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A B S T R A C T   

Delays in infected wound healing are usually a result of bacterial infection and local inflammation, which im-
poses a significant and often underappreciated burden on patients and society. Current therapies for chronic 
wound infection generally suffer from limited drug permeability and frequent drug administration, owing to the 
existence of a wound biofilm that acts as a barrier restricting the entry of various antibacterial drugs. Here, we 
report the design of a biocompatible probiotic-based microneedle (MN) patch that can rapidly deliver beneficial 
bacteria to wound tissues with improved delivery efficiency. The probiotic is capable of continuously producing 
antimicrobial substances by metabolizing introduced glycerol, thereby facilitating infected wound healing 
through long-acting antibacterial and anti-inflammatory effects. Additionally, the beneficial bacteria can remain 
highly viable (>80 %) inside MNs for as long as 60 days at 4 ◦C. In a mouse model of Staphylococcus aureus- 
infected wounds, a single administration of the MN patch exhibited superior antimicrobial efficiency and wound 
healing performance in comparison with the control groups, indicating great potential for accelerating infected 
wound closure. Further development of live probiotic-based MN patches may enable patients to better manage 
chronically infected wounds.   

1. Introduction 

Infected wounds are disorders in which the wounds remain infected 
by bacteria or other microorganisms during the curing process [1]. 
Common bacteria that can induce wound infections include Staphylo-
coccus aureus (S. aureus), Pseudomonas aeruginosa (P. aeruginosa), and 
Escherichia coli (E. coli) [2]. Unlike acute wounds, chronically infected 
wounds generally undergo a prolonged healing process and may not 
heal completely [3]. Moreover, the incidence of chronically infected 
wounds is relatively high among susceptible populations, such as 
bedridden patients [4], diabetics [5], and those with compromised im-
mune systems, which makes them more prone to bacterial infections and 
causes additional economic and emotional patient burdens [6,7]. 

Currently, there are various therapeutic methods available for 
infected wound treatment, including regular wound debridement [8], 
oral antibiotics [9], antibacterial dressings [10,11], negative pressure 
wound therapy [12,13], functional hydrogels [14], microparticles [15], 
and physical approaches like laser treatment [16,17]. Although these 
approaches have shown some efficacy in wound management, either by 
inhibiting bacterial growth in the wound or by applying growth factors 
to accelerate wound healing, their widespread application remains 
limited by certain drawbacks. First, the biofilm generated by bacteria at 
the wound site forms a physical barrier that restricts the penetration of 
antimicrobial agents or biological macromolecules into deep tissues, 
thereby significantly reducing drug delivery efficiency [18–20]. Second, 
the misuse and overuse of antibiotics are the main drivers that increase 
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the risk of antibiotic resistance, which has become a serious global 
health concern [21]. In addition, frequent dressing changes are usually 
required, which may cause pain and secondary injury to the wound, 
thereby significantly reducing patient compliance [22]. Therefore, a 
new therapeutic strategy for wound healing that is minimally invasive, 
facilitates drug penetration into wounds, and achieves long-term effi-
cacy is highly desirable. 

Recently, the application of probiotics for antibacterial effects in 
wound tissue has attracted considerable interest because beneficial 
bacteria are safe and capable of removing deleterious bacteria from 
wound sites by competing with nutrition or producing antimicrobial 
substances that are suitable for their survival but harmful to the dele-
terious bacteria, thereby avoiding frequent administration of antimi-
crobial agents or eliminating the risk of drug resistance [23]. As one of 
the most widely used probiotic bacteria, Lactobacillus reuteri (L. reuteri) 
mostly exists in the gastrointestinal tract, and has been commonly re-
ported to benefit the host immune system by reducing the production of 
pro-inflammatory cytokines and promoting regulatory T cell develop-
ment and function [24,25]. Owing to these features, probiotics such as 
hydrogel dressings have been developed into formulations to promote 
infected wound healing [26,27]. To protect the activity of probiotics, 
various biomaterials have been utilized for probiotic delivery, such as 
hyaluronic acid-based hydrogels [28], soybean protein-based micro-
particles [29], and alginate-starch microgels [30,31], which provide 
good protection against various stress factors during encapsulation, 
storage, and delivery, including pH, temperature, and oxygen. Although 
some progress has been made, maintaining high viability of beneficial 
bacteria and a long-acting antimicrobial effect in deep tissue remains 
unexplored. 

Over the past two decades, microneedles (MNs) that can bypass 
physical barriers (e.g., the stratum corneum) and directly deliver pay-
loads into deep tissues have emerged as an appealing therapeutic mo-
dality for transdermal drug delivery with increased stability and 
enhanced delivery efficiency [32–34]. Owing to their unique properties, 
MNs have been widely used in a number of biomedical applications, 
including contraception [35], diabetes treatment [36], hair regrowth 
[37], gout management [38], and cancer therapy [39]. Recently, MNs 

have also been adopted for the transdermal delivery of live organisms 
such as probiotics [40]. For instance, in 2018, Chen et al. reported an 
MN patch for the delivery of live probiotics to the skin for the first time, 
demonstrating the biosafety of probiotics in local skin without causing 
any tissue irritation [41]. Recently, Enggi et al. developed another dis-
solving MN patch integrated with probiotic-loaded multilayer micro-
capsules to improve the treatment of vulvovaginal candidiasis, with high 
therapeutic efficiency and satisfactory biosafety [42]. Compared to 
other formulations for probiotic delivery, such as microparticles and 
hydrogels [43,44], MNs that enable self-administration, improved de-
livery efficiency, and avoided hypodermic injection exhibited superior 
therapeutic efficacy and improved patient compliance with probiotic 
treatment in a minimally invasive manner. Despite the above achieve-
ments, the design of MN patches for transdermal delivery of probiotics to 
accelerate infected wound healing has not yet been explored, primarily 
because of the long-term healing process of wounds, which usually re-
quires the long-acting antibacterial effect of probiotics in the wound. 

Here, we report an engineered Lactobacillus reuteri (L. reuteri)-loaded 
MN patch (termed the 5 % glycerol [GL] MN patch) that promotes 
infected wound healing. The 5 % GL MN patches were made of polyvinyl 
alcohol (PVA), sucrose, 5 % glycerol, and the probiotic L. reuteri 
(Fig. 1a). We selected L. reuteri as the probiotic model because it is 
biocompatible, naturally present in the human body, and has been re-
ported to metabolize glycerol to generate a non-proteinaceous broad- 
spectrum antibacterial substance called reuterin (Fig. 1b) [45–47]. The 
PVA-sucrose matrix provided sufficient mechanical strength for MNs 
and facilitated the rapid dissolution of MNs after skin insertion, thereby 
realizing fast delivery of the probiotic L. reuteri to wounds. The deMan 
Rogosa Sharpe (MRS) medium was added to the polymeric mixture 
when making the MNs, which aimed to provide nutrients for the loaded 
beneficial bacteria. The MN patch was dried under a mild condition (i.e., 
at room temperature) to avoid the damage to the encapsulated L. reuteri 
in the MNs. It is worth noting that the inclusion of glycerol in MNs did 
not affect the survival of L. reuteri but provided the probiotic with an 
adequate source for continuously producing reuterin, thus achieving 
long-acting antimicrobial and anti-inflammatory effects in the deep 
wound (Fig. 1c). Inside MNs, L. reuteri could remain highly viable for 

Fig. 1. Schematic of 5 % GL MN patch for chronic infected wound healing. (a) Schematic illustration of 5 % GL MN patch containing the probiotic of L. reuteri. (b) 
Working mechanism of L. reuteri with antibacterial and anti-inflammatory effect. (c) Schematic illustration of 5 % GL MN patch with long-acting antimicrobial effect 
for accelerating infected wound healing. 
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more than 7 days at room temperature or 60 days at 4 ◦C. Owing to the 
above features, a single administration of the 5 % GL MN patch exhibited 
superior antimicrobial efficacy and accelerated wound healing in a 
mouse model of S. aureus-infected wounds compared to other groups, 
including the blank MNs group, MNs group without glycerol, and MNs 
group containing reuterin, indicating the long-term effect of the 
designed MN patch on eliminating harmful bacteria, reducing inflam-
mation, and promoting wound closure. Therefore, we believe that the 
live probiotic-based MN patch introduced in this study provides a novel 
alternative to current management strategies for facilitating infected 
wound healing. 

