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Introduction
Diabetic ulcers (DUs) are a grave complication of dia-
betes mellitus, frequently characterized by refractory 
biofilm infections and chronic inflammation [1]. Approx-
imately 25% of individuals with diabetes are affected by 
DUs, frequently leading to amputation or fatality, with 
notable financial and social burdens [1, 2]. Hence, there is 
an urgent devise to explore effective strategies to enhance 
the healing efficacy of DUs.

The normal process of wound healing is highly coordi-
nated. However, due to the immune imbalance induced 
by high glucose levels, macrophages face challenges in 
transitioning from an inflammatory phenotype (M1) to 
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Abstract
Macrophages play a pivotal role in the healing of diabetic ulcers. The sustained elevation of glucose levels damages 
the insulin signaling pathway in macrophages, leading to dysfunctional macrophages that struggle to transition 
from pro-inflammatory (M1) to reparative (M2) states. Therefore, modulating macrophage inflammatory responses 
via the insulin pathway holds promise for diabetic ulcer treatment. Additionally, the presence of biofilm impedes 
drug penetration, and the resulting immunosuppressive microenvironment exacerbates the persistent infiltration of 
pro-inflammatory M1 macrophages. Therefore, we designed an array of dissolvable microneedle (denoted as NPF@
MN) loaded with self-assembled nanoparticles that could deliver NPF nanoparticles, acid-sensitive NPF-releasing 
Protocatechualdehyde (PA) with hypoglycemic and insulin-like effects, regulating macrophage polarization to an 
anti-inflammatory M2 phenotype. Additionally, this study extensively examined the mechanism by which NPF@MN 
accelerates the healing of diabetic ulcers through the activation of the insulin signaling pathway. Through RNA-seq 
and GSEA analysis, we identified a reduction in the expression of pathway-related factors such as IR, IRS-1, IRS-2, 
and SHC. Our work presents an innovative therapeutic approach targeting the insulin pathway in diabetic ulcers 
and underscores its translational potential for clinical management.
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a reparative phenotype (M2) [3]. This results in diabetic 
ulcers remaining in a state of chronic inflammation and 
difficulty in entering the tissue repair phase [4, 5]. The 
continuous accumulation of M1 macrophages and the 
secretion of pro-inflammatory cytokines or chemokines 
further recruit monocytes to infiltrate and differentiate 
into the M1 phenotype, leading to oxidative stress at the 
wound site [6, 7]. This further increases the risk of bio-
film infection and hinders the transition of wounds from 
the inflammatory to proliferative phases [8, 9]. Thus, the 
immune microenvironment of DUs can be modulated 
by mediating the M2 phenotypic polarization of macro-
phages to restore dysregulated immune processes.

Persistent hyperglycemia-induced damage to the insu-
lin signaling pathway in diabetic ulcers leads to delayed 
wound healing [10–12]. High glucose exposure has been 

shown to induce macrophage polarization toward the M1 
phenotype, which can be reversed by insulin stimulation 
[13–15]. Further studies on the cellular and molecular 
mechanisms of insulin-induced inflammation regression 
have revealed that insulin can enhance the transforma-
tion of macrophages into the M2 phenotype via PI3K/
Akt and PPAR-γ signaling pathways [16]. However, pro-
longed local insulin injections can lead to significant side 
effects, and insulin resistance can exacerbate biofilm 
formation [17]. Polyphenolic compounds have gained 
attention due to their high bioavailability and anti-hyper-
glycemic effects with fewer side effects [18, 19]. Protocat-
echualdehyde (PA), extracted from Chinese herbal Salvia 
root, is an approved drug known for its anti-inflamma-
tory properties, antibacterial and possible hypoglycemic 
effects [18, 20–22]. In contrast to natural polyphenolic 
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compounds such as catechins and epigallocatechin gal-
lates, PA has an aldehyde group that can form revers-
ible Schiff base bonds with amino groups [23]. The study 
found that phenolic active compounds like Protocatechu-
aldehyde displayed strong interactions with four receptor 
proteins, namely IRS1, PI3K, Akt, and GLUT4, within 
the insulin signaling pathway [24]. Network pharmacol-
ogy and mechanism validation showed that a variety of 
phenolic substances could improve insulin resistance via 
IRS-1/PI3K/Akt pathway [24–26]. Thus, PA may facili-
tate wound healing by activating the insulin pathway and 
promoting macrophage M2 polarization.

However, the dense structure of biofilm limits drug 
permeability, resulting in reduced efficacy and potential 
drug resistance [27–29]. Furthermore, bacterial infec-
tion exacerbates inflammation at the wound site, increas-
ing the macrophage M1/M2 ratio [8, 30]. Antimicrobial 
peptides (AMPs), such as Nisin, have been widely used 
to clear biofilms [31–33]. However, uncontrolled anti-
microbial function during storage, susceptibility to envi-
ronmental stresses, and sensitivity to proteolysis are the 
most common challenges to Nisin, hindering its poten-
tial therapeutic applications [10]. In order to achieve 
simultaneous integration of macrophage polarization 
and bactericidal capabilities, self-assembled nanoma-
terials have become a very attractive and valuable topic 
for the treatment of DUs with biofilm infections. Nota-
bly, microneedle (MN) patches have emerged as a novel 
approach, which has recently been reported for the treat-
ment of bacterial biofilms [34–36]. The utilization of MN 
containing antimicrobial agents has been shown to be 
an effective method for the treatment of chronic wound 
biofilms.

Based on the above considerations, beginning with 
the regulation of the insulin pathway to promote mac-
rophage M2 polarization and improve the efficiency 
of biofilm clearance, thereby modulating the immune 
microenvironment, we have developed a multifunctional 
dissolving microneedle based on acid-responsive Nisin@
PA@Fe (NPF) nanoparticles of the antimicrobial peptide 
Nisin [31, 37], thereby accelerating wound healing in bio-
film infection. Briefly, the hydroxyl-aldehyde addition 
reaction between the hydroxyl group in Nisin and the 
aldehyde group in PA forms a catechol ion coordination 
bond with metal ions (Fe3+) [38, 39]. This process leads to 
a distinctive chemical cross-linking self-assembly result-
ing in the formation of NPF, which is then loaded onto 
hyaluronic acid microneedle patches. NPF@MN exhib-
ited properties of anti-biofilm, anti-inflammatory, pro-
M2 polarization and accelerated tissue repair. In order 
to explore the mechanism of NPF@MN in the conquest 
of depleted uranium biofilms and chronic healing, RNA-
seq and GSEA analysis were performed in this study, 
and the insulin signaling pathway was identified as a key 

regulatory pathway. The findings suggest that NPF@MN 
can reduce persistent chronic inflammation and promote 
chronic wound healing by activating the insulin signaling 
pathway. The study offers novel insights into designing 
all-in-one therapies with immunomodulatory capabilities 
and holds significant clinical translational potential.

Results
Synthesis and characterization of NPF
It has been reported that natural protocatechualdehyde, 
such as PA, can combine with primary amines to form 
reversible Schiff base bonds [40]. The polyphenol struc-
ture also easily coordinates with trivalent iron ions at pH 
greater than 8.5 [41, 42], which drives self-assembly into 
stable nano agglomerates [42]. Additionally, the intro-
duction of coordination bonds not only accelerates nano-
self-assembly but also coordinates with Fe3+ to protect 
PA from autooxidation at high pH [43, 44]. Due to the 
pH-dependent Schiff base bond and the coordination of 
Fe3+ and PA, the nanoparticles can be released in acidic 
environment. Based on this, we have prepared nanopar-
ticles NPF.

