites of the HEMC MNs (Figure S3a, b). The results
showed that the MNs in this study had the strength to
penetrate the lamina propria under the epithelium and
deliver encapsulated drugs directly into the depth of the
ulcer. This finding not only verifies the adaptability and
stability of MNs in the oral cavity’s high humidity and
dynamic physiological environment, but also emphasizes
its potential as a drug delivery system for the continuous
and effective delivery of therapeutic drugs to the ulcer
lesion area.

To detect the release of Mg-MOF and CUR, HEMC-
MNs were immersed in phosphate-buffered saline (PBS)
to simulate the moist environment of the oral cavity.
Ultraviolet—visible (UV-vis) spectroscopy was utilized
at wavelengths of 273 and 426 nm to assess the release
of Mg-MOF and CUR from HEMC MNs by compari-
son with their standard curves (Figure S4a, b). The data
presented in Figure S4c, d illustrates the release rates of
Mg-MOF and CUR from within the HEMC MN:s. A con-
trolled-release pattern was observed for both Mg-MOF
and CUR. Compared to other Mg-MOF-based therapeu-
tic methods, our HEMC MNs exhibited long-term drug
release and higher drug release efficiency. In addition,
given that previous studies on oral ulcer treatment have
pointed out that the effective retention time of micronee-
dles in the moist and dynamic environment of the oral
cavity is a key factor affecting the efficacy, this article
particularly emphasizes the long-lasting effect of HEMC
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Fig. 4 Evaluation of antioxidant capacity of MC nanoparticles and HEMC MNs. a DPPH radical scavenging activity of MC. b ABTS scavenging activity
of MC. ¢ Fluorescence images depicting ROS in HUVEC. Scale bar: 200 um. d Quantitative analysis of DPPH radical scavenging activity of MC. e
Quantitative analysis of ABTS scavenging activity of MC. f Quantitative analysis of ROS levels in HUVEC

MN:s in the oral cavity. HEMC MNs can not only release
drugs rapidly in the early stage of the disease (within
36 h of the disease) and quickly reach the concentration
required for treatment to cope with the rapid progres-
sion of oral ulcers, but also its subsequent slow and sta-
ble drug release characteristics ensure that the treatment
effect can be continuously provided throughout the ulcer
healing process, thereby optimizing the treatment effect
and accelerating the recovery process.

In addition, we systematically evaluated the wet adhe-
sion properties of HEMC MNs patch and three main-
stream commercial oral patches, when applied to oral
mucosal tissue. The results showed that the HEMC MNs
patch exhibited significantly improved wet adhesion
capabilities, with its adhesion strength approximately
1.6 times that of the compared commercial products
(Figure S5). This advantage is particularly prominent
under the unique humid and dynamic conditions of the
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oral environment. This outstanding performance can be
attributed to the unique chemical structure of hyaluronic
acid molecules in HEMC MNs, whose rich hydroxyl (-
OH) and carboxyl (-COOH) functional groups interact
with the amino groups (-NH2) and amino groups (-
NH2) of mucin molecules on the oral mucosal surface. A
solid hydrogen bond network is formed between groups
such as hydroxyl groups, which significantly enhances
interfacial adhesion. In addition, the interaction between
the hydrophobic groups in the hyaluronic acid molecu-
lar chain and the hydrophobic regions of mucin, as well
as the possible charge attraction effect, jointly promote
the tight binding between molecules, especially the
increased negative charge density after molecular ioni-
zation further strengthens this adhesion mechanism. In
summary, HEMC MNs patches, with their optimized wet
adhesion properties, can better adapt to the complexity
and dynamics of the oral environment compared to the
oral mucosal dressings widely used in the current mar-
ket, ensuring the sustained release and efficient delivery
of drugs at the lesion site and providing a solid scientific
basis for prolonging the treatment time and improving
the treatment effect.

Antioxidant and antibacterial capabilities of HEMC MNs

in vitro

Excessive oxidative stress may affect cell repair and pro-
long healing time [37-39]. In this study, the antioxidant
capacities of MC and HEMC MNs were comprehensively
and systematically quantitatively evaluated using DPPH
and ABTS free radical scavenging assays (Fig. 4a, b). The
study found a strong positive correlation between MC
concentration and its inhibition efficiency against DPPH
free radicals. Especially at a concentration of 50 pg mL™,
MC achieved a high inhibition rate of about 85% (Fig. 4d).
This achievement significantly surpasses the antioxidant
performance of CUR-loaded poly(r-lactic acid) (PLLA)
nanofibrous mesh in the treatment of oral ulcers in the
control group and in previous studies, thus highlighting
that MC has significant advantages and innovative value
in the field of antioxidant treatment [40]. In addition, in
the ABTS free radical scavenging test, the addition of
MC caused the color of the solution to quickly fade from
bright turquoise to colorless, which intuitively reflected
its efficient free radical scavenging ability (Fig. 4e). In
summary, the Mg-MOF and CUR released by the MC
nanoparticles in this study exhibited excellent antioxi-
dant efficacy.