2. Results 

2.1. Fabrication and characterization of MN patches 

To investigate the optimal glycerol content in probiotic-loaded MN 
patches, a vacuum-assisted micromolding method was used to fabricate 
MN patches containing different glycerol concentrations: 0 %, 2.5 %, 5 
%, 10 %, and 15 % (i.e., 0 % GL MNs, 2.5 % GL MNs, 5 % GL MNs, 10 % 
GL MNs, and 15 % GL MNs) (Fig. 2a and b). Patches with 0 % GL, 2.5 GL, 
5 % GL, and 10 % GL MNs, could be successfully prepared with this 
fabrication method, with intact MNs bound to the patch backings; 
however, it was difficult to make 15 % GL MNs with an unbroken 
structure due to the excessive glycerol content, which caused breakage 
of MNs during the demolding process (Fig. 2b). The fabricated MNs with 
different glycerol contents were applied to pig skin ex vivo to examine 
their mechanical strength. For better visualization, the MNs were loaded 
with the fluorescent dye Rhodamine B. As shown in Fig. 2d, MNs with GL 

concentrations ranging from 0 % to 5 % displayed efficient insertion and 
dissolution capabilities during skin application, showing approximately 
100 % penetration efficiency in comparison to the 10 % GL MNs, which 
were too flexible to penetrate the skin. The histological section results 
further demonstrated the efficient transdermal delivery of the fluores-
cent model drug through 0 % GL, 2.5 % GL, and 5 % GL MNs (Fig. 2e). 
The mechanical performance test revealed that the failure forces of 0 % 
GL, 2.5 % GL, and 5 % GL MNs were 2.76 ± 0.18 N/needle, 2.10 ± 0.26 
N/needle, and 1.74 ± 0.28 N/needle, respectively, further validating 
the sufficient mechanical strength of MNs (Fig. 2c). Among the MNs 
containing different GL concentrations, 5 % GL MNs exhibited the fastest 
dissolution after skin insertion ex vivo and were completely dissolved 
within 4 min (Fig. 2f and g) owing to the water-absorbing property of GL 
under the skin. In contrast, both the 2.5 % and 0 % GL MN patches 
showed more residual MNs after skin application for 4 min (Fig. 2f). The 
rapid dissolution behavior of 5 % GL MNs was further confirmed by an in 
vitro drug release test, which showed that 5 % GL MNs exhibited the 
fastest release rate compared with 0 % or 2.5 % GL MNs (Fig. 2h). 

2.2. The antibacterial and anti-inflammatory effects of 5 % GL MN 
patches in vitro 

The fabricated GL MN patch contained conical MNs with a base 
radius of 200 μm, a height of 850 μm, and a tip radius of ~10 μm, and the 
MNs were arranged in a 10 × 10 array in an area of 7 mm × 7 mm 
(Fig. 3a). The probiotic L. reuteri was encapsulated inside the GL MNs 
with good morphology, as indicated by field-emission scanning electron 
microscopy (FESEM) images (Fig. 3b and c). Liquid chromatography- 
mass spectrometry (LC-MS) revealed the presence of a molecular ion 

Fig. 2. The fabrication and characterization of GL MN patches. (a) Schematic illustration of the fabrication process of the GL MN patches. (b) Representative bright- 
field microscopy images of GL MN patches with different glycerol concentrations. (c) Force-displacement curves of the GL MN patches containing 0 %, 2.5 %, and 5 % 
glycerol, respectively. (d) Representative bright-field and fluorescence-field microscopy images of pig skin after GL MNs insertion. (e) Histological section images of 
pig skin after application of GL MNs. (f) Representative bright-field microscopy images of residual GL MNs after application to pig skin ex vivo with different 
application time. g) Quantification of the lengths of residual GL MNs after application to pig skin ex vivo with different application time. (h) Cumulative drug release 
in vitro from GL MNs in PBS, shown as a function of time. Each point represents mean ± SD (n = 3), ***P < 0.001. 
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peak (M+ = 74.0607) corresponding to 3-hydroxypropionaldehyde (3- 
HPA) in the substances produced by L. reuteri, which demonstrated the 
capability of L. reuteri to produce the antibacterial agent reuterin 
(Fig. 3d). Quantitative analysis showed that L. reuteri in 5 % GL MNs 
generated more reuterin than in 0 % and 2.5 % GL MNs (Fig. 3e), owing 
to the more robust metabolism of GL in 5 % GL MNs. Moreover, L. reuteri 
in GL MNs produced reuterin for more than 9 days (Fig. S1), and the 5 % 
GL MNs incubation could keep inhibiting the growth of S. aureus within 
the timeframe due to the sustained generation of antibacterial agent 
reuterin from the probiotics, exhibiting a long-term antibacterial effect 
of the MN patches (Fig. S2). The produced reuterin caused significant 
morphological changes in E. coli, S. aureus, and P. aeruginosa in vitro, 
which are the three most common types of bacteria in wounds (Fig. 3f). 
The minimum inhibitory concentration (MIC) of reuterin against E. coli, 
S. aureus, and P. aeruginosa were 29.33 ± 1.69 μg/ml, 20.00 ± 2.45 μg/ 
ml, and 30.00 ± 1.63 μg/ml, respectively (Fig. S3). It has been postu-
lated that reuterin inhibits the activity of bacterial ribonucleotide 
reductase, which is essential for DNA synthesis, thereby achieving 
broad-spectrum antibacterial activity [48]. 