The Preparation of NPF involved the reaction of ferric 
chloride hexahydrate (FeCl3⋅6H2O) with PA in an aque-
ous solution of Nisin at room temperature. As shown in 
Fig.  1A. To ensure that antioxidant activity dominates, 
we explored the suitable molar ratio of PA/Fe, and finally 
designed the molar ratio of PA/Fe to be 3:1 (Figure S1, 
S2), much higher than their pro-oxidative concentration 
(PA: Fe;1:1) [45, 46], which was consistent with the litera-
ture [46, 47]. To confirm the successful synthesis of Schiff 
base bonds, the chemical structure of Nisin-PA was ana-
lyzed using Fourier transform infrared spectrum (FTIR), 
1H NMR spectroscopy, and ultraviolet absorption spec-
troscopy (UV-Vis). The -C = N- tensile vibration peak by 
FTIR (Fig. 1B) at 1622 cm-1 confirmed the formation of 
Schiff base bonds between amino groups in Nisin and the 
aldehyde groups in PA. At the same time, 1H NMR spec-
trum also confirmed the successful synthesis of Nisin-PA 
(Figure S3). Additionally, the UV-Vis absorption spec-
trum of Nisin-PA was significantly different from that 
of Nisin and PA (Fig. 1C), and the characteristic absorp-
tion peak of Nisin-PA at 256 nm was located at the posi-
tion of benzene ring π→π*, which further confirmed the 
successful synthesis of Nisin-PA. Based on the Nisin-PA 
structure, self-assembly into NPF was then driven by 
polyphenol ferro-phenol complexation. After complexing 
iron ions, Nisin-PA complexes exhibited a typical ligand-
metal charge transfer characteristics band. The UV spec-
trum showed that NPF had a broad absorption band at 
500–650  nm, confirming the coordination of Fe3+ with 
PA [47] (Figure S4).

The hydrodynamic diameter of NPF determined by 
dynamic light scattering (DLS) was 60 nm with a narrow 



Page 4 of 21Yang et al. Journal of Nanobiotechnology          (2024) 22:489 

size distribution (PDI = 0.158) (Fig.  1D), and the zeta 
potential was negative (Fig. 1E). Notably, the zeta poten-
tial of NPF changed from positive to negative following 
the addition of PA and Fe3+(Fig. 1E), which may be due to 
the abundance of phenolic hydroxyl groups in PA. Addi-
tionally, the stability of NPF in PBS and PBS containing 
5% FBS was studied by monitoring the changes in par-
ticle size over time and the results showed that the size 
of NPF remained stable within 24 h (Figure S5), Homo-
geneous spherical NPF of uniform size were observed 
through transmission electron microscopy (TEM) imag-
ing (Fig. 1F), consistent with the DLS results. The compo-
sition of the NPF was confirmed by bright-field scanning 
electron microscopy (Fig. 1F), showing a uniform distri-
bution of carbon (C), iron (Fe), and oxygen (O) in NPF. 
The iron content was quantified using inductively cou-
pled plasma-optical emission spectrometry (ICP-OES) 
and determined to be 15.76 ± 0.86w/w (Figure S6).

In order to evaluate the pH-responsive behavior of 
nanoparticles, the morphology of NPF was studied at pH 
5.5. It was observed that NPF exhibited pH-dependent 
disassembly behavior (Fig. 1G), and the circular particle 

morphology became irregular and blurred. Moreover, as 
shown in Fig.  1H, the size distribution and PDI of NPF 
were relatively stable at pH 7.4, but gradually increased 
and aggregated and then dissociated at pH 5.5, which 
was consistent with the phenomenon observed in TEM 
images. Moreover, the zeta potential rebounded from 
− 18.3 mv to 2.36 mv under acidic conditions (pH 5.5) 
(Figure S7). All of these indicated the presence of dynamic 
cleavage of acid-sensitive Schiff base bonds in NPF. Due 
to the pH dissociation of the nanostructure, NPF exhib-
ited pH-dependent release behavior. The release of Nisin 
at pH 7.4 and pH 5.5 was quantified according to the UV 
standard curve (Figure S8), and the cumulative released 
rates of buffer for 48  h were 25.64%±5.29, 54.81%±3.05, 
respectively (Fig. 1I).

Synthesis and characterization of NPF@MN
To disrupt biofilms and increase drug permeability, NPF 
were further loaded into MN. In a typical experiment, 
NPF@MN were prepared using micromolding tech-
niques (Fig.  2A). Specifically, low molecular weight HA 
powder was first dissolved with an aqueous solution of 

Fig. 1  Synthesis and characterization of NPF. (A) Schematic illustration of the synthetic process of NPF. (B) FTIR spectra and (C) UV-vis absorption spectra 
of Nisin, PA, and Nisin-PA. (D) DLS of NPF at pH 7.4. (E) Zeta-potential of Nisin, PA, Nisin-PA, NPF. (F) TEM image and SEM image of elemental mapping of 
NPF at pH 7.4 and (G) TEM image of NPF at pH 5.5. (H) Size and PDI variations of NPF at pH 5.5 buffers. (I) In vitro release profiles of Nisin in different pH 
buffers (pH 5.5 and pH 7.4). Data are shown as the mean ± SD (n = 3)
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NPF, loaded into the MNs tip and substrate and then the 
NPF@MN were prepared under vacuum using a PDMS 
(polydimethylsiloxane) (Fig.  2B) mold. As shown in 
Fig. 2C, D, the resulting microneedle patch was arranged 
in an 8 × 8 MN array, and the tip of the NPF@MN was 
dark translucent due to the addition of NPF. We then 
performed the morphological characterization by using 
brightfield scanning electron microscopy (SEM) and 
Optical Coherence Tomography (OCT) (Fig. 2E-F, Figure 
S9). The successful NPF@MN was prepared into a coni-
cal needle-like structure with uniform distribution, tip 
diameter of 250 μm, height of 600 μm and needle spac-
ing of 500  μm. Of note, the thickness of the biofilm of 
10–100  μm [48] is much smaller than the length of the 
microneedle tip, and since most of the microvascular 
in the dermis layer of the skin is located 1–2 mm below 
the epidermis [49], the microneedle tip could penetrate 
the biofilm and avoid contact with nerve fibers and 
capillaries.

In order to observe the permeability of the drug in 
the skin, soluble microneedle patches based on fluo-
rescein isothiocyanate (FITC) were prepared. These 
patches were inserted into the skin of small fragrant pig. 

Figure  2G showed that MN could puncture the epider-
mis and promote FITC dye diffusion, indicating that the 
drug could rapidly diffuse into the skin with the inser-
tion of MNs. The fluorescent dye rhodamine B (RhB) was 
used as a model drug for visual analysis. The drug-loaded 
microneedle (RhB@MN) demonstrated higher penetra-
tion and drug delivery efficiency compared to free RhB 
on isolated skin (Figure S10). Therefore, NPF@ MN offer 
a simple and efficient approach to drug delivery. Sub-
sequently, we further investigated the insertion ability 
of NPF@MN on healthy skin in mice. The mechanical 
properties of the NPF@MN were measured by force-
displacement curves, and NPF@MN did not show any 
breaking points and had a mechanical force (> 0.098  N) 
that penetrated the skin (Figure S11). Hematoxylin and 
eosin (H&E) (Fig.  2H) showed successful penetration 
of the normal epidermis by the microneedle patches. In 
addition, microneedles penetrating the skin could also be 
observed through OCT, causing microscopic damage and 
tiny channels (Figure S12).

To assess the biodegradability of NPF@MN, its hygro-
scopicity was evaluated. The NPF@MN was placed in 
an airtight container with a specific humidity and the 

Fig. 2  Synthesis and characterization of NPF@MN. (A) Synthesis schematic of NPF@MN. (B) Image of PDMS MN mold. (C, D) Top-down and isometric 
views of an NPF@MN, as shown in photographic images. (E, F) SEM images of NPF@MN. Bar = 500 μm and 200 μm, respectively. (G) Green fluorescence 
signal of FITC in a cross-section of the skin of a small fragrant pig. Bar = 20 μm. (H) Histological section depicting the microneedle aspiration site. Bar 
= 200 μm. (I) Brightfield morphological images of NPF@MN at various time points post-moisture absorption (in a 75% humidity environment at room 
temperature)
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morphological changes of the NPF@MN are recorded 
in real time (Fig. 2I). After 5 min in the humidity cham-
ber, a noticeable solubilization state of the MN tips was 
observed. The remarkable hygroscopicity of MNs could 
absorb excessive tissue penetrating fluid produced by the 
wound, providing a good environment for wound heal-
ing. Furthermore, the NPF@MN completely dissolved 
within 20  min after immersion in an aqueous solution, 
and the drug contained within it was released quickly. 
Therefore, only drug-loaded nanoparticles were mea-
sured for drug release spectra, but not arrays containing 
drug-loaded microneedles.