The antioxidant properties of MNs were explored by
assessing the oxidative stress status of human umbilical
vein endothelial cells (HUVEC) after exposure to MNs
of different components. The fluorescent probe 2'7-
dichlorodihydrofluorescein diacetate (DCFH-DA) was
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used to accurately monitor dynamic changes in intracel-
lular reactive oxygen species (ROS). By comparing the
intensity of the green fluorescence signal, we effectively
assessed the ROS levels in HUVEC under different treat-
ment conditions. HUVEC were exposed to 2 mM H,0,
to simulate a strong oxidative stress environment as a
positive control group, and the results showed significant
green fluorescence enhancement (Fig. 4c). Subsequently,
compared with the positive control group, the MC MNs
and HEMC MNs treatment groups showed significantly
reduced expression levels of intracellular ROS (Fig. 4f).
This finding strongly proves that HEMC MNs can effi-
ciently scavenge cytotoxic ROS in HUVEC through
the synergistic effect of Mg-MOF and CUR released by
MC, demonstrating excellent antioxidant properties and
potential therapeutic applications.

Antibacterial ability of HEMC MNs in vitro

Oral ulcers are at a high risk of becoming complicated
by bacterial infection, which can impair tissue repair and
delay the healing process [41-45]. The antibacterial effi-
cacy of the Mg-MOF and EPL components in this study
was evaluated through in vitro testing of the MNs against
Staphylococcus aureus (S. aureus) and Escherichia coli (E.
coli). The results of the live-dead bacterial staining exper-
iments showed that as the EPL concentration increased,
bacterial activity was significantly inhibited (Figure S6).
We then tested the antibacterial effects of different MNs
groups. Co-cultures of these bacteria with EPL, MC, or
HEMC MNs showed reduced proliferation (Fig. 5a).
Conversely, the MNs patch without EPL or MC exhib-
ited no antibacterial effect (Fig. 5d). Live and dead bacte-
rial staining results also revealed that the EPL, MC, and
HEMC MNs groups effectively inhibited bacterial growth
and efficiently killed bacteria (Fig. 5b, e). The micro-
scopic morphology of the bacteria was examined post-
treatment using SEM. S. aureus and E. coli subjected to
EPL, MC, and HEMC MN:s displayed abnormal states in
morphology and structure when compared to the control
group (Fig. 5¢). These findings validated the potent inhib-
itory and bactericidal properties of EPL and MC against
S. aureus and E. coli. Consequently, incorporating MC
and EPL into HEMC MN:s is expected to aid in the pre-
vention and treatment of bacterial infections that could
hinder ulcer healing.

Anti-inflammatory ability of HEMC MNs in vitro

Based on the demonstrated impact of CUR in modulat-
ing inflammation and alleviating pain, several studies
have established its efficacy in mitigating various mani-
festations of oral mucosal disorders [46]. Therefore, the
regulatory effect of the HEMC MNs patch on the inflam-
matory state of ulcers was investigated in vitro (Fig. 6a).
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Lipopolysaccharide (LPS) was used to stimulate mac-
rophages in vitro to promote an inflammatory state. The
cytokine secretion capacity of macrophages was assessed
using enzyme-linked immunosorbent assay (ELISA).
A decrease in TNF-a and IL-6 levels was observed in
macrophages treated with MC MNs and HEMC MNs
compared to those in the positive control group (Fig-
ure S7a, b). Therefore, the release of CUR from HEMC
MNs could effectively inhibit the production of pro-
inflammatory molecules by M1 macrophages, inducing
anti-inflammatory responses. To confirm the regulatory
impact of the HEMC MNs patch on macrophage polari-
zation in vitro, we characterized macrophage polariza-
tion using immunofluorescence detection of M1- and
M2-type macrophage markers CD86 and CD206. Com-
pared with the control group and other experimental
groups, the number of CD86-positive cells in the MC
MNs and HEMC MNs treatment groups was significantly
reduced (Fig. 6b), while the number of CD206-positive
cells was significantly increased (Fig. 6¢). This indicates
that both MC MNs and HEMC MNs inhibited the M1
phenotype polarization of macrophages and promoted
their transformation to M2 macrophages (Fig. 6d, e).
Thus, the utilization of HEMC MNs shows promise in
mitigating abnormal inflammatory conditions through
the facilitation of macrophage polarization toward an
anti-inflammatory phenotype, resulting in reduced pro-
inflammatory cytokine secretion.