To further evaluate the antibacterial effects of the GL MN patches, we 
conducted a bacterial viability staining experiment using the SYTO-9/PI 
assay on E. coli, S. aureus, and P. aeruginosa treated with GL MN patches 
for 24 h. As shown in Fig. 4a, b, and S4, all three types of bacteria dis-
played the lowest viability after incubation with 5 % GL MNs. Addi-
tionally, we co-cultured E. coli, S. aureus, and P. aeruginosa with GL MN 
patches for 24 h on Luria-Bertani (LB) agar plates, and the 5 % GL MN 
patch exhibited almost completed inhibition of bacterial growth, which 
was comparable to the antimicrobial efficacy of reuterin (RE) MNs that 
encapsulated pure reuterin, demonstrating excellent antibacterial 
property of 5 % GL MNs (Fig. 4c). The optical density at 600 nm (OD600) 
values, which were obtained by culturing the bacteria in LB liquid me-
dium for 24 h, indicated that nearly no viable bacteria were present after 
treatment with the 5 % GL MN patch (Fig. 4d). Moreover, when GL MN 
patches were applied to cultures of E. coli, S. aureus, or P. aeruginosa, the 
5 % GL MN patch exhibited the largest inhibition zones, with diameters 
of 19.77 ± 0.88 mm for E. coli, 20.83 ± 1.02 mm for S. aureus, and 21.93 

± 0.66 mm for P. aeruginosa, respectively (Fig. 4e, f). Furthermore, the 
designed 5 % GL MN patch also showed the most efficient clearance of 
S. aureus biofilms in vitro, which generally play critical roles in the drug 
resistance of harmful bacteria, as demonstrated by confocal laser scan-
ning microscopy (Fig. 5a, c) and crystal violet staining (Fig. 5b, d). It is 
worth noting that the 5 % GL MN patch showed a biofilm clearance 
outcome similar to that of the RE MN patch, without any significant 
difference (Fig. 5c and d). These results indicate that the primary factor 
that led to the satisfactory antimicrobial effect of the 5 % GL MN patch 
was probably the generation of the antibacterial compound reuterin, 
which is consistent with conclusions reported in the literature [26,48, 
49]. 

The anti-inflammatory effect of the probiotic-based living MN patch 
was also investigated in vitro. RAW 264.7 cells were incubated with the 
supernatant of liquid medium that had cultured S. aureus or the mixture 
of S. aureus and L. reuteri-loaded MN patch for 24 h. Subsequently, CD86 
expression that is generally used as the indicator of M1 macrophages, 
was measured by flow cytometry after another 24 h. As shown in 
Fig. 6a–c, the expression of CD86 was significantly down-regulated on 
RAW 264.7 cells (changing from 11.41 ± 0.69 % to 8.50 ± 0.18 %, p <
0.01), which was probably ascribed to the growth inhibition of the 
harmful bacteria and decrease of the secreted toxin (Fig. 6b), indicating 
a good anti-inflammatory effect of the probiotic-based MN patch. The 
anti-inflammatory effect of the 5 % GL MN patch was also validated by 
the results of real-time quantitative polymerase chain reaction (qPCR) 
(Fig. 6d, e) and western blotting (Fig. 6f–h), respectively, which deter-
mined that the use of the MN patch could significantly reduce the 
expression level of IL-6 and TNF-α in RAW 264.7 cells. 

Collectively, these results demonstrated that 5 % GL MNs provided 
good protection for the loaded probiotic L. reuteri, which displayed 
active GL metabolism and robust reuterin production, thereby endowing 
the MN patch with superior antibacterial and anti-inflammatory 
properties. 

Fig. 3. The characterization of 5 % GL MN patches and the antibacterial effect of reuterin. Representative field emission scanning electron microscopy (FESEM) 
images of 5 % GL MNs (a), cross-section of one 5 % GL MN (b), and L. reuteri extracted from 5 % GL MNs (c). Yellow arrowheads in (b) indicate the existence of 
L. reuteri in MNs. (d) LC-MS analysis of reuterin produced by L. reuteri in MNs. (e) Concentrations of reuterin produced by L. reuteri that were extracted from different 
GL MNs and incubated in PBS for 24 h. (f) Representative FESEM images of the morphology of E. coli, S. aureus, and P. aeruginosa with or without reuterin treatment. 
Each point represents mean ± SD (n = 3), *P < 0.05, and ***P < 0.001. 
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2.3. The biocompatibility and stability assay of 5 % GL MN patches in 
vitro 

Based on the characterization of the GL MN patches in terms of 
morphology, skin penetration ability, mechanical strength, dissolution 
speed, and antibacterial efficacy, the 5 % GL MN patch was determined 
to be the optimal formulation for delivering L. reuteri to wounds for 
antibacterial purposes. To evaluate the cytotoxicity of the 5 % GL MN 
patch, a calcein/PI (propidium iodide) staining kit was used to analyze 
cellular viability after incubation of NIH-3T3 cells (Fig. 7a) or human 
umbilical vein endothelial cells (HUVECs) (Fig. S5) with the 5 % GL MN 
patch, reuterin, PVA/sucrose, or 5 % glycerol for 24 h. As shown in 
Fig. 7a and b, incubation with either the 5 % GL MN patch or the in-
dividual components did not show any significant difference in cell 
viability compared to the control group that did not receive any treat-
ment, indicating the satisfactory biocompatibility of the 5 % GL MN 

patches. To investigate whether excess reuterin produced by L. reuteri 
causes toxicity in normal tissue cells, NIH-3T3 cells or HUVECs were 
incubated with different concentrations of reuterin for 24 h. As shown in 
Fig. S6, both cells still maintained over 95 % cell viability even at a 
concentration as high as 100 μg/ml of reuterin. Additionally, the he-
molysis assay showed that the incubation of red blood cells with PVA- 
sucrose (PVA-S), GL, or L. reuteri resulted in a negligible hemolysis 
rate (Fig. S7). Collectively, these results demonstrate the excellent 
biocompatibility of the 5 % GL MN patches in vitro. 

The stability of L. reuteri in a 5 % GL MN patch is critical for main-
taining its antibacterial activity. To assess the viability of L. reuteri in a 5 
% GL MN patch, we stored the 5 % GL MN patches at room temperature 
and 4 ◦C, respectively, and then measured the survival rate of L. reuteri. 
The viability results showed that the probiotic could survive in the 5 % 
GL MN patch for 7 days at room temperature, with over 40 % of the 
living bacteria remaining in the patch (Fig. 7c, d). Notably, when the 

Fig. 4. The antibacterial effect of 5 % GL MNs in vitro. (a) Live/dead assay of S. aureus after incubation with Gly MNs (MNs containing 5 % glycerol but without the 
probiotic of L. reuteri) or GL MNs containing different glycerol concentrations for 24 h. (b) Bacteria mortality of E. coli, S. aureus, and P. aeruginosa after being treated 
with Gly MNs or GL MNs containing different glycerol concentrations. (c) Representative bright-field images of LB agar plates showing the growth of E. coli, S. aureus, 
and P. aeruginosa after incubation with different MNs for 24 h. (d) The OD600 values of E. coli, S. aureus, or P. aeruginosa in LB liquid medium after receiving different 
MN treatments for 24 h. (e) Representative bright-field images of inhibition zones against E. coli, S. aureus, or P. aeruginosa with different MN treatments for 24 h. Red 
dashed circles indicate the position of the drug-sensitive paper; black dashed circles indicate inhibition zones. (f) Diameter of the inhibition zones against E. coli, 
S. aureus, or P. aeruginosa. Each point represents mean ± SD (n = 3), ***P < 0.001. The ns indicates no significance. 
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MN patch was placed at 4 ◦C, the beneficial bacteria maintained a high 
viability (>80 %) inside the MNs after 60 days, and about 50 % L. reuteri 
still kept active for as long as 90 days, indicating long-term stability of 
the probiotic inside 5 % GL MN patches (Fig. 7e, f). The great stability of 
the 5 % GL MN patches in vitro was further validated by the live/dead 
staining of the probiotics inside MNs, which exhibited that L. reuteri 
could keep a high viability (~90 %) in the MN patches after keeping the 
MN patches for 30 days at 4 ◦C (Fig. S8). In addition, there was no 
significant difference in bacterial viability between the 5 % GL MN 
patches and 0 % GL MN patches (Fig. 7d, f), suggesting that the addition 
of glycerol to the MN patches did not affect the activity of the probiotic. 