In vitro antioxidant capabilities and anti-inflammatory of 
NPF@MN
PA is a naturally occurring phenolic that exhibits good 
biocompatibility and free radical scavenging energy, 
which can protect cells from oxidative damage and 
accelerate wound healing [41]. Fe3+ was introduced 
into the physical complexation of catechol groups to 
reduce the oxidation of PA. Based on this, we tested the 
ROS scavenging capacity of NPF (Fig.  3A). The oxida-
tion resistance of the sample was first determined by an 
experiment to scavenge the stable free radical 1,1-diphe-
nyl-2-picrylicyl (DPPH). As shown in Fig. 3B, the inhibi-
tion rate of DPPH radicals was proportional to the NPF 
concentration nanoparticles. When the concentration of 
NPF was higher than 125 µg/mL, the inhibition rate was 
higher than 80%, indicating that NPF could effectively 
remove DPPH. We employed the standard antioxidant 
vitamin C as a control to evaluate the antioxidant capac-
ity of NPF. As shown in Fig. 3C, the antioxidant capacity 
of NPF is comparable to that of vitamin C. The charac-
teristic absorption peak of DPPH at 517  nm was moni-
tored using UV light. Both NPF and vitamin C exhibited 
peaks that were slightly lower than that of the control 
group, which showed almost no absorption peak at 
517  nm (Fig.  3D). Subsequently, we separately analyzed 
hydroxyl radicals (·OH) and superoxide anions (O2

•−), the 
main ROS species of diabetic wounds. The fluorescence 
signal at 425 nm in Figure S13 diminishes progressively 
with increasing concentrations of NPF, demonstrating 
that NPF effectively scavenges hydroxyl radicals in a con-
centration-dependent manner. Quantitative analysis of 
hydroxyl radical scavenging (Figure S14) indicated that at 
an NPF concentration of 250 µg/mL, approximately 50% 
of the hydroxyl radicals were scavenged. To assess the 
superoxide anion scavenging capacity, we measured the 
inhibition ratio of the photoreduction of nitroblue tet-
razolium (NBT). The characteristic signal of the radical 
at 560 nm weakened with increasing NPF concentration 
(Fig.  3E), indicating a concentration-dependent super-
oxide anion scavenging. At an NPF concentration of 
250 µg/mL, over 90% of O2

•– in solution was scavenged. 

Figure 3F shows the low peaks of NPF and vitamin C at 
560 nm, with similar peaks for NPF and vitamin C, and 
quantitatively confirms that NPF and vitamin C have 
comparable O2•- clearance capacity (Figure S15). These 
findings collectively indicate that NPF exhibits a potent 
capacity to scavenge ROS and protect cells from oxida-
tive damage.

Before studying the ability of NPF to clear hydrogen 
peroxide-induced intracellular ROS, we first evaluated 
the biocompatibility of the material, which is an impor-
tant prerequisite for further biomedical applications. The 
hemolytic test (Figure S16) was initially employed to eval-
uate the biocompatibility of the materials. Subsequently, 
293T cells were selected to assess their viability following 
different treatments. The viability of cells decreased grad-
ually with increasing concentration of each treatment 
group, and when the NPF concentration was 300 µg/mL, 
the cell survival rate exceeded 90% (Figure S17). Further-
more, the live/dead staining results depicted in Figure 
S18 revealed that 300 µg/mL NPF did not induce signifi-
cant cell death after 24 h of incubation with cells relative 
to the control group. Cell proliferation was accelerated 
by NPF, NPF@MN and r-bFGF treatments instead of 
blank MN (Fig. 3G) in human immortal keratinocyte line 
(HaCaT). Subsequently, the ability of NPF nanoparticles 
to scavenge ROS was evaluated in the presence of human 
dermal fibroblasts 3T3. As shown in Fig. 3H, human der-
mal fibroblasts were incubated with 3 mmol of H2O2, 
resulting in distinct green fluorescence. In contrast, fluo-
rescence intensity was significantly reduced when cells 
stimulated with the same amount of H2O2 were treated 
with 150 µg/mL of NPF. With the increase in NPF con-
centration, the fluorescence was further weakened. In 
addition, NPF@MN was soaked in DMEM medium for 
30  min to obtain an extract of approximately 310.4  µg/
mL NPF for cell radical scavenging experiments. When 
cells were cultured in medium containing NPF@MN 
extract (approximately 310.4 µg/mL), ROS concentration 
also decreased significantly, and quantification showed 
fluorescence intensity comparable to NPF at a concentra-
tion of 300 µg/mL (Fig. 3I).

Macrophages, a crucial component of the innate 
immune system, exhibit diverse M1/M2 phenotypic lev-
els that significantly influence the wound healing process. 
The overproduction of reactive oxygen species (ROS) in 
diabetic ulcers disrupts inflammatory regulation, lead-
ing to an imbalance in macrophage phenotypes [50]. 
Our study aimed to ameliorate the inflammatory micro-
environment using NPF@MN, thereby promoting the 
shift of macrophages from the classically activated M1 
phenotype to the alternatively activated M2 phenotype. 
Flow cytometry analysis further corroborated these 
findings, showing that LPS-treated RAW264.7 cells had 
an increased proportion of CD206-positive cells and 
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Fig. 3  In vitro antioxidant capabilities of NPF@MN. (A) Schematic diagram of DPPH oxidation resistance. (B) Antioxidant activity of NPF measured with 
the (DPPH) radical scavenging activity assay. n = 3 samples/group. (C) DPPH clearance of different concentrations of vitamin C and NPF (n = 3 samples/
group) and (D) DPPH assay absorbance curves. (E) Quantitative plot of NPF scavenging capacity for O2

•– and (F) Complete scan curves of NPF and vitamin 
C in the O2

•– clearance assay. (G) The proliferation levels of HaCaT cells with different interventions (50 µg/mL of NPF/NPF@MN). n = 3 samples/group. (H) 
Fluorescence images of ROS in different groups of 3T3 cells treated with DCFH-DA. 150 µg/mL for NPF 1 and 300 µg/mL for NPF 2, Scale bar = 100 μm. 
(I) Quantification of the DCFH-DA dye fluorescence intensity extracted from (H) (J) CD80/CD206 flow cytometry of RAW264.7 cells treated with LPS, 
LPS + MN, or LPS + NPF@MN for 24 h (K) Quantification of the CD206+of RAW264.7 cells intensity extracted from (J). (L) The mRNA expressions of inflam-
matory cytokines IL-1β and IL-6 determined by qPCR. n = 5 samples/group. ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, ns represented not significant
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a decreased proportion of CD80-positive cells follow-
ing incubation with NPF@MN (Fig.  3J, K, Figure S19). 
Western blot analysis (Figure S20) quantified the CD80 
and CD206 protein levels, revealing trends consistent 
with the immunofluorescence staining and flow cytom-
etry data. Additionally, we analyzed the expression levels 
of the pro-inflammatory cytokine IL-1β and the anti-
inflammatory cytokine IL-10 (Figure S21). The results 
demonstrated that NPF@MN treatment upregulated IL-
10 and downregulated IL-1β, indicating a reduction in 
M1 expression and an increase in M2 expression. In vitro 
inflammatory model of DU by methylglyoxal (MGO), 
the mRNA expression levels of IL-1β and IL-6 were up-
regulated significantly, while reductions were observed 
in MN, NPF@MN and rb-bFGF groups (Fig. 3L). Among 
them, NPF@MN showed the most obvious effect. In 
summary, these findings suggest that NPF@MN can 
effectively induce macrophage polarization towards the 
M2 phenotype, thereby exerting significant immuno-
modulatory effects.

In vitro antibacterial capabilities of NPF@MN
Biofilm is another barrier that hinders the closure of 
diabetic ulcers and further impede wound healing [51]. 
Therefore, it is essential to eliminate biofilms on the 
wound surface and improve the quality of life for patients.

To evaluate the bacteriostatic activity of acid-respon-
sive NPF, disc diffusion assays were employed to test the 
antimicrobial properties of MNs and NPF@MN against 
S. aureus. The NPF@MN were cultured with S. aureus at 
37  °C for 24  h. As shown in Fig.  4A, a significant inhi-
bition zone was observed only around the NPF@MN 
at pH 5.5, but no obvious inhibitory zone was observed 
around the blank microneedle or the control group, indi-
cating that NPF had a significant inhibitory effect on the 
growth of S. aureus under acidic conditions at pH 5.5. 
Conversely, the blank MN did not exhibit any antibacte-
rial effect, while the NPF@MN in the neutral environ-
ment had a weak antibacterial effect, which may be due 
to the degradation of nanoparticles over time, resulting 
in the slow release of the drug and thus playing a weak 
antibacterial effect. As shown in Fig. 4B, NPF@MN rap-
idly killed S. aureus in acidic liquid cultures. All bacteria 
in the culture were killed within 12  h, and none of the 
control groups significantly affected the bacterial count 
of S. aureus.

