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Abstract

Background: Bacterial infections pose a considerable threat to skin wounds, particularly in the
case of challenging-to-treat diabetic wounds. Systemic antibiotics often struggle to penetrate
deep wound tissues and topically applied antibiotics may lead to sensitization, necessitating
the development of novel approaches for effectively treating germs in deep wound tissues.
Neutrophils, the predominant immune cells in the bloodstream, rapidly release an abundance
of molecules via degranulation upon activation, which possess the ability to directly eliminate
pathogens. This study was designed to develop novel neutrophil cell engineered nanovesicles
(NVs) with high production and explore their bactericidal properties and application in promoting
infectious wound healing.

Methods: Neutrophils were isolated from peripheral blood and activated in vitro via phorbol
myristate acetate (PMA) stimulation. Engineered NVs were prepared by sequentially extruding
activated neutrophils followed by ultracentrifugation and were compared with neutrophil-derived
exosomes in terms of morphology, size distribution and protein contents. The bactericidal effect of
NVs in vitro was evaluated using the spread plate technique, LIVE/DEAD backlight bacteria assay
and observation of bacterial morphology. The therapeutic effects of NVs in vivo were evaluated
using wound contraction area measurements, histopathological examinations, assessments of
inflammatory factors and immunochemical staining.

Results: Activated neutrophils stimulated with PMA in vitro promptly release a substantial amount
of bactericidal proteins. NVs are similar to exosomes in terms of morphology and particle size, but
they exhibit a significantly higher enrichment of bactericidal proteins. In vitro, NVs demonstrated a
significant bactericidal effect, presumably mediated by the enrichment of bactericidal proteins such
as lysozyme. These NVs significantly accelerated wound healing, leading to a marked reduction in
bacterial load, downregulation of inflammatory factors and enhanced collagen deposition in a full-
thickness infectious skin defect model.

Conclusions: We developed engineered NVs derived from activated neutrophils to serve as a novel
debridement method targeting bacteria in deep tissues, ultimately promoting infectious wound
healing.
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Highlights

* Neutrophils can rapidly release an abundance of molecules to eliminate pathogens.

* Engineered nanovesicles were successfully generated from activated neutrophils.

* Engineered nanovesicles were enriched with bactericidal proteins such as lysozyme.
* Engineered nanovesicles selectively target inflamed deep tissues for the treatment of bacterial-induced infectious wounds.

* Nanovesicles significantly accelerated wound healing.

Background

Wound healing challenges not only impose a substantial
economic burden on healthcare systems worldwide but also
significantly diminish the quality of life for patients [1].
Infections represent one of the most common hurdles to
wound healing [2], with antibiotics being the primary treat-
ment approach [3]. However, systemic antibiotics struggle to
effectively reach deep wound