2.4. Wound healing promotion of 5 % GL MN patches in vivo 

S. aureus is the most common pathogenic species in chronic wounds 
[50,51]. It has been reported that a full-thickness skin excision wound 
on a rodent, for example mouse, is very clinically relevant [52,53]. 
Therefore, to further assess the antibacterial effect and therapeutic ef-
ficacy of the designed MN patches in promoting wound healing, we 
established a full-thickness skin wound model (diameter: 1 cm) with 
S. aureus infection on the backs of mice. Two days later, the mice were 
randomly divided into five groups and treated with: 1) no treatment 
(Control), 2) MN patches loaded with reuterin (RE MNs), 3) MN patches 
made of a PVA-sucrose matrix (PVA-S MNs), 4) MN patches loaded with 
L. reuteri but without glycerol (0 % GL MNs), and 5) MN patches loaded 
with L. reuteri and 5 % glycerol (5 % GL MNs) (Fig. 8a and b). Images of 
the wounds were taken for each group on days 0, 3, 5, 7, and 9 (Fig. 8b), 
and wound size changes over time were analyzed using a simulation 
method (Fig. 8c). The L. reuteri-encapsulated MNs could rapidly dissolve 
within 4 min after the application in the wound tissue, thereby suc-
cessfully delivering the probiotic to the wound site with a high delivery 
efficiency (Fig. S9). The analysis of wound areas showed that wounds 
treated with 5 % GL MNs experienced accelerated recovery, and the 
wound size was only 0.69 % ± 0.12 % on day 9, compared to 11.83 % ±
1.38 %, 8.51 % ± 1.27 %, 8.70 % ± 0.14 %, and 5.82 % ± 0.82 % in the 
other groups, respectively, which indicated that infections caused by 

S. aureus were well controlled in the 5 % GL MNs group (Fig. 8e). 
To confirm the antibacterial efficacy of 5 % GL MNs in mice, S. aureus 

was isolated from the wound on days 0, 3, 5, 7, and 9 and then cultured 
on LB agar plates (Fig. 8d). Compared with the other groups, wounds 
treated with 5 % GL MNs showed no presence of S. aureus at 3 days post- 
treatment, revealing the superior antimicrobial efficiency of 5 % GL MNs 
in vivo (Fig. 8f). It is worth noting that the wounds treated with RE MNs 
or 0 % GL MNs inhibited the growth of S. aureus at the early stage (i.e., 
day 3), but the number of bacteria in the wounds increased starting from 
day 5 (Fig. 8d, f), largely because of the consumption of existing reu-
terin, indicating that 5 % GL MNs were capable of effectively eliminating 
S. aureus from wounds through the continuous metabolism of glycerol 
and constant production of reuterin via the probiotic L. reuteri. The 
concentration of glycerol in mice decreased over time post the admin-
istration of the MN patch due to the gradual metabolism by the pro-
biotics at the wound site (Fig. S10). The survival result of the delivered 
L. reuteri showed that the probiotic could exist and maintain its activity 
at the wound site for 9 days, further validating the long-term antimi-
crobial activity during the wound healing period (Fig. S11). The adhe-
sion and colonization of L. reuteri under the skin was verified by the 
gram staining of the beneficial bacteria (Fig. S12). In addition, the body 
weights of the mice were monitored during the wound healing process, 
and the results showed no significant changes in any of the treatment 
groups (Fig. 8g), indicating good biosafety of the 5 % GL MN patches in 
vivo. Moreover, the skin of the mice recovered rapidly after the appli-
cation of the 5 % GL MN patches without causing any apparent skin 
irritation (Fig. S13). The skin condition of mice was also carefully 
examined for 30 days. As shown in Fig. S14, the skin did not show any 
redness, swelling or itching within one month, indicating that trans-
dermal delivery of L. reuteri did not cause negative effects in animals. 
Collectively, these results suggested satisfactory biocompatibility and 
biosafety of the MN patches in vivo. 

2.5. Therapeutic efficacy of 5 % GL MN patches in vivo 

To further confirm the therapeutic efficacy of the 5 % GL MN patches 

Fig. 5. The biofilm clearance effect in vitro of GL MN patches. (a) Confocal laser scanning microscopy of S. aureus after receiving different treatments. Green: live 
bacteria. (b) Pictures of biofilms stained with crystal violet after being treated with different MNs. (c) Biofilm clearance ratio of S. aureus after receiving different 
treatments in (a). (d) Biofilm clearance ratio of S. aureus after being treated with different MNs in (b). Each point represents mean ± SD (n = 3). *P < 0.05, **P <
0.01, and ***P < 0.001. The ns indicates no significance. 
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in accelerating wound healing, we evaluated tissue regeneration at the 
wound site after MN patch treatment. Hematoxylin and eosin (H&E) 
staining showed that the wounds treated with 5 % GL MNs exhibited 
almost complete closure on day 9 (Fig. 9a), and the length (Fig. 9e) and 
thickness (Fig. 9f) of the granulation tissue in the wounds were signifi-
cantly smaller than those in the other groups. Collagen, a key component 
of damaged skin tissue, plays a crucial role in wound healing and tissue 
remodeling [54]. Masson’s staining revealed that the wounds treated 
with 5 % GL MNs had more collagen deposition on day 9 (Fig. 9b), with a 
collagen volume fraction (CVF) of 68.37 % ± 0.23 %, significantly 
higher than that in the other groups (Fig. 9g). In addition, immunohis-
tochemical staining for interleukin-6 (IL-6) demonstrated that the 
application of 5 % GL MNs alleviated inflammation at the wound site, 
with much lower IL-6 secretion than in the other groups (Fig. 9c, h), 
indicating a strong anti-inflammatory effect of 5 % GL MNs. Angio-
genesis is a critical step in wound healing and tissue remodeling, and 
CD31 plays a vital role in angiogenesis as a marker of blood vessel for-
mation [54]. Immunofluorescent staining for CD31 displayed that the 
microvessel density at the wound site was significantly higher in the 5 % 
GL MNs group, reaching 8.1 % ± 0.14 % (Fig. 9d, i), which suggested 
that 5 % GL MNs possessed the ability to promote angiogenesis at 
wounds. Furthermore, H&E staining of the major organs of the treated 
mice showed that these organs maintained good integrity without any 

significant damage or defects compared to normal tissues (Fig. S15), 
suggesting satisfactory biocompatibility of 5 % GL MNs in vivo. Addi-
tionally, serum levels of alanine aminotransferase (ALT), total bilirubin 
(TBIL), blood urea nitrogen (BUN), and creatinine (CR) were analyzed to 
evaluate liver and kidney functions after the mice received different 
treatments, which showed no significant difference between the MN 
patch group and the control group (Fig. S16), further demonstrating the 
great biosafety of the MN patches. 