In addition, the plate counting method (SPM) was 
used to study the antibacterial effect of acid-responsive 
nanoparticles on S. aureus and E. coli. Figure  4C quan-
titatively showed the antibacterial effect of different con-
centrations of NPF on S. aureus and E. coli, with colonies 
in the 800 µg/mL group being basically absent, indicating 
a significant reduction in the viability of S. aureus and E. 
coli. Counting analysis of bacterial colonies revealed that 

the antibacterial effect of NPF treatment was significant 
as the NPF concentration increased from 100 µg/mL to 
800 µg/mL, compared to the control group, and the anti-
bacterial rate was 99.6% when the NPF concentration 
was 800 µg/mL (Fig. 4D, E).

MNs with or without NPF nanoparticles were incu-
bated with two bacterial strains (S. aureus and E. coli) at 
different pH conditions, and then stained by Live/Dead 
bacteria. The results for E. coli and S. aureus were con-
sistent, with the bacterial effectively killed when incu-
bated on discs with NPF and in an acidic environment. 
As shown in Fig. 4F, the surface of blank MNs incubated 
with bacteria under neutral conditions displayed strong 
green fluorescence due to bacterial adhesion and prolif-
eration, while the surface coated with NPF under acidic 
conditions showed stronger red fluorescence, indicating 
effective bacterial killing. Furthermore, under neutral 
conditions, the red fluorescence incubated by NPF was 
slightly stronger than that of the blank MNs set, which 
may be due to the sustained release of the nanoparticles 
exerting certain antibacterial activity, and also indicates 
that NPF was acid-responsive and had a higher release 
rate under acidic conditions. Consistent trends were also 
obtained by ImageJ analysis of the red fluorescence inten-
sity in each group (Figure S22).

In vitro anti-biofilm activity
It is generally believed that most bacteria can form bio-
films on the surface of chronic wounds, and this barrier 
of dense extracellular polymers can resist the penetra-
tion of antimicrobials. Hence, exploring the anti-biofilm 
efficacy of NPF@MN is imperative. Crystal violet stain-
ing was employed to assess the spread of biofilms cre-
ated by E. coli and S. aureus across varying pH levels. 
As shown in Fig.  5A and B, NPF@MN had almost no 
dispersion effect on biofilms at pH 7.4. However, at pH 
5.5, after incubation with bacteria, crystal violet diffused 
containing NPF@MN, and only a small amount of crystal 
violet was observed. Compared with the crystalline violet 
diffusion effect of S. aureus, E. coli was relatively weak, 
indicating that the antibacterial effect of micro-drug 
loading on Staphylococcus aureus was better. This may 
be due to Nisin’s better antimicrobial selectivity against 
gram-positive bacteria than gram-negative bacteria [52].
The biofilm biomass was shown in Fig. 5B was consistent 
with Fig.  5A. As shown in Fig.  5C. Compared to blank 
microneedle patches, both NPF@MN-treated S. aureus 
and E. coli biofilms showed strong red fluorescence, only 
weak green fluorescence, and a significant reduction in 
total bacterial count at pH 5.5. Image J was further used 
to quantify the fluorescence intensity of biofilms (Fig. 5D 
and E). The results showed that NPF@MN produced red 
fluorescence intensity that was higher than the blank 
MNs control group when incubated with biofilms of S. 



Page 9 of 21Yang et al. Journal of Nanobiotechnology          (2024) 22:489 

aureus and E. coli at pH 5.5, respectively. This was due to 
the positive antibacterial effect of NPF.

In addition, to better understand the behavior of the 
NPF@MN in the intended application, we performed 
in vitro antimicrobial test on ex vivo pig skin using 
S. aureus. As shown in Fig.  5F, the biofilm of S. aureus 
formed by the control group and the blank microneedle 

patches control group after incubation with ex vivo pig 
skin was more obvious than that produced by the NPF@
MN experimental group. However, when using MNs 
containing NPF, there was visible evidence of the deg-
radation of NPF@MN patches and NPF released to the 
wound site, as shown in Fig.  5G, biofilms treated with 
NPF@MN showed a reduction of S. aureus. Additionally, 

Fig. 4  In vitro antibacterial capabilities of NPF@MN. (A) Representative photographic images of S. aureus treated with MN patches in different pH. (B) 
Log10 CFU/mL of S. aureus monitored when exposed to PBS (control), NPF@MN (pH = 7.4), and NPF@MN (pH = 5.5) for 24 h; The antibacterial activity of 
NPF@MN against E. coli and S. aureus determined through (C-E) CFU assays and (F) live/dead staining recorded after incubation for 2 h. Scale bar = 100 μm 
n = 3 samples/group. ****P < 0.0001, ***P < 0.001, **P < 0.01
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because MNs are convenient and painless, the patch can 
simply be applied multiple times to completely eradicate 
biofilms in potential clinical practice.

NPF@MN rescued S. aureus-infected diabetic wounds
To further testify the efficacy of NPF@MN in treating 
diabetic ulcers (DUs) against S. aureus biofilms, we estab-
lished S. aureus biofilms in STZ-induced diabetic mouse 
wounds and treated with different interventions (Fig. 6A). 
The concentration of 300 µg/mL was applied to the fol-
lowing experiments since it showed the most efficient 
effect (Figure S23). In order to study the ability of differ-
ent groups to clear biofilm, wound tissues were collected 

after 3 days of different treatments, and the number 
of bacteria was determined by colony counting on agar 
plates (Figure S24). Compared with the control group, 
the survival rate of NPF@MN bacteria was significantly 
lower than that of the blank MN group and NPF group, 
which was due to the antimicrobial ability of NPF and the 
ability of MN to promote drug penetration at the wound 
site. Compared with the normal mice, diabetic mice with 
blank MNs (MN) interference exhibited slower healing 
speed, and S. aureus infection further deteriorated the 
wound healing and re-epithelialization of DUs (Fig.  6B-
E). With treatment of MNs, promoted wound healing and 
neo-epithelialization were observed in S. aureus-infected 

Fig. 5  In vitro anti-biofilm activity. Images depicting crystal-violet-stained biofilms of (A) S. aureus and E. coli following incubation with MN (①) and NPF@
MN (②) under pH 7.4 and pH 5.5 conditions. Additionally, (B) illustrates the biofilm biomass of E. coli and S. aureus treated with MN and NPF@MN under pH 
7.4 and pH 5.5, respectively. (C) Further analysis was conducted using confocal laser scanning microscopy (CLSM) of biofilms of E. coli and S. aureus post-
incubation with MN and NPF@MN under pH 7.4 and pH 5.5 for 2 days, with a scale bar set at 1000 μm. The fluorescence intensity of red-stained biofilm 
(indicative of dead bacteria) following treatment with (D) MN and (E) NPF@MN was quantified using Image J. Viable bacterial cells exhibiting intact cell 
membranes emit green fluorescence, while dead bacterial cells with damaged membranes predominantly fluoresce red. (F) In vitro E. coli and S. aureus 
assays on a porcine skin infection wound model. (G) Log10 CFU/mL of Control group, MNs, and with NPF@MN. **P < 0.01, ns represented not significant
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Fig. 6  NPF@MN effectively ameliorate the healing of S. aureus-infected DUs. (A) The workflow of animal experimental design. (B) The representative gross 
photograph of mice from NU group, DU + MN group, DU + S. aureus (S) + MN group, DU + S. aureus (S) + NPF group, DU + S. aureus (S) + NPF@MN group, 
and DU + S. aureus (S) + rb-bFGF group. (C) The quantification of healing process of different groups. n = 4 wounds/group. (D-E) The representative HE im-
ages of the skin wounds from day 9 and the relative quantification of remaining wound widths. Black dashed line indicated the boundary of epithelializa-
tion. Scale bar = 100 μm, n = 3 samples/group. (F) Masson’s trichrome staining revealing the thickness of collagen fibers of different groups. Red indicates 
myofiber and blue represents collagenous fiber. Scale bar = 100 μm. (G-H) IHC staining of CD31+, F4/80+, PCNA+, NF-kB p50+ cells and the corresponding 
quantifications. Brown indicates positive. Black arrows: single nuclear positive. Scale bar = 100 μm, n = 4 samples/group. (I) The protein levels of IL-1β and 
IL-6 detected by Bio-plex. n = 7 samples/group. ***P < 0.001, **P < 0.01, *P < 0.05
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DUs, and notably, NPF@MN showed faster healing pro-
cess, even than the positive group rb-bFGF (Fig.  6B-E). 
Masson’s trichrome staining revealed that NPF@MN 
effectively reduced the excessive formation of collagen 
fibers in DUs infested with S. aureus at day 9 post-oper-
ationally, whose efficacy was more remarkable than both 
NPF and rb-bFGF (Fig. 6F). Immunohistochemical (IHC) 
staining of CD31, F4/80 and NF-kB p50 on day 9 after 
wounding indicated greater reduction of angiogenesis, 
macrophage infiltration and inflammation in infectious 
DUs by NPF@MN than NPF. NPF@MN significantly 
decreased the percentage of M1 macrophages (iNOS+ 
stained) and stimulated the M2 polarization (CD206+ 
labeled), with stronger effects compared with NPF and 
rb-bFGF (Figure S25). Consistent with the immunohisto-
chemical results observed in mouse skin wounds, NPF@
MN treatment exhibited the lowest CD80 (M1 marker) 
expression and the highest CD206 (M2 marker) expres-
sion (Figure S26). Moreover, proliferative keratinocytes 
(PCNA+ marked) were elevated by NPF, NPF@MN and 
rb-bFGF, among which NPF@MN had the strongest 