HEMC MNs achieve cell migration and angiogenesis

in vitro

An abnormal inflammatory environment impairs cell
migration, which results in insufficient mucosal cell
adhesion and delayed ulcer healing. According to previ-
ous studies, CUR and Mg”" stimulate cell migration and
proliferation, thereby promoting angiogenesis and wound
healing [27]. To assess the effectiveness of the HEMC
MN:s in enhancing cell migration, HUVEC migration was
examined using an in vitro scratch assay (Fig. 7a). The
findings indicated that HUVECs treated with MC and
HEMC MNs extracts had higher migration ability com-
pared to that of the control group (Fig. 7d). These results
demonstrated that ulcer healing was promoted in vitro
using HEMC MNss.

(See figure on next page.)
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The angiogenic process was also investigated in vitro
to evaluate the vascularization activity modulated by the
HEMC MNs. There was a notable increase in tube forma-
tion in HUVECs following exposure to MC and HEMC
MNs compared with that in the control group (Fig. 7b).
Significant improvements were also noted in the branch
points (Fig. 7e). No obvious effect on tube formation was
observed in any of the other groups. In conclusion, we
confirmed the capacity of HEMC MNs to enhance cell
migration and facilitate blood vessel formation in vitro,
suggesting their potential roles in promoting angiogen-
esis and facilitating ulcer healing in vivo.

Biocompatibility of HEMC MNs patch

Biocompatibility is a critical determinant of the biological
utility of the MNs patches. In this study, the biocompati-
bility of HEMC MNs was assessed using both in vitro and
in vivo models. No obvious cytotoxicity of the MC nano-
particles was detected at a concentration of 120 pg mL™
using the CCK-8 detection kit (Figure S8a), suggesting
that 120 ug mL~! MC demonstrated appropriate biologi-
cal safety. In addition, the biocompatibility of EPL was
tested. Cell viability decreased, and cell proliferation was
inhibited when the concentration reached 400 ug mL™
(Figure S8b). We also used a live-dead cell staining kit
to detect cells treated with different MNs extracts. The
findings indicated that the growth status and morphol-
ogy of cells in all experimental groups were normal, with
no significant variance observed when compared with
the results of the control group (Fig. 7c, f). These find-
ings support the favorable biocompatibility of each type
of MNs. The hemolysis test showed that all MNs groups
were hemocompatible, as illustrated in Figure S8c-d.
The safety of the MNs was assessed in vivo using an oral
ulcer rate model on the fifth day following administra-
tion. We used hematoxylin and eosin (H&E) staining to
investigate organ abnormalities (Figure S9). No changes
were observed in rat organs treated with different MNs
components, indicating the good biocompatibility of the
HEMC MN:s patch.

Assessment of MNs in facilitating the healing process

of oral ulcers in rat models

We constructed an in vivo oral ulcer rat model to further
explore the potential clinical efficacy of the HEMC MNs

Fig. 6 Detection of anti-inflammatory ability of HEMC MNs. a Schematic diagram of HEMC MNs inducing anti-inflammatory polarization

of macrophages. Created with BioRender.com. (Agreement number: HF277A045U). b Fluorescence micrographs of DAPI (blue) and CD86 (green)
immunofluorescence staining of macrophages. Scale bar: 100 um. ¢ Fluorescence micrographs of DAPI (blue) and CD206 (red) immunofluorescence
staining of macrophages. Scale bar: 100 um. d Quantitative analysis of M1-type macrophages expressing CD86. e Quantitative analysis of M2-type

macrophages expressing CD206
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patches. Using a random group design, the rats were showed that the MC MNs and HEMC MNs groups sig-
divided into a control group and four treatment groups:  nificantly accelerated the wound healing process, and
HA MNs, EPL MNs, MC MNs, and HEMC MNs. The the HEMC MNs group performed particularly well
effects of the different intervention methods on ulcer  (Fig. 8b, c). On the fifth day of treatment, the rats showed
healing were evaluated (Fig. 8a). The results of the study  bright mucosal color and significantly enhanced healing.