3. Discussion 

In summary, we developed a novel and biocompatible probiotic- 
based MN patch with a long-acting antimicrobial effect to promote 
healing of infected wounds. The MNs provided good protection for the 
probiotic, and it maintained a viability as high as 80 % inside the solid 
MNs for more than 60 days at 4 ◦C. Upon insertion, MNs quickly dis-
solved and achieved rapid delivery of the beneficial bacteria in deep 
wound tissue, where the probiotic was capable of surviving in the 
wound for approximately one week and continuously converting the co- 
delivered glycerol into antimicrobial substances, thereby achieving a 
long-acting antibacterial effect in the infected wound. In a mouse model 
of S. aureus-infected wounds, one administration of the probiotic-based 
MN patch exhibited a superior effect in eliminating harmful bacteria and 

Fig. 6. The anti-inflammatory property of the GL MNs patch in vitro. (a) Intracellular CD86 fluorescence intensity of RAW 264.7 with different groups analyzed by 
flow cytometry. (b) Flow cytometry histogram of different groups. (c) CD86 relative expression of different groups. (d–e) Expression levels of IL-6 and TNF-α in the 
RAW 264.7 cells determined by real-time qPCR after different treatments. (f–h) Expression levels of IL-6 and TNF-α in the RAW 264.7 cells determined by western 
blotting after different treatments. Each point represents mean ± SD (n = 3), *P < 0.05, **P < 0.01, and ***P < 0.001. 
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promoting wound closure with reduced inflammation and enhanced 
tissue regeneration and angiogenesis compared with the control groups, 
suggesting great potential for the treatment of chronically infected 
wounds. 

Although some MN patches that possess similar properties, such as 
antibacterial and anti-inflammatory activities, have been reported for 
accelerating infected wound healing [55–57], the designed MN patch 
has some unique features compared with those reported systems. First, 
the fabrication is easy and only involves the encapsulation of probiotic 
in soluble matrix, which will greatly facilitate to scale up the MN patch 
production. Second, to achieve long-acting antibacterial effect for pro-
moting wound closure, we only use probiotic that is naturally present in 
the human body. Therefore, not like other MN patches that usually 
contain some metal ions or chemicals with uncertain safety, the appli-
cation of the MN patch does not bring any toxic solvent or other com-
ponents, thereby owning satisfactory biocompatibility and biosafety. 

This study has a few limitations. First, the designed MN patch only 
showed satisfactory therapeutic outcomes and biocompatibility for the 
treatment of infected wounds in a mouse model; its therapeutic efficacy 
and biosafety need to be validated in larger animals. Additionally, the 
activity of probiotics in vivo is worth examining after transdermal de-
livery via the MN patch, which can be achieved in the future using 
special probes that can directly detect or visualize beneficial bacteria in 
the wound. 

This project aims to develop a self-administered, effective, and bio-
safe MN patch for treating infected wounds. Currently, the MN patch can 

maintain high viability of the probiotics for more than two months at 
low temperatures, but it will be more attractive to maintain good ac-
tivity of the beneficial bacteria for an extended period under mild con-
ditions, such as at room temperature, which can probably be 
accomplished by the use of novel materials or more advanced fabrica-
tion technologies. Moreover, it will be necessary to develop a mecha-
nism for the MN patch, such as a color change or sound notification, 
which can provide feedback to patients when they successfully admin-
ister the MN patches on themselves. 

4. Materials and methods 

4.1. Materials 

PVA (Mw, 9000–10000 Da) was purchased from Sigma-Aldrich 
(USA). Sucrose, DL-Tryptophan, 3-HPA, and gelatin were purchased 
from Macklin (Shanghai, China). Glycerol and hydrochloric acid (12 
moL/l) were purchased from SCR (Shanghai, China). The MRS broth was 
obtained from HKM (Guangdong, China). LB nutrient agar and LB broth 
were purchased from HopeBio (Qingdao, China). The SYTO-9/PI live/ 
dead bacterial double-staining kit was purchased from Maokangbio 
(Shanghai, China). Dulbecco’s Modified Eagle’s Medium (DMEM), fetal 
bovine serum (FBS), and penicillin-streptomycin double antibiotics were 
purchased from Gibco (USA). A live/dead cell staining kit was purchased 
from Beyotime (Shanghai, China). Phosphate-buffered saline (PBS) was 
purchased from Service Bio (Wuhan, China). Rhodamine B was 

Fig. 7. Cytotoxicity and stability of 5 % GL MNs. (a) Live/dead assay of NIH-3T3 cells after receiving different treatments. (b) Cell viability analysis of NIH-3T3 cells 
and HUVECs after receiving different treatments. Bright-field images of MRS agar plates showing the viability of L. reuteri after storing 0 % and 5 % GL MN patches at 
25 ◦C (c), or 4 ◦C (e) over time. The clump count of L. reuteri in GL MNs normalized to day 0 after being stored for different times at 25 ◦C (d), or 4 ◦C (f). Each point 
represents mean ± SD (n = 3). 
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purchased from Solarbio (Beijing, China). 

4.2. Bacteria and cell lines 

L. reuteri ATCC 53608 was purchased from the Shanghai Bioresource 
Collection Center (Shanghai, China) and cultured in MRS nutrient broth. 
The E. coli, S. aureus, and P. aeruginosa bacteria were obtained from the 
American Type Culture Collection (ATCC, Rockville, MD, USA) and 
cultured in LB nutrient broth. NIH-3T3 and HUVEC cell lines were 
purchased from Procell Biological Co., LTD (Wuhan, China). The cells 
were cultured in DMEM supplemented with 10 % FBS and 1 % 
penicillin-streptomycin at 37 ◦C with 5 % CO2. 

4.3. Characterization of L. reuteri and the GL MN patches 

The L. reuteri morphology and the microstructure of the 5 % GL MN 
patches were observed using FESEM (Carl Zeiss, Zeiss GeminiSEM 500) 
with gold sputtering. The mechanical strengths of the GL MN patches 
were tested using a force-measurement system (Mark-10, ESM303). 

Fluorescent images were captured using an inverted fluorescence mi-
croscope (Olympus, IX73). Images were captured using an optical mi-
croscope (Leica TL3000 Ergo). 

4.4. Fabrication of the MN patches 

Polydimethylsiloxane (PDMS) (Dow Corning, Midland, USA) molds 
were used to fabricate the MN patches. A mixture was prepared by 
mixing 109 CFU/ml L. reuteri with 18 % (w/v) PVA, 18 % (w/v) sucrose, 
and 5 % (v/v) glycerol that were dissolved in MRS medium. One hun-
dred microliters of the mixture were add to the surface of the PDMS 
mold, which was kept on top of a vacuum chuck for 2 h with the vacuum 
of − 2.2 MPa. The mold was then placed in a desiccator at room tem-
perature for two days for complete drying. Finally, the MN patch was 
carefully peeled from the mold and stored safely in a desiccator until 
further use. For the fabrication of 0 %, 2.5 %, 10 %, and 15 % GL MN 
patches, the preparation method was the same as that for the 5 % GL MN 
patches, except for the use of different concentrations of glycerol. 