effect (Fig.  6G, H). Bio-plex inflammatory factor detec-
tion showed that NPF, NPF@MN and rb-bFGF reduced 
the IL-1β and IL-6 protein levels in DUs, and NPF@MN 
is the most effective strategy (Fig.  6I). H&E staining of 
liver, spleen and kidney from all groups showed no safety 
concern (Figure S27). Overall, NPF@MN effectively res-
cued the wound healing of DUs from S. aureus infection 
by expediting the re-epithelialization and M2 macro-
phage polarization, reducing inflammatory infiltration, 
angiogenesis and collagen deposit in the lateral healing 
process (day 9).

The transcriptional profiles of NPF@MN-treated S. aureus-
infectious DUs
To study the altered genes after S. aureus execution, we 
investigated the DEGs (|Log2F-C| > 2, and P-value < 0.05) 
between the DU + MN group and the DU + S. 
aureus + MN group into volcano plot using the high-
throughput mRNA-seq, and 2,337 DEGs were identified 
after S. aureus induction (Fig.  7A). Among them, 1,454 

Fig. 7  The transcriptional profiles of S. aureus-infected DUs. (A) The volcano plot of the DEGs regulated by S. aureus (filtered by |Log2F-C| > 2, and P-val-
ue < 0.05). (B, C) The top 30 up-regulated (B) and down-regulated (C) GO terms enriched by DEGs. (D, E) The top 20 up-regulated (D) and down-regulated 
(E) KEGG pathway enrichment of DEGs

 



Page 13 of 21Yang et al. Journal of Nanobiotechnology          (2024) 22:489 

(62.22%) genes were up-regulated, while 883 (37.78%) 
were markedly down-regulated.

To intuitively display the DEGs after S. aureus interven-
tion, GO terms and KEGG pathway analysis were used 
to reveal the further association. GO analysis was per-
formed by Fisher’s exact test into three aspects (biological 
process, BP; cellular component, CC; molecular function, 
MF) with all the DEGs (Fig. 7B, C). The up-regulated GO 
category was mainly enriched in the celluar homeosta-
sis and inflammation-related terms (such as hair follicle 
development, keratin filamentsuch and structural mol-
ecule activity) (Fig. 7B). In the down-regulated category, 
our analysis revealed that the the GO terms were mainly 
enriched in the muscular conditioning, indicating that S. 
aureus induction may participate in DUs inflammation 
and re-epithelialization processes (Fig.  7C). Moreover, 
KEGG pathway analysis (P-value ≤ 0.05) revealed that 
the up-regulated DEGs were enriched in metabolism-
related pathways and inflammatory pathways (Fig.  7D). 
The pathways investigated include the estrogen signaling 
pathway, Wnt signaling pathway, and TGF-beta signaling 
pathway. The down-regulated DEGs were assigned into 
KEGG pathways and enrichment in signal transduction 
and inflammatory pathways were revealed, including cal-
cium signaling pathway and cytokine-cytokine receptor 
interaction (Fig.  7E). Demonstrating that the S. aureus 
induction may take effects in DUs pathogenesis. The 
S. aureus induction may further deteriorate the morbid 
state of DUs by regulating these DEGs and pathways.

Additionally, we compared the DU + S. aureus + NPF@
MN group with the paired control (DU + S. aureus + MN) 
group to investigate the therapeutic effects of NPF@MN 
in treating S. aureus-infected DUs. Among 1,467 changed 
genes, there were 527 (35.92%) up-regulated DEGs and 
940 (64.08%) down-regulated DEGs after NPF@MN 
treatment (Fig. 8A), indicating the intrinsic alteration of 
DU conditions by NPF@-MNs.

To explore the therapeutic effects of NPF@MN treat-
ment on DUs, we performed the depth association analy-
sis. Bar charts were presented to show BP, CC, and MF 
aspects in GO analysis (Fig.  8B, C). The up-regulated 
category was mainly enriched in the skin barrier, inter-
cellular structure and metabolism-related terms (such 
as establishment of skin barrier and keratinocyte prolif-
eration) (Fig. 8B). In the down-related category, we found 
GO terms were mainly enriched in the biological status 
of cells, inflammatory-related terms, and metabolism-
related signalings (Fig.  8C). These findings suggest that 
NPF@MN treatment may contribute to the pathogenesis 
and re-epithelialization processes in DUs. Moreover, the 
KEGG enrichment pathway analysis identified metabo-
lism-related pathways as being influenced by NPF@MN 
treatment, mainly including steroid hormone biosynthe-
sis, retinol metabolism and glucagon signaling pathway 

(Fig.  8D). Then, the down-regulated DEGs assigned to 
the KEGG pathways revealed enrichment in infection 
and metabolism-related pathways, mainly including 
estrogen signaling pathway, staphylococcus aureus infec-
tion, and GnRH secretion, demonstrating that the NPF@
MN treatment may be effective in DUs treatment via 
those pathways (Fig. 8E).

To focus the function of NPF@MN on biofilm clear-
ance, we utilized GSEA to analyze all the DEGs regulated 
by NPF@MN and the biofilm-related KEGG pathways 
were obtained. By comparing the altered pathways 
induced by NPF@MN in the transcriptional profiles with 
the GSEA results, we pinpointed the involvement of the 
insulin signaling pathway (Fig.  8F). IHC staining vali-
dated that NPF@MN upregulated the expression levels 
of Shc, IRS1 and IRS2 that were reduced in DUs with 
or without S. aureus infection (Fig. 8G, H). Quantitative 
analysis by western blotting (Figure S28) was further per-
formed, which was consistent with the trend of immu-
nohistochemistry results. NPF@MN might eliminate 
bacterial biofilm to relieve undue inflammation and ame-
liorate diabetic wound healing through the insulin signal-
ing pathway.