Liu et al. Journal of Nanobiotechnology ~ (2024) 22:594 Page 14 of 21

a Control HA MNs EPL MNs MC MNs HEMC MNs

E\ F el e e

Control HA MNs EPL MNs MC MNs

Mason

=n

DAPI

"D31

C

a-SMA

»
)
P
s
~
C e d
<5 5
= B Control HA MNs EPL MNs > I Control HA MNs EPL MNs
£ 2 M MNs HE  HEMC MNs = " mcC MNs Bl HEMC MNs
‘> = .
= %% 7] I Jede :
= . % L = e
Y g T 1
< 31 : ns ' g 31 —ns
| — |
= ns 7 ns
5| — s
= 27 o 27
s =
> =
© 1 S 1
= =7
=
é 0' T T T 0- T T T
Group Group

Fig. 9 Study on collagen deposition and angiogenesis after MNs treatment. a Microscopic images of mucosal tissues following treatment

in different MNs groups, stained using Masson trichrome. Scale bar: 100 um. b Fluorescence micrographs of double immunofluorescence staining
for vascular endothelial cell marker CD31 (red) and vascular smooth muscle cell marker a-SMA (green). Scale bar: 100 um. ¢ Quantitative analysis
of collagen deposition in ulcerated tissue. d Quantitative analysis of neovascularisation in tissues



Liu et al. Journal of Nanobiotechnology ~ (2024) 22:594 Page 15 of 21

a Control HA MNs EPL MNs MC MNs HEMC MNs

TNF-a

IL-6

=y

Control HA MNs EPL MNS MC MNs HEMC MNs

DAPI

CD206

Merge

F4/80

C: d.. _ €1
E Control HA MNs EPL MNs B Control HA MNs EPL MNs - B Control HA MNs EPL MNs
s MC MNs B HEMC MNs MC VN B HEMC MNS 3 MC MNs B HEMC MNs
A e o ke =~ 801 ‘ak
= 1.51 f S 1 T 154 r - 1 2 r 1
e - —_——
:; = = & r—“mu%
- s 55 ns 3 604 =
® 1.0 ¥ 1.04 = —
v - e
& = S 401
= = e
= = =
2 0.5 - & 0.5 o
= Q201
-
0.0-4 T T 0.0~ T T ()‘j T T

Group
Fig. 10 Research on inflammatory factors and macrophage polarization in ulcers. a Immunohistochemical analysis of TNF-a and IL-6 in ulcer
tissues. Scale bar: 200 um. b Fluorescent microscopy images showing F4/80 and CD206 immunofluorescence staining in ulcerated tissue. Scale bar:
100 pm. ¢ IL-6 immunohistochemical staining quantitative analysis. d TNF-a immunohistochemical staining quantitative analysis. e Quantitative
analysis of CD206 expression-positive M2-type macrophages

Group Group



Liu et al. Journal of Nanobiotechnology (2024) 22:594

Further histological H&E staining analysis revealed that
the HEMC MNs group had an excellent effect in pro-
moting epithelial layer regeneration, optimizing connec-
tive tissue arrangement, and reducing inflammatory cell
infiltration, which was significantly better than that of the
control group (Figure S10). Previous academic research
has confirmed that in a standardized oral ulcer rat model,
it takes 6 days for traditional commercial triamcinolone
acetonide oral ointment to achieve a wound healing rate
of approximately 80% [33]. We constructed five addi-
tional groups of oral ulcer rat models to verify further
the therapeutic effect of HEMC MNs on oral ulcers. One
group was set as a blank control without any intervention.
The other three groups were treated with triamcinolone
acetonide ointment, propolis oral film, and dexametha-
sone ointment which are currently widely used in clinical
practice, and the last group was treated with HEMC MNs
(Figure S11a). The results of the study show that all four
treatment groups can effectively accelerate the healing
process of oral ulcers. It is particularly noteworthy that
among the four treatment groups, the HEMC MNs group
showed significant pro-healing advantages, increasing
the wound healing rate to nearly 90% in just five days and
significantly optimizing the mucosal morphology (Figure
S11b, c). As oral ulcer lesions are often accompanied by
the formation of pseudomembranes, which constitute a
physical barrier to drug penetration, traditional ointment
formulations have difficulty adhering closely to the lesion
area and are easily affected by saliva washout; therefore,
their efficacy is limited. Owing to their unique penetrat-
ing ability, HEMC MNs can effectively deliver drugs to
deep mucosal tissues to achieve a more stable and in-
depth therapeutic effect, thus providing a new strategy to
solve the above problems. This finding not only verifies
the role of HEMC MNss in the innovative efficacy of pro-
moting the healing of oral ulcers but also provides a solid
experimental foundation for the development of preci-
sion medicine strategies.