Fig. 8. Antibacterial effect of 5 % GL MN patches in vivo. (a) Time scheme of the experiment in vivo. (b) Representative pictures of the mice skin wounds on days 0, 
3, 5, 7, and 9 after receiving different treatments. Black dashed circles indicate the original wound area (diameter: 1 cm). (c) Schematic diagram of wound 
morphological changes in different groups within 9 days. (d) Representative pictures of S. aureus that were separated from wound tissue on days 0, 3, 5, 7, and 9 in 
different groups. (e) Wound remaining ratio-time curves of the mice skin wounds with different treatments. (f) Clump count of S. aureus that was separated from 
wound tissue on days 0, 3, 5, 7, and 9 in different groups. (g) Body weight changes of the mice after receiving different treatments. Each point represents mean ± SD 
(n = 7), *P < 0.05, **P < 0.01, and ***P < 0.001. The ns indicates no significance. 
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4.5. Application of MN patches to pig skin in vitro 

GL MN patches loaded with Rhodamine B as a model drug were 
applied to pig skin ex vivo for 4 min. The applied skin and residual MN 
patches were observed by fluorescence microscopy under bright-field 
and Cy5-field. After that, the skin was cut into 10 μm-thick slices 
using a cryostat (Thermo Fisher Scientific, HM525 NX) for histological 
analysis. 

4.6. In vitro release from MN patches 

Rhodamine B was added to the MN patches as a model drug to mimic 
the in vitro release of L. reuteri in the MN patches. The MN patch was 
placed in 2 ml PBS solution (pH 7.4), and 0.5 ml samples were taken at 
0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, and 5 min, followed by supplementation 
with 0.5 ml fresh PBS solution to keep the volume constant. The 
UV–visible absorbance of the samples was measured at 552 nm using a 
UV spectrophotometer (Shimadzu, UV-2600) to calculate the cumula-
tive drug release. The cumulative model drug release percentage was 
analyzed by dividing the cumulative amount released by the total drug 
dosage in the MN patch. 

4.7. Dissolution rate of MN patches in skin ex vivo 

The MN patches were inserted into the excised porcine skin and 

removed at 1, 2, and 4 min. The lengths of the MNs after skin removal at 
different time points were observed and photographed using an optical 
microscope, followed by measurements using ImageJ software. 

4.8. Qualitative and quantitative analysis of reuterin 

The probiotic of L. reuteri was separated from the MRS liquid medium 
by centrifugation at 4500 r/min for 5 min, and then dispersed in a 
mixture of 4 ml sterilized ddH2O and 200 μl glycerol. After being 
incubated at 37 ◦C for 24 h, the supernatant was collected by centrifu-
gation at 1000 r/min for 10 min, which was used as the test sample. The 
test sample, along with a standard sample of reuterin at the concentra-
tion of 100 μg/ml, were analyzed using LC-MS (Thermo Fisher Scientific, 
Q Exactive Focus). The concentration was determined using a colori-
metric method. After mixing 300 μl hydrochloric acid (12 M) and 75 μl 
DL-tryptophan solution that were dissolved in 0.05 M hydrochloric acid 
(0.01 M) and 100 μl 3-HPA with different concentrations of 1000, 500, 
250, 125, and 62.5 μg/ml, the absorbance at 560 nm was obtained using 
a UV–visible spectrophotometer to plot the standard curve. The con-
centrations of reuterin produced by L. reuteri from the different GL MNs 
were determined using the same method. 

4.9. Bacterial morphology observation 

Changes in bacterial morphology were investigated after different 

Fig. 9. Investigation of tissue regeneration, inflammatory response, and angiogenesis after different treatments. Representative bright-field microscopy images of 
H&E staining (a), Masson staining (b), and immunohistochemistry staining of IL-6 (c) after different treatments on day 9. Blue arrows in (a) indicate the wound 
length, and black arrows in (a) indicate the wound thickness. (d) Immunofluorescence images of neovascularization in wound tissue after being stained with CD31 
(red) and DAPI (blue) after different treatments on day 9. Analysis of wound length (e), and wound thickness (f) shown by H&E staining for different treatments on 
day 9. (g) The collagen volume fraction (CVF) for different treatments on day 9. (h) Positive cells shown by immunohistochemistry staining for IL-6 for different 
treatments on day 9. (i) The relative coverage area of CD31 for different treatments on day 9. Each point represents mean ± SD (n = 7), *P < 0.05, **P < 0.01, and 
***P < 0.001. 
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treatments. For the control group, S. aureus was separated from the LB 
liquid medium by centrifugation at 4500 r/min for 5 min after being 
cultured for 24 h, followed by dispersion in 1 ml PBS. For the treatment 
group, S. aureus was incubated with 1 ml PBS and 100 μl of 100 μg/ml 
reuterin at 37 ◦C for 12 h, and the bacteria were collected by centrifu-
gation at 4500 r/min for 5 min. The treated S. aureus cells were then 
fixed with 1 ml of 2.5 % glutaraldehyde overnight, washed twice with 2 
ml saline, and once with 2 ml ddH2O. The bacteria were then dehydrated 
with 50 %, 70 %, and 90 % ethanol for 15 min and then dispersed with 
absolute ethanol. Finally, the morphology of S. aureus was observed 
using FESEM on silicon slides. The same procedure was followed for 
E. coli and P. aeruginosa. 

4.10. Antibacterial effect of reuterin on S. aureus 

To investigate bacterial viability after treatment with reuterin 
collected from the GL MN patches, the staining reagent was prepared by 
mixing SYTO-9 and PI staining reagents with PBS at a ratio of 1:1:1500. 
Simultaneously, L. reuteri extracted from GL MN patches was cultured in 
MRS liquid medium with the addition of 2.5 % and 5 % glycerol (2.5 % 
GL MN and 5 % GL MN), and in MRS liquid medium without glycerol (0 
% GL MN) at 37 ◦C for 24 h. The cultures were then centrifuged at 4500 
rpm for 5 min, and the supernatant was collected and reuterin concen-
trations of 8.19 μg/ml, 59.38 μg/ml, and 74.73 μg/ml were obtained, 
respectively. These solutions were used in subsequent experiments. 
Then, 100 μl of reuterin obtained from each GL MN patch and S. aureus 
(109 CFU) were added to 1 ml PBS, followed by incubation at 37 ◦C for 
12 h. After centrifuging the solution at 4500 r/min for 5 min to remove 
the supernatant, 100 μl of the staining reagent was added to resuspend 
the bacteria. Then, S. aureus was incubated in the dark for 15 min, and 
washed once with 100 μl PBS. Finally, 100 μl PBS was added to disperse 
the bacteria. Fluorescence images were obtained under an inverted 
microscope using FITC and CY5 channels at 60 × magnification. The 
same procedure was followed for E. coli and P. aeruginosa. Bacterial 
mortality was analyzed by dividing the number of dead bacteria by the 
total number of bacteria. 

Bacteria mortality=
Dead bacteria count
Total bacteria count

× 100%.

4.11. Antibacterial effect of GL MN patches in vitro 

To further investigate the antibacterial effect of the GL MN patches in 
vitro, 5 × 105 CFU/ml S. aureus was incubated with one MN patch from 
each group (Control, RE MNs, 0 % GL MNs, 2.5 % GL MNs, and 5 % GL 
MNs) at 37 ◦C for 24 h. After that, the absorbance value of bacterial 
solution at 600 nm was measured using a UV spectrophotometer, and 20 
μl culture solution was inoculated into LB solid medium to observe 
colony growth. The same procedure was followed for E. coli and 
P. aeruginosa. Each group was comprised of three replicates. 