Discussion
In this study, we fabricated a nanoformulation of MN, 
and loaded and delivered it into the wound epidermal 
of DUs with microneedles (NPF@MN), which exhibited 
excellent biocompatibility, drug-sustained release, pro-
healing, antioxidant, and antibacterial properties with-
out organ safe concern. The normal healing processes 
initiate from inflammation, then transit to re-epithelial-
ization, and finally complete maturation phase and heal. 
Whereas, the inflammation of DUs is substandard and 
prolonged, hindering the epithelialization, collagen depo-
sition and angiogenesis to occur in a timely, progressive 
fashion [53, 54]. With NPF@MN treatment, the healing 
speed of S. aureus-infected DUs was higher and the neo-
epithelialization was more obvious than the positive drug 
rb-bFGF, showing remarkable efficacy in healing DUs. 
Decreased F4/80 and NF-kB p50 staining, reduced IL-1β 
and IL-6 release, and increased PCNA+ keratinocytes in 
the NPF@MN group demonstrated efficacious inflamma-
tion restriction and proliferation stimulation. M1 macro-
phages that participate in the inflammatory response to 
injuries and pathogens are dysregulated and the transi-
tion to M2 macrophages that exhibit anti-inflammation 
function are blocked in DUs [55]. The reduction of iNOS 
labeled M1 macrophages and the augment of M2 mac-
rophages (CD206 stained) led by NPF@MN illustrated 
the pro-healing ability of NPF@MN through M2 macro-
phage polarization. Additionally, on day 9 after wound-
ing, NPF@MN reduced the angiogenesis and deposition 
of collagen, which showed the closest morphology to the 
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Fig. 8  The transcriptional profiles of NPF@MN-treated S. aureus-infectious DUs. (A) The volcano plot of the DEGs regulated by NPF@MN (filtered by 
|Log2F-C| > 2, and P-value < 0.05). (B, C) The top 30 up-regulated (B) and down-regulated (C) GO terms enriched by DEGs. (D, E) The top 20 up-regulated 
(D) and down-regulated (E) KEGG pathway enrichment of DEGs. (F) The visualisation of insulin signaling pathway performed by R package “enrichplot”. (G, 
H) The validation of the insulin signaling activation using IHC staining (G) and the relative quantification (H) in NU group, DU + MN group, DU + S. aureus 
(S) + MN group, DU + S. aureus (S) + NPF group, DU + S. aureus (S) + NPF@MN group, and DU + S. aureus (S) + rb-bFGF group. Brown indicates positive. n = 4 
samples/group. ***P < 0.001, **P < 0.01, *P < 0.05
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normal wound, implicating scar less healing. NPF@MN 
may be an ideal application to the breakthrough of bio-
films and chronic inflammation in DU treatments.

To explore the mechanism of action of NPF@MN 
in conquering the biofilm and chronic healing of DUs, 
RNA-seq and GSEA analysis were performed and the 
insulin signaling pathway was identified as a key regula-
tional path. The insulin signaling pathway is supposed to 
be activated during wound healing processes, while the 
expressions of the pathway-associated factors IR, IRS-1, 
IRS-2 and SHC are decreased in the DUs [56]. Systemic 
insulin treatment can improve the wound healing of DU 
patients [23]. Topical application of insulin improves the 
wound healing of diabetic mice, accelerates re-epithelial-
ization and present anti-inflammation effects, shortening 
the inflammation phase to erect the subsequent pro-
cesses [24, 25]. In human monocytic THP-1 cells, high 
glucose exposure results in elevated pro-inflammatory 
mediators and thereafter induced macrophage polar-
ization toward M1 phenotype, which can be rescued by 
insulin stimulation [26]. The insulin signaling pathway is 
closely related to the healing of DUs and contributes to 
the downregulation of persistent chronic inflammation 
of DUs. NPF@MN may accelerate the diabetic healing 
and reduce the inflammatory infiltration by activating 
the insulin signaling pathway. Additionally, increasing 
evidence has reported that the insulin signaling path-
way show a tight link to the biofilm formation [27–29]. 
Loss of function mutation in the gene that encodes the 
insulin-like receptor (daf-2) bacterial infection results 
in long-lived phenotype of C. elegans [57], and the bac-
terial biofilm established by B. subtilis downregulated 
the DAF-2 receptor [57]. Luteolin inhibits the growth of 
pathogenic bacteria via DAF-2/DAF-16 insulin-like sig-
naling pathway [58]. Regarding the association between 
the insulin signaling pathway and the pathogen infec-
tion as well as bacterial biofilm formation, NPF@MN 
may eliminate the biofilm in the wound sites of DUs with 
the assistance of insulin signaling pathway. NPF@MN 
could be a desirable application to the management of 
intractable DUs perplexed by bacterial colonization and 
prolonged inflammation, which may be regulated by the 
insulin signaling pathway.

However, our study was only a proof of concept, and 
the Nisin used in the NPF@MN was mainly for the S. 
aureus wound infection model, and MNs were limited 
in their application to deeper tissue infections. In the 
next phase of our research, we will address the infection 
of severe wounds and modulate the microneedle release 
behavior for different infection models.

Conclusion
In conclusion, NPF-loaded multifunctional hyaluronic 
acid microneedles have been successfully prepared. The 
obtained NPF@MN show effective antibacterial and anti-
biofilm properties in vitro and in vivo. Meanwhile, NPF@
MN had prominent antioxidant and anti-inflammatory 
properties which can scavenge ROS, thereby regulating 
macrophage polarization from the pro-inflammatory M1 
phenotype to the M2 repair phenotype, promoting the 
formation of epithelial cells and the deposition of colla-
gen simultaneously. Mechanistic studies have shown that 
NPF@MN can significantly improve diabetic wounds 
infected with Staphylococcus aureus biofilm by short-
ening the chronic inflammatory phase by regulating the 
insulin pathway. Compared with multicomponent ther-
apy, NPF@MN component is simple and easy to prepare 
which have great clinical transformation potential for 
diabetic ulcer.

Materials and methods
Materials
DCFH-DA (The 3-hydroxytyramine hydrochloride and 
Diacetyldichlorofluorescein) probe were acquired from 
Sigma-Aldrich (St Louis, MO, USA). DMEM, penicillin-
streptomycin (PS), and phosphate-buffered saline (PBS) 
were supplied by HyClone, headquartered in Logan, 
UT, USA. The following reagents and consumables are 
sourced from the same literature that we have previously 
published [59]: HaCaT was sourced from Cell Lines Ser-
vice, Eppelheim, Germany, while high glucose DMEM 
medium was obtained from Gibco Co., Ltd. Sigma Co., 
Ltd provided MGO and bFGF, and Beyotime Co., Ltd 
supplied Cell Counting Kit-8 (CCK-8). C57BL/6J mice 
(male, 6–8 weeks, 20 ± 5 g) were purchased from Shang-
hai SLAC Laboratory Animal Co., Ltd., Shanghai, China 
(SCXK (Hu) 2022–0004). High-fat and standard diets 
were procured from Shanghai Pu Lu Tong Biological 
Technology Co., Ltd. Sigma Co., Ltd provided Strepto-
zotocin (STZ). Recombinant Bovine Basic Fibroblast 
Growth Factor (rb-bFGF, No. 20,160,102) was purchased 
from Zhuhai Yisheng Biopharmaceutical Co., Ltd. Anti-
bodies used for immunohistochemistry (IHC) staining 
included anti-CD31 (diluted 1:2400, CST, #77,699), anti-
F4/80 (diluted 1:600, CST, #70,076), anti-PCNA (diluted 
1:1000, Abcam, ab29), anti-NF-kB p50 (diluted 1:36000, 
Abcam, ab32360), anti-iNOS (diluted 1:100, Abcam, 
ab283655), anti-CD206 (diluted 1:2000, Proteintech, 
60143-1-Ig), anti-Shc (diluted 1:400, Abcam, ab33770), 
anti-IRS1 (diluted 1:50, Abcam, ab52167), and anti-IRS2 
(diluted 1:200, Abcam, ab134101). Bio-Plex Pro Mouse 
Cytokine IL-1β (171G5002M) and Bio-Plex Pro Mouse 
Cytokine IL-6 kit (M600003G7V) were purchased from 
Bio-Rad Laboratories, Inc [59].
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Bacterial culture and biofilm preparation
The standard strains of Gram-positive Staphylococcus 
aureus (ATCC 29,213) and Gram-negative Escherichia 
coli (ATCC 25,922) with good activity were selected for 
our experiments. The strains were inoculated on the 
solid agar medium for 12  h and then selected a single 
colony and cultured it in 25mL liquid LB medium at 37 
℃ for 18–24 h. The cultured strains were then harvested 
by centrifugation and washed with PBS for three times. 
The concentration of bacterial solution was measured by 
ultraviolet spectrophotometer at a wavelength of 600 nm. 
According to the colony counting method (CFU), re-
adjust the OD 600 value of the bacterial stock solution 
to 0.1, which corresponds to 1 × 108 CFU/mL bacterial 
density.