We systematically evaluated collagen deposition and
angiogenesis during the healing process of oral ulcers
in each experimental group to comprehensively analyze
its tissue remodeling mechanism. The results showed
that the MC MNs and HEMC MNs groups showed sig-
nificant advantages in promoting collagen deposition,
especially the HEMC MNs group, whose significant
collagen enrichment effect demonstrated its unique
innovation in promoting tissue matrix remodeling
(Fig. 9a,c). Furthermore, by accurately analyzing the
expression of CD31 and a-SMA using double immuno-
fluorescence staining, we explored the contribution of
angiogenesis to tissue repair (Fig. 9b). The study found
that the control group had sparse vascular structure
and low expression of CD31 and a-SMA, while the MC
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MNs and HEMC MNs groups showed significant signs
of angiogenesis, especially the HEMC MNs group,
which not only effectively reduced the inflammatory
response, but also significantly increased the expression
of vascular markers and promoted the formation of
new blood vessels (Fig. 9d). It is worth noting that the
synergistic effect of Mg-MOF and CUR in MC further
accelerates this process, highlighting the great poten-
tial of innovative treatment strategies based on HEMC
MNs patches to accelerate angiogenesis and promote
the comprehensive repair of ulcer tissue.

Inflammation is a critical marker of the progression of
wound healing. To investigate this, the levels of TNF-«
and IL-6 were assessed using immunohistochemical anal-
ysis on day 5 (Fig. 10a). We observed significant expres-
sion of TNF-a and IL-6 in the control group (Fig. 10c, d).
Conversely, the levels of TNF-a and IL-6 were reduced
in the groups treated with MC and HEMC MNs because
of the effective modulation of the aberrant immune
response in ulcers by the release of CUR, which resulted
in decreased levels of pro-inflammatory cytokines. To
evaluate the degree of inflammation at the wound site,
macrophage infiltration was examined using immunoflu-
orescence staining, with CD206 as a representative sur-
face marker for M2 macrophages (Fig. 10b). Both the MC
and HEMC MNs groups demonstrated an increase in the
proportion of CD206-positive macrophages compared to
that in the control group (Fig. 10e). This outcome indi-
cates that HEMC MNs have the potential to induce mac-
rophage polarization toward the M2 phenotype, leading
to a decrease in inflammation and a transition in the
local tissue environment from pro-inflammatory to pro-
reparative mechanisms. Collagen deposition, increased
neovascularization, and anti-inflammatory properties all
indicate the potential advantages of HEMC MNs patches
in wound healing.

Conclusion

In summary, this study innovatively developed a multi-
functional HEMC MNs patch that integrates sustained
drug release, diverse treatments, and natural biomateri-
als for the treatment of recurrent oral ulcers. This study
is the first to use a bioactive magnesium-based metal—
organic framework to load the natural biomaterial CUR
to treat oral mucosal diseases. It achieves slow release
of the drug and gradual decomposition of MC nanopar-
ticles, significantly improving treatment efficiency. This
design integrates multiple treatment strategies, not only
showing excellent biocompatibility, hygroscopicity, and
biodegradability, but also having rapid antibacterial and
anti-inflammatory properties, effectively regulating the
ulcer microenvironment, reducing inflammatory infil-
tration, promoting collagen deposition, promoting the
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transformation of macrophage pro-repair phenotype,
and accelerating vascular regeneration. The results high-
light the efficiency and potential of HEMC MNs patches
in the treatment of recurrent oral ulcers, open up a new
research direction in the field of oral disease treatment,
and provide a valuable theoretical and practical basis for
subsequent research.

This study demonstrated that HEMC MNs have great
therapeutic potential in the field of oral medicine and have
provided valuable preliminary data for the treatment of oral
ulcers through animal experiments. However, the complex-
ity of the human oral environment may affect the efficacy
of the MNs patches. More experiments are needed to
verify its long-term stability in clinical settings, and its effi-
cacy should be further verified in clinical trials. In addition,
the current exploration of the cause of oral ulcers remains
unclear. In the future, genomics, proteomics, and other
technologies should be combined to explore the mecha-
nism of MNs in the treatment of oral ulcers and to provide
a theoretical basis for precision medicine. Finally, the way
in which MNs play a role in the lesion site can be further
expanded, and MNs can be designed into stimulus-respon-
sive MNs to sense the dynamically changing microenviron-
ment of the oral cavity, achieve spatiotemporal controlled
release of drugs, and provide a more intelligent and effi-
cient treatment method in the field of oral medicine.