4.12. Determination of the inhibition zone 

Reuterin extracted from each group (Control, RE MNs, 0 % GL MNs, 
2.5 % GL MNs, and 5 % GL MNs) was applied to drug-sensitive papers. 
Meanwhile, 20 μl of S. aureus culture solution with the concentration of 
108 CFU/ml was inoculated into LB solid medium. The drug-sensitive 
papers were then placed in the center of the LB solid medium and 
incubated at 37 ◦C for 24 h, after which the diameter of the inhibition 
zone was measured. The same procedure was followed for E. coli and 
P. aeruginosa. Each group was comprised of three replicates. 

4.13. Biofilm clearance experiment 

The bacterium of S. aureus was cultured in LB medium containing 3 
% sucrose for 48 h to form the biofilm. The biofilm was incubated in 

fresh LB medium containing the corresponding MN patch for 12 h. After 
that, the supernatant was removed, the biofilm was cleaned once with 
PBS and fixed with methanol for 30 min. After fixation, 0.1 % crystal 
purple was applied for 30 min to stain biofilm. The biofilm was photo-
graphed, dissolved in 33 % glacial acetic acid, and the absorbance at 
595 nm was measured using an ultraviolet spectrophotometer to 
calculate the clearance rate of the biofilm. At the same time, after co- 
incubation for 12 h, the biofilm was stained with the SYTO-9 staining 
reagent for 15 min, and then photographed with the laser confocal mi-
croscope, and the clearance rate of the biofilm was calculated according 
to the area of the biofilm removed. 

4.14. Hemolysis experiment 

To examine the biosafety of GL MN patches, 1 ml blood was collected 
from each mouse and placed in a tube containing sodium heparin. The 
tube was then washed five times with 3 ml saline solution (gently 
agitated and centrifuged at 1500 rpm for 10 min) until the supernatant 
became clear. Red blood cells were dispersed in 3 ml saline solution and 
divided into the following groups: ddH2O, saline, PVA-sucrose, PVA- 
sucrose + glycerol, PVA-sucrose + L. reuteri, and PVA-sucrose + glyc-
erol + L. reuteri (ddH2O, saline, PVA-S, PVA-S + GL, PVA-S + LR, PVA-S 
+GL + LR). The MN patches from each group were then added to the red 
blood cell suspension and incubated overnight. After centrifugation at 
1500 rpm for 10 min, the supernatant was collected and the absorbance 
at 540 nm was measured to calculate the hemolysis rate of the cells. Each 
group was comprised of three replicates. 

4.15. Investigation of microporous healing in vivo 

First, the mice (~20 g) were anesthetized with sodium pentobarbital, 
and the dorsal fur of the mice was removed. Subsequently, 5 % GL MN 
patches were applied to the skin of the mice. The skin on the dorsal area 
of the mice was observed under a stereomicroscope to evaluate the 
healing condition of the skin before and at 0, 2, 5, 10, and 15 min after 
the MN patch application. 

4.16. Cell viability staining experiment 

To validate the biocompatiblity of MN patches, NIH-3T3 or HUVEC 
cells were incubated with DMEM containing 100 μl reuterin (40 μg/ml), 
100 μl of 18 % PVA-sucrose, 100 μl of 5 % glycerol solution, or a 5 % GL 
MN patch (RE, PVA-S, 5 % GL, 5 % GL MN) at 37 ◦C for 24 h. After 
removing the culture medium, calcein-AM/PI reagent mixed with 
DMEM cell culture medium at a ratio of 1:1000 was added to the NIH- 
3T3 cells and HUVECs. The cells were then incubated at 37 ◦C for 20 
min. Excess staining reagents were washed with PBS and replaced with 
the same volume of DMEM culture medium. Cell staining was then 
observed under a fluorescence microscope in the FITC and CY5 
channels. 

4.17. In vitro cytotoxicity assay of reuterin 

The toxicity of reuterin in NIH-3T3 cells and HUVECs was deter-
mined using the CCK-8 assay. A culture medium containing 100, 50, 25, 
12.5, 6.25, 3.125, or 0 μg/ml reuterin was prepared by mixing the 
determined volume of reuterin (10 mg/ml) with DMEM culture medium. 
Next, culture medium was added to adherent NIH-3T3 cells or HUVECs, 
with five replicate wells per group. The cells were incubated for 24 h, 
after which the reuterin-containing medium was removed. Fresh 100 μl 
DMEM culture medium mixed with 10 μl CCK-8 solution was added to 
each well, and incubated at 37 ◦C for 1 h. The absorbance of each well 
was measured at 450 nm using a microplate reader, and cell viability 
was calculated based on the absorbance. 
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4.18. Stability and survival test of L. reuteri in 5 % GL MN patches in 
vitro and in mice in vivo 

The 5 % GL MN patch that contained L. reuteri was stored in a sealed 
container at room temperature (i.e., 25 ◦C). On days 0, 3, 5, 7, 9, and 12, 
the 5 % GL MN patch was dissolved in 0.5 ml saline, and 20 μl solution 
was taken out and inoculated on MRS solid medium to observe colony 
growth. The same testing method was used to assess the viability of 
L. reuteri in 5 % GL MN patches under the storage condition at 4 ◦C. 
Furthermore, to evaluate the survival of L. reuteri in vivo, the fur on the 
backs of the mice was shaved, and L. reuteri (108 CFU) was transdermally 
delivered using a 5 % GL MN patch. The probiotic of L. reuteri was 
extracted from the skin site, and dispersed in 20 μl saline on days 0, 3, 5, 
7 and 9. Finally, the solution was inoculated onto MRS solid medium to 
observe colony growth. 

4.19. Wound healing test of 5 % GL MN patches 

All animal experiments were performed according to the protocols 
approved by the Institutional Animal Care and Use Committee of Wuhan 
University (WP20230362). SPF BALB/c female mice (18–20 g) with 
approval number SCXK 2020–0005 were used to evaluate the wound- 
healing capability of the MN patches in vivo. After a week of adapta-
tion, the mice were randomly divided into five groups (n = 7). Each 
mouse was anesthetized with 0.05 ml of 20 mg/ml pentobarbital so-
dium, and a round wound with a diameter of 1 cm was created on the 
back of the mouse. Subsequently, 100 μl S. aureus suspension (108 CFU/ 
ml) was inoculated on the wound surface to establish a wound infection 
model. The mice received different treatments 2 days post-inoculation: 
1) no treatment (Control), 2) MN patch loaded with reuterin (RE 
MNs), 3) MN patch made of PVA-sucrose matrix alone (PVA-S MNs), 4) 
MN patch loaded with L. reuteri without glycerol (0 % GL MNs), and 5) 
MN patch loaded with L. reuteri and 5 % glycerol (5 % GL MNs), with the 
application time of 4 min for each MN patch in vivo. Images of the 
wounds in each group were captured on days 0, 3, 5, 7, and 9 after 
treatment. S. aureus was isolated from the wounds and cultured on LB 
solid medium to observe bacterial growth and evaluate the antibacterial 
effect in each group. Additionally, the body weights of mice were 
measured during wound healing. The formula for calculating the 
wound-remaining ratio is: 

Wound remaining ratio (%)=
Actual wound area

Original wound area
× 100%.

4.20. Histological analysis 

After 9 days of application of the MN patches, the mice were 
euthanized, and skin around the back wounds were cut off, followed by 
fixation in a 4 % paraformaldehyde solution for 24 h. Then, the samples 
were embedded in paraffin and cut into 5 μm-thick tissue sections for 
histological analysis. ImageJ software was used to calculate the 
epidermal thickness, collagen volume fraction, IL-6 positivity rate, and 
neovascularization coverage of the wound. The major organs of each 
group, including the heart, liver, spleen, lungs, and kidneys, were 
collected for H&E staining. 