400 µL of the bacterial suspension (1 × 108 CFU/mL) in 
the LB medium was added to the 24 well plate and cel-
lulose film for the sake of bacterial biofilm. After that, 
the bacteria were cultured for 2 days, and the culture 
medium was changed once a day. The culture medium 
was discarded and washed the unattached bacteria with 
PBS for three times to harvest biofilms.

Preparation and characterization of Nisin-PA
The Nisin (10 mg, 1 mg/mL) was dissolved in 10 mL of 
ultrapure water under ultrasound (3 min). Afterward, PA 
(164.7µL, 2 mg/mL) was incrementally added to the solu-
tion under magnetic stirring, and the reaction proceeded 
in alkaline solution for 2 h. Then the product was dried in 
vacuo overnight to obtain Nisin-PA.

The products were characterized by UV–Vis absorp-
tion spectra, FTIR analysis, and 1 H NMR spectroscopy 
in D2O (Bruker AVANCE III HD 600 MHz) according to 
the previous literature [60].

Preparation of NPF
Different mass ratios of PA and Fe3+ (1:1, 2:1, 3:1) were 
used for constructing a pH-responsive nanocomplex 
via rapidly assembling of Schiff base and Fe-polyphenol 
complexation reaction. As an illustrative example, con-
sider the synthesis steps in detail for a 3:1 ratio of PA 
to Fe3+. Briefly, PA solution (164.7µL, 2  mg·mL− 1) was 
added dropwise to Nisin solution under magnetic stir-
ring for 2 h at a speed of 500r. Afterward, FeCl3 (71.4µL, 
3 mg·mL− 1) was added and continued stirring for 30 min 
to obtain the pH-responsive NPF through Fe-polyphenol 
complexation interaction. The NPF dispersion was dia-
lyzed in deionized water for 6 h (MWCO = 8000 Da) and 
subsequently dried under vacuum overnight to yield the 
NPF product.

Characterization of NPF
The particle size distribution, polydispersity index (PDI) 
and morphology of NPF were measured according to the 

previous literature methods [60]. The UV-Vis spectrome-
ter was utilized to measure the UV-vis absorption of NPF 
and the OD value of free Nisin was measured at 270 nm 
to obtain standard curve. Moreover, the concentration of 
the NPF was defined by the Fe3+ content analyzed by ICP 
(ICP-OES, Agilent 720-ES).

Fabrication and characterization of MN
Hyaluronic acid powder (8000–10,000 Da) was dissolved 
in an NPF aqueous solution to obtain a 30% mass fraction 
HA solution. For HA MN preparation, the HA solution 
(w/t 30%) was poured onto PDMS molds under vacuum 
(∼ 0.08 MPa), dried in a sealed desiccator overnight with 
the molds, peeled off, and stored in a sealed desiccator 
at room temperature. The dried NPF@MN were then 
examined for morphology using a microscope (Nikon 
ECLIPSE E 100, Nikon Corporation, Japan).

Insertion capability of the MN
The frozen section test assessed the insertion capability. 
MNs were applied to isolated rat skin for 15  min, fol-
lowed by embedding the treated skin in OCT compound 
and freezing it at − 80  °C. Subsequently, 10 μm sections 
were obtained from the frozen sample using a cryostat 
microtome (CRYOSTAR-NX50, Thermo, USA).

Hygroscopicity test
Store the dried MN in a sealed container under 75% 
humidity. Then MN was taken out and weighed every 
minute, a confocal microscope was used to take pictures 
of the microneedle changes in morphology.

In vitro stability and acid response-ability of NPF
The stability of NPF was detected according to the 
method in the references [60], and the acid responsive-
ness of NPF was detected by measuring the size of the 
sample and observing the morphological changes by 
TEM.

pH triggered Nisin release properties
To test and verify the pH sensitive character of NPF at 
different pH conditions, the release of Nisin from NPF 
was studied. Briefly, 0.2mL of NPF was well dispersed 
into 25 mL PBS with different pH (pH = 5.0, pH = 7.4 
respectively). Then the suspensions were transferred into 
dialysis bags (MWCO 8KDa) and stirred at 37  °C with 
gentle agitation (100  rpm/min). Retrieve 2.0 mL of the 
sample solution at specified time intervals and replen-
ish with an equivalent volume of PBS. The absorbance 
value of release free Nisin was measured by UV–vis spec-
trophotometer and analyzed according to the standard 
curve of the concentration of Nisin.
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In vitro antioxidant tests
The antioxidant performance of samples with different 
PA-Fe mass ratios (1:1, 2:1, 3:1, 4:1) and different concen-
trations of NPF (31.25  µg/mL-1000  µg/mL) were evalu-
ated by measuring the DPPH radical scavenging capacity. 
Briefly, 1mL of nanoparticle aqueous solution and DPPH 
ethanol solution (1mL 0.1mM) were thoroughly mixed 
and stirred at room temperature in the dark for 30 min, 
and then the wavelength of DPPH was scanned with an 
UV-Vis at a wavelength of 517 nm. The absorbance of the 
supernatant was read, measured three times parallel, and 
the inhibition ratio was calculated according to the fol-
lowing formula.

DPPH scavenging (%) = (1-Asample/Acontrol) × 100%.
Where A are the absorbance value of the sample at 

517  nm. The antioxidant performance of the sample 
under different pH was also tested.

Detection of reactive oxygen species
The scavenging capacity of NPF against intracellular ROS 
was detected by DCFH-DA probe, fluorescence imaging 
was performed by living cell workstation, flow cytometry 
was used for quantification. First, human fibroblast 3T3 
cells were seeded in six-well plates (12 × 104 cells/mL) and 
incubated with NPF and NPF@MN for 6 h, the medium 
was then removed and treated with 0.3mM H2O2 for 
30 min. Finally, the cells were incubated with DCFH-DA 
(10µM) in the dark at 37 ℃ for 20 min. Cell fluorescence 
intensity was imaged by living cell workstation and quan-
tification of intracellular ROS level by flow cytometry 
analysis.

Scavenging of HO• and O2
•

In addition, we also selected two physiological related 
ROS, hydroxyl radical (• OH) and superoxide anion radi-
cal (O2

•−) to test the ROS scavenging capacity of NPF. 
First, we evaluated the scavenging efficiency of NPF for 
hydroxyl radicals by measuring the presence of fluores-
cent 2-hydroxyterephthalic acid. Briefly, a series of NPF 
(31.25  µg/mL-1000  µg/mL), TA (2mM), H2O2 (40 mM) 
were prepared in PBS (25 mM, pH = 7.4) solution, and 
the mixture was incubated overnight on a shaker at 37℃ 
overnight. TA can react with hydrogen peroxide to gen-
erate 2-hydroxyterephthalic acid. The clearance rate of 
NPF to hydroxyl radicals was evaluated by measuring the 
fluorescence absorption value at 425 nm.

The scavenging capacity of NPF against superoxide 
anion was determined by the following methods. First, a 
series of NPF (62.5 to 1000  µg/mL) were prepared, and 
then were added to the solution containing 200µL Ribo-
flavin (20 µM)、200µL methionine (12.5 mM) and 200 
µL NBT(75 µM) and were incubated under ultraviolet 
radiation for 30  min, finally the absorbance of the mix-
ture was measured. The positive control group was the 

sample containing riboflavin, methionine and NBT. All 
experiments were conducted in darkness.

Phenotype detection of RAW264.7 cells
After incubating RAW264.7 cells with DMEM and 
NPF@MN for 24  h, the treated cells were collected. 
Subsequently, they were sequentially stained with the 
CD80/CD206 antibody for 1 h, and the fluorescence sig-
nal of CD80+/CD206 cells was measured using a flow 
cytometer.

Planktonic antibacterial studies
The antimicrobial properties of NPF@MN against S. 
aureus and E. coli. was determined through bacteriostatic 
zone test, time dependent germicidal test, concentration 
dependent germicidal test and live/dead test.

The MN and NPF@MN were dissolved in PBS solution, 
and the sterilized round filter paper with a diameter of 
10 mm was soaked in it. The S. aureus and E. coli (diluted 
to 106 CFU/mL in LB medium) suspension (100 µL) were 
inoculated onto LB agar plates. The treated filter paper 
sheets were then placed on bacteria-coated agar plates, 
and the inhibition circle formed around the filter paper 
sheets were observed after incubation at 37 °C for 24 h.