Materials and methods

Materials

MgCl,, gallic acid, HA, EPL, and CUR were purchased
from Aladdin Biochemical Technology Co. Ltd. (Shanghai,
China). The PDMS molds were purchased from Shiling
Laker Mold Merchant (Guangzhou, China). We purchased
DMSO from Sigma-Aldrich (St. Louis, MO). The Cal-
cein/PI Cell Viability/Cytotoxicity Assay Kit, Total Anti-
oxidant Capacity Assay Kit with ABTS, Reactive Oxygen
Species Assay Kit, and Cell Counting Kit-8 (CCK-8) were
purchased from Beyotime (China). The DPPH Free Radi-
cal Scavenging Capacity Assay Kit was purchased from
Solebao Technology Co., Ltd. (Beijing, China). Matrigel
was purchased from CORNING (Shanghai, China). Anti-
CD86, Anti-CD206, and Goat Anti-Rabbit IgG H&L anti-
bodies were purchased from Abcam (Shanghai, China).

Cell and animal cultures

Cell lines were purchased from OriCell (Shanghai, China).
Sprague—Dawley (SD) rats (8 weeks old) were obtained
from Hunan Slack Jingda Experimental Animal Co., Ltd.
(Changsha, China) were raised in a specific pathogen-free
environment. The animal experiments were approved
by the research ethics committee (Approval Number:
DWSY-2024-002).
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Fabrication of Mg-MOF and CUR-loaded Mg-MOF
Mg-MOF was prepared using a hydrothermal synthesis
technique. Water (50 mL), 1 g MgCl, and 3.8 g gallic acid
were mixed, stirred under reflux, adjusted to pH 8, and
heated at 140 °C in a muffle furnace (Bona Re New Mate-
rials Technology Co., Ltd., Tianjin, China) for 24 h. Sub-
sequently, CUR was dissolved in ethanol, ultrasonically
treated, and then mixed and stirred with Mg-MOF for
24 h. Mg-MOF particles loaded with CUR were obtained
after centrifugal washing. Finally, the concentration of the
MC solution was determined using UV spectrophotometry
combined with a standard curve. The drug-loading capac-
ity and encapsulation efficiency were quantified by apply-
ing the following mathematical expressions:

MO — M1
% 100%
M + (MO — M1)

(1)
x 100%

(2)

In this context, M denotes the mass of the Mg-MOF,

while MO and M1 signify the overall mass of the encapsu-
lated and non-encapsulated CUR, respectively.

Loading capacity(%) =

MO — M1
Encapsulation efficiency(%) =

MNs patch preparation

HEMC MNs were prepared by a two-step casting
method: first, MC was dissolved in DMSO, diluted with
PBS, and then mixed with HA powder and cross-linked
using 1,4-butanediol diglycidyl ether (BDDE) to form a
hydrogel; EPL-loaded HA hydrogel was prepared in the
same way. Next, the MC-loaded HA hydrogel was placed
in a PDMS mold and the tip was filled under vacuum to
promote tip filling. After removing the excess solution,
EPL-loaded HA hydrogel was added under the same con-
ditions to form a backing layer. Each HEMC MNs con-
tained approximately 71.4 ug ml™* of MC and 200 pg/ml
of EPL.

Characterization of the MOFs and MNs

Bright-field images were acquired and recorded using a
stereomicroscope (Leica M165C, Germany), whereas
MNs patches and MC particles were imaged using scan-
ning electron microscopy (Regulus 8100, HITACHI,
Japan). The elemental composition of the MC nanoparti-
cles was analyzed using EDS (AZtecLive Ultim Max 100,
UK). The characteristic peaks of Mg-MOF, CUR, and
MC were observed using FT-IR spectroscopy. The crystal
structures of the samples were analyzed using XRD. The
UV-vis (PE lambda 750, USA) spectrum of Mg-MOF
was acquired through spectrophotometric analysis. The
zeta potentials of Mg-MOF and MC were assessed using
dynamic light scattering. The particle size distributions
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of Mg-MOF and MC were analyzed using a laser particle
size analyzer. HEMC-MNs were placed in PBS to moni-
tor the release of Mg-MOF and CUR. The absorbance of
the supernatant was regularly sampled and analyzed, and
the released concentration was determined based on a
calibration curve.