4.21. Statistical analysis 

All the results presented in this study are means ± standard deviation 
(SD). Statistical analysis was performed using a two-sided Student’s t- 
test or one-way analysis of variance (ANOVA) in Excel. P < 0.05 was 
considered significant. The levels of significance were labeled as *P <
0.05, **P < 0.01, and ***P < 0.001. 
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[47] R. De Weirdt, A. Crabbé, S. Roos, S. Vollenweider, C. Lacroix, J.P. van Pijkeren, et 
al., Glycerol supplementation enhances L. reuteri’s protective effect against S. 
Typhimurium colonization in a 3-D model of colonic epithelium, PLoS One 7 (5) 
(2012) e37116. 

[48] V. Cleusix, C. Lacroix, S. Vollenweider, M. Duboux, G. Le Blay, Inhibitory activity 
spectrum of reuterin produced by Lactobacillus reuteri against intestinal bacteria, 
BMC Microbiol. 7 (2007) 101. 

[49] L. Schaefer, T.A. Auchtung, K.E. Hermans, D. Whitehead, B. Borhan, R.A. Britton, 
The antimicrobial compound reuterin (3-hydroxypropionaldehyde) induces 
oxidative stress via interaction with thiol groups, Microbiology (Read.) 156 (Pt 6) 
(2010) 1589–1599. 

[50] A. Banu, M.M. Noorul Hassan, J. Rajkumar, S. Srinivasa, Spectrum of bacteria 
associated with diabetic foot ulcer and biofilm formation: a prospective study, 
Australas. Med. J. 8 (9) (2015) 280–285. 

[51] F. Sadeghpour Heravi, M. Zakrzewski, K. Vickery, G.A. D, H. Hu, Bacterial diversity 
of diabetic foot ulcers: current status and future prospectives, J. Clin. Med. 8 (11) 
(2019). 

[52] V.A. Baldassarro, L. Lorenzini, A. Giuliani, M. Cescatti, G. Alastra, M. Pannella, et 
al., Molecular mechanisms of skin wound healing in non-diabetic and diabetic mice 
in excision and pressure experimental wounds, Cell Tissue Res. 388 (3) (2022) 
595–613. 

[53] A. Grada, J. Mervis, V. Falanga, Research techniques made simple: animal models 
of wound healing, J. Invest. Dermatol. 138 (10) (2018) 2095–2105 e2091. 

[54] W. Ma, X. Zhang, Y. Liu, L. Fan, J. Gan, W. Liu, et al., Polydopamine decorated 
microneedles with Fe-MSC-Derived nanovesicles encapsulation for wound healing, 
Adv. Sci. 9 (13) (2022) e2103317. 

[55] G. Zheng, J. Xie, Y. Yao, S. Shen, J. Weng, Q. Yang, et al., MgO@polydopamine 
nanoparticle-loaded photothermal microneedle patches combined with chitosan 
gel dressings for the treatment of infectious wounds, ACS Appl. Mater. Interfaces 
16 (10) (2024) 12202–12216. 

[56] Z.Q. Zhao, L. Liang, L.Y. Jing, Y. Liu, Y.H. Zhang, M.A. Shahbazi, et al., 
Microneedles: a novel strategy for wound management, Biomater. Sci. 11 (13) 
(2023) 4430–4451. 

[57] L. Long, W. Liu, C. Hu, L. Yang, Y. Wang, Construction of multifunctional wound 
dressings with their application in chronic wound treatment, Biomater. Sci. 10 (15) 
(2022) 4058–4076. 

Y. Jin et al.                                                                                                                                                                                                                                       

http://refhub.elsevier.com/S2452-199X(24)00174-9/sref10
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref10
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref10
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref11
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref11
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref11
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref12
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref12
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref12
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref13
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref13
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref13
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref14
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref14
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref14
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref15
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref15
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref15
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref16
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref16
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref16
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref17
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref17
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref17
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref17
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref18
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref18
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref18
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref19
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref19
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref19
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref19
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref20
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref20
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref20
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref21
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref21
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref21
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref22
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref22
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref23
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref23
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref23
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref24
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref24
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref25
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref25
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref25
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref26
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref26
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref27
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref27
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref27
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref28
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref28
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref28
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref29
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref29
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref29
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref30
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref30
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref30
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref30
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref31
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref31
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref32
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref32
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref33
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref33
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref34
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref34
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref34
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref35
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref35
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref35
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref36
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref36
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref36
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref37
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref37
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref38
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref38
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref38
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref39
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref39
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref39
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref40
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref40
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref40
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref41
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref41
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref41
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref42
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref42
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref42
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref42
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref43
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref43
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref43
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref43
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref44
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref44
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref44
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref45
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref45
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref45
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref46
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref46
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref46
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref46
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref46
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref47
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref47
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref47
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref47
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref48
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref48
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref48
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref49
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref49
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref49
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref49
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref50
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref50
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref50
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref51
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref51
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref51
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref52
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref52
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref52
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref52
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref53
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref53
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref54
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref54
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref54
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref55
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref55
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref55
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref55
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref56
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref56
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref56
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref57
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref57
http://refhub.elsevier.com/S2452-199X(24)00174-9/sref57

	Accelerated infected wound healing by probiotic-based living microneedles with long-acting antibacterial effect
	1 Introduction
	2 Results
	2.1 Fabrication and characterization of MN patches
	2.2 The antibacterial and anti-inflammatory effects of 5 % GL MN patches in vitro
	2.3 The biocompatibility and stability assay of 5 % GL MN patches in vitro
	2.4 Wound healing promotion of 5 % GL MN patches in vivo
	2.5 Therapeutic efficacy of 5 % GL MN patches in vivo

	3 Discussion
	4 Materials and methods
	4.1 Materials
	4.2 Bacteria and cell lines
	4.3 Characterization of L. reuteri and the GL MN patches
	4.4 Fabrication of the MN patches
	4.5 Application of MN patches to pig skin in vitro
	4.6 In vitro release from MN patches
	4.7 Dissolution rate of MN patches in skin ex vivo
	4.8 Qualitative and quantitative analysis of reuterin
	4.9 Bacterial morphology observation
	4.10 Antibacterial effect of reuterin on S. aureus
	4.11 Antibacterial effect of GL MN patches in vitro
	4.12 Determination of the inhibition zone
	4.13 Biofilm clearance experiment
	4.14 Hemolysis experiment
	4.15 Investigation of microporous healing in vivo
	4.16 Cell viability staining experiment
	4.17 In vitro cytotoxicity assay of reuterin
	4.18 Stability and survival test of L. reuteri in 5 % GL MN patches in vitro and in mice in vivo
	4.19 Wound healing test of 5 % GL MN patches
	4.20 Histological analysis
	4.21 Statistical analysis

	Ethics approval and consent to participate
	Data availability statement
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References