For the time-dependent sterilization test, MN and 
NPF@MN were placed in 24-well plates with 1 mL of 
PBS at pH 5.5 and 7.4, respectively. 35µL of bacterial sus-
pension is added, and after overnight incubation at 37 °C, 
serial dilutions are transferred to LB agar plates, and col-
onies are photographed and counted.

The antibacterial activity of various concentrations of 
NPF@MN was studied by standard plate count method, 
and the NPF@MN was dissolved in PBS solution and 
then was added to the 106 CFU/mL E. coli and S. aureus 
suspension. A 100 µL aliquot of the diluted bacterial 
solution was applied to agar plates, and colonies were 
observed.

Live/dead bacteria staining was used to study the via-
bility of bacteria after exposure to MN, NPF and NPF@
MN under different pH conditions. Qualitative assays 
were performed according to the manufacturer method. 
specifically, bacteria were mixed with dye solutions of 
SYTO 9 and propidium iodide for 0.5 h at room tempera-
ture, followed by imaging with Live-cell workstations. 
Living bacterial cells fluoresce green, and dead bacterial 
cells fluoresce red.

Biofilm antibacterial studies
The inhibition ability of NPF@MN on biofilm was deter-
mined by crystal violet staining, and the bacterial suspen-
sion was incubated in a 24-well plate for 2 days to obtain 
biofilm. The biofilm was incubated with MN, NPF and 
NPF@MN (concentration of 300  µg/mL) for 24  h, and 
then 500 µL of 0.1% v/v crystal violet ethanol solution 
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was added and soaked for 20 min. Bacterial growth was 
studied by measuring the absorbance of crystal violet 
solution at 590 nm by microplate reader.

The antibiofilm activity of NPF@MN was assessed by 
the number of CFUs. Inoculate 10 µL of diluted bacterial 
solutions (106 CFU/mL) at different pH values (pH = 7.4, 
pH = 5.5) into polycarbonate membrane placed on agar 
Petri dishes for 4 days to allow the formation of biofilm 
on the surface. After applying MN, NPF, and NPF@MN 
to the biofilm for 24 h, transfer the biofilm to a centrifuge 
tube containing 5 mL of liquid medium and vortex for 
5  min. Colony counting was performed after overnight 
incubation by diluting the bacteria in PBS and inoculat-
ing them on LB agar plates. Additionally, the biofilm was 
stained using a bacterial live/dead kit.

Purchased 4–6 mm thick pig skin from a reagent dis-
tributor to create an ex vivo dermal wound model. Sub-
sequently, the skin was cut into 5 cm * 5 cm squares. A 
spatula was used to create a scar on the skin that was 
2 cm long and 1.5 mm deep to simulate an open wound. 
Next, immediately added 10 µL of bacterial suspension 
of 106 CFU/mL to each wound and then covered the 
inoculated wound with PBS-moistened gauze. The skins 
were treated with control, MN and NPF@MN groups 
and placed on solid agar plates and incubated in humidi-
fied atmosphere of 5% CO2 at 37 °C for 24 h. After 24 h 
incubation, a 4.5  mm skin biopsy was collected from 
the center of the ex vivo wound model infection area. 
The extracted biopsy sample was placed in a 15 mL tube 
containing 5 mL PBS and ultrasonicated for 1 min. Ulti-
mately, the bacterial solution was serially diluted and 
inoculated on LB agar plates to quantify the number of 
viable bacteria remaining in the wound.

In vitro DU model establishment
400 µM MGO was added to the culture medium of 
HaCaT cells for 48  h to construct inflammatory mod-
els of DUs. Different interposes were applied to observe 
the function of NPF@MN in regulating inflammatory 
cytokines.

Quantitative real-time PCR (qPCR)
Total mRNA was collected from the cell suspension or 
skin tissues of wounded mice on day 9 according to the 
manufacturer’s instructions. The results were analyzed 
according to the previous literature methodology [59, 
61]. The primers for qPCR are shown in Table S1.

Diabetic wound models and treatments
Eighteen Male C57BL/6J mice were kept in aseptic con-
ditions at 23 ± 2  °C and randomly divided into 6 groups: 
normal ulcer (NU), DU applied with blank micronee-
dles (DU + MN), DU infected with S. aureus and applied 
with MN (DU + S. aureus + MN), S. aureus-infected DU 

treated with NPF nanoparticles (DU + S. aureus + NPF), 
S. aureus-infected DU treated with NPF@MN (DU + S. 
aureus + NPF@ MN) and the positive group treated with 
rb-bFGF (DU + S. aureus + rb-bFGF) (n = 3 mice/group).

To establish STZ-induced diabetic models, fifteen 
C57BL/6J mice were placed on a high-fat diet for 2 
weeks. Subsequently, they received intraperitoneal injec-
tions of STZ solution (0.2 mL in 0.1  M sodium citrate 
buffer) twice, with injections administered every other 
day. Mice that satisfied a blood glucose level > 16.7 
mmol/L were considered qualified and used for wound 
punch (four 6-mm full-thickness excisional wounds). S. 
aureus was applied onto the wounds for 48 h(after punch 
to induce infection (107CFU and 20µL/wound), then dif-
ferent treatments (300  µg/mL/wound of NPF@MN; 30 
ng/mouse of rb-bFGF) were conducted for 7 consecu-
tive days and the wound skin tissues were collected on 
the day 9 for histological analysis and inflammatory fac-
tor detection. The mice were executed, and their livers, 
spleens and kidneys were taken for histopathological 
slide. All the above experimental procedures were per-
mitted by the Ethics Committee of Yueyang Hospital of 
Integrated Traditional Chinese and Western Medicine, 
Shanghai University of TCM (YYLAC-2021-107-10, Sup-
porting document 1).

Histology and immunohistochemical staining
The tissues were collected from mice and were stained 
with hematoxylin and eosin (H&E) and Masson’s tri-
chrome staining by the previous method to determine 
the remaining wound width and the degree of collagen 
fibers [59].

The tissue sections were deparaffinized, rehydrated, 
and subjected to IHC staining using the listed antibod-
ies. The experimental results were analyzed according to 
previous literature reports [59, 61].

RNA isolation and library preparation
The extraction of total RNA from animal tissues and the 
method of library construction using the VAHTS Univer-
sal V6 RNA-seq Library Preparation Kit were based on 
previously published literature [59, 61].

RNA sequencing and differentially expressed genes 
analysis
Sequencing on an Illumina Novaseq 6000 platform pro-
duced paired-end reads with a length of 150  bp for the 
libraries. Raw reads for each sample were generated, then 
processed using fastp and the clean reads for subsequent 
analyses were obtained. Clean reads were mapped to 
the reference genome using HISAT2. The FPKM (Frag-
ments Per Kilobase of exon model per Million mapped 
reads) for each gene was calculated, and HTSeq-count 
was utilized to obtain the read counts of each gene. R 
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software (v 3.2.0) was employed for PCA analysis to 
assess the biological duplication of samples. DESeq2 
was applied for the differential expression analysis. Dif-
ferentially expressed genes (DEGs) were selected based 
on P-value < 0.05 and |Log2foldchange| > 2. Hierarchical 
cluster analysis of DEGs was performed using R software 
to demonstrate the expression pattern of genes in differ-
ent groups and samples.

Utilizing the hypergeometric distribution, we con-
ducted Gene Ontology (GO) and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) database enrichment anal-
ysis for the differentially expressed genes (DEGs) to iden-
tify significantly enriched terms. Terms and pathways 
with an adjusted P-value ≤ 0.05 in both GO and KEGG 
analyses were considered as significantly enriched.

GSEA analysis
GSEA (https://www.gsea-msigdb.org/gsea/index.jsp) was 
utilized to assess the functional enrichment and evalu-
ate the DE mRNAs. Probes were ranked using signal-to-
noise ratio, and statistical significance was determined 
through 1000 gene set permutations [58, 62]. Enrichment 
analysis was conducted using the R package “clusterPro-
filer,” and the visualization of the insulin signaling path-
way was carried out using the R package “enrichplot.”

Statistical analysis
Data were presented as mean ± SD and analyzed using 
GraphPad Prism 8.0 software. Statistical analysis involved 
Student’s t-test for comparing two groups and one-way 
ANOVA or 2-way ANOVA for multiple groups. A signifi-
cance level of P < 0.05 was considered statistically signifi-
cant. ***P < 0.001, **P < 0.01, *P < 0.05.
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