Hygroscopicity test
The desiccated MNs patches were stored in an air-
tight container at 75% humidity. MNs were extracted
at 5-min intervals, photographed, and recorded using a
stereomicroscope.

MNs adhesion strength test experiment

To evaluate the adhesion strength of MNss, a lap shear test
was performed using a universal testing machine (MTS
Insight, MTS, USA). The test samples were pig buccal
mucosa obtained from a slaughterhouse, which was cut
in a standardized manner and placed on both sides of the
MN s to simulate the actual application scenario. Adhe-
sion strength (kPa) was determined by dividing the load
by the bonding area.

Cytotoxicity test

The cytotoxicity of MC, EPL, and MNs was evaluated
using the CCK-8 test and live-dead cell staining. MNs
were immersed in serum-containing medium to prepare
extracts, and HUVECs were seeded in 96-well plates
and exposed to different concentrations of the MC, EPL,
and MNs extracts for 24 h. Cell viability was evaluated
using the CCK-8 reagent, and the live-dead cell ratio was
observed using calcein and propidium iodide staining
combined with fluorescence microscopy to comprehen-
sively evaluate the biocompatibility of the material.

Hemolysis test

Following isoflurane anesthesia, periorbital venous blood
was collected from the SD rats. The collected blood was
diluted with physiological saline and centrifuged for
5 min. This centrifugation process was repeated thrice.
Red blood cells were separated and prepared in a 5%
solution. A positive control was prepared by mixing
water with the solution and a negative control was cre-
ated by mixing saline with the solution. The remaining
groups were assessed using 500 pL of the MNs extract,
and hemolysis was observed after incubation for 4 h at
37 °C. The absorbance of the supernatant was measured
using a spectrophotometer at a wavelength of 545 nm to
determine the hemolysis rate.

Scratch test
The effectiveness of the HEMC MNs in enhancing cell
migration and tissue regeneration was evaluated through
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in vitro experiments using a cell scratch assay. The
HUVEC were suspended and seeded into six-well plates,
where they were cultured until they reached a cell den-
sity of approximately 90%. A linear scratch was created
in the middle of each well using a 200-uL pipette tip to
mimic a wound, followed by three washes with PBS. Sub-
sequently, the cells were exposed to either normal serum-
free medium (control) or medium supplemented with
extracts of HA, EPL, MC, and HEMC MN:s for 24 h. Pho-
tographic recordings were captured using a microscope
at both 0-h and 24-h time points during co-culture to
measure the degree of gap closure.

DPPH radical scavenging assessment

Mixtures of DPPH and MC solutions at varying concen-
trations were prepared in a 96-well plate and incubated
at 37 °C for 30 min. The absorbance of the resultant solu-
tion was assessed at a wavelength of 517 nm, and the
inhibition rate was determined according to the provided
guidelines.

ABTS free radical scavenging evaluation

The ability of the MC solution to scavenge ABTS free
radicals was tested using a detection kit. ABTS working
solution was prepared according to the manufacturer’s
instructions. MC solutions of various concentrations
(10, 20, 30, 40, 50, 60, and 120 pg mL™Y), as well as dif-
ferent MNs extracts, were added to the prepared solu-
tions (200 pL) and incubated at 37 °C for 30 min. The
absorbance of each group was quantified at 734 nm
using a microplate reader (BioTek Epoch, USA), and the
inhibition rate of the samples for ABST was determined
according to the provided guidelines.

ROS removal experiment

The DCFH-DA probe detected the elimination of ROS
in the HEMC MNs extracts. HUVECs were treated with
extracts from the various MNs groups in a six-well plate
for 24 h, followed by exposure to 2 mM hydrogen perox-
ide for 30 min. The control group consisted of untreated
cells. The supernatant was removed by aspiration, and
serum-free DMEM supplemented with DCFH-DA
was added to the sample, which was then incubated for
20 min. The cells were then rinsed thrice with serum-
free DMEM. Cell fluorescence was visualized using an
inverted fluorescence microscope.

Endothelial cell tube formation assay

The ability of MC to promote angiogenesis was confirmed
using blood vessel formation experiments. Matrigel was
combined with serum-free DMEM at a temperature
of 4 °C, introduced into a pre-chilled 96-well plate, and
subjected to a 1 h incubation period. The HUVECs were
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digested and resuspended in media containing different
MNs extracts, and the cell suspension was seeded onto
Matrigel and incubated for 4 h. Endothelial cell tubule
formation was examined by microscopic observation, fol-
lowed by image capture and subsequent analysis to quan-
tify the number of nodes.

Bacterial coating tests

Antibacterial experiments were conducted using two
characteristic bacterial strains, E. coli and S. aureus. Ini-
tially, specified quantities of either E. coli or S. aureus
strains were inoculated into LB broth and incubated for
6 h. The bacterial suspension was subsequently diluted
and combined with the MNs extract, followed by incuba-
tion for 6-8 h. The resulting mixture was evenly distrib-
uted on a plate and incubated for 12 h.

The bacterial suspension of the blank group was incu-
bated with the extracts of HA, EPL, MC, and HEMC
MNs, and then seeded into six-well plates. Cell spreads
were cultured in six-well plates and exposed to bacterial
suspensions in a bacterial incubator for >12 h. The bacte-
rial adherents were subsequently exposed to a 2.5% glu-
taraldehyde solution for 8 h, rinsed with PBS, dehydrated
using ethanol, and immersed in tert-butyl alcohol prior
to mounting on slides.

The antimicrobial effectiveness of the various groups of
MNs was evaluated through a live-dead staining assay,
using a staining solution with a concentration of 1 pL
of stain per 100 pL of bacterial solution to distinguish
between live and dead bacteria. Following incubation at
37 °C for 20 min, the bacterial specimens were imaged
and examined using a fluorescence microscope.

ELISA experiments in vitro

The inflammation model was developed by incubating
RAW?264.7 macrophages in 96-well plates and pretreat-
ing them with 1 pg mL~" LPS for 12 h. Subsequently, the
macrophage inflammation model was exposed to extracts
from various MNs groups for 24 h, and the supernatant
was harvested for measurement of TNF-a/IL-6 lev-
els using an ELISA kit, according to the manufacturer’s
protocol.

Immunofluorescence analysis

RAW?264.7 cells were stimulated to polarize towards the
M1 phenotype using 1 pg mL™! LPS, followed by treat-
ment with a culture medium containing extracts from
the various MNs groups for 24 h. Following fixation
in 4% paraformaldehyde for 30 min, cells were washed
thrice with PBS and blocked with 5% BSA for 1 h. The
cells were incubated with Anti-CD86 (1:100) and Anti-
CD206 (1:100) antibodies overnight at 4 °C. The cells
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were then washed thrice with PBST, incubated with
fluorescent secondary antibodies at room temperature,
and shielded from light. The cells were then stained with
DAPI in the dark and washed thrice with PBST. Finally,
stained cells were examined under an inverted fluores-
cence microscope.

Construction of the rat model and treatment of oral ulcers
in rats

The animal model used was based on the traditional
method of inducing oral ulcers. After one week of adap-
tation, 8-week-old male SD rats were anesthetized with
a cotton ball containing 50% glacial acetic acid to create
an ulcer with a diameter of 5 mm on the oral mucosa.
After 48 h, the rats were randomly divided into five
groups (n=>5). The control group was not treated, and the
experimental groups (HA, EPL, MC, and HEMC MN:s)
received a single MNs patch treatment on the first day of
the ulcer, and pressure was applied after attachment to
ensure adhesion. Changes in the ulcer were monitored
daily, and the wound area and healing rate from day O to
day 5 were evaluated.

Histological analysis

Following euthanasia, oral ulcer tissues were collected
from the oral cavity of rats and subjected to staining
with H&E and Masson’s trichrome following a series of
treatments to evaluate epithelial morphology and colla-
gen accumulation. Subsequently, immunohistochemical
staining was utilized to assess the expression of TNF-a
and IL-6 and evaluate the inflammatory status of the
ulcerated tissues. Immunofluorescence staining for CD31
and a-SMA markers was employed to observe angiogen-
esis, whereas immunofluorescence staining for F4/80 and
CD206 markers was conducted to detect macrophage
polarization.

Statistical analysis

Data were collected from a minimum of three experi-
ments and are presented as the mean +standard devia-
tion (SD). Statistical analysis was conducted using
GraphPad and Image] software, with unpaired two-tailed
Student’s t-tests for pairwise comparisons and one-way
ANOVA for significance testing. Statistical significance
was defined as nonsignificant (ns) for p>0.05, *p<0.05,
*p<0.01, and ***p <0.001.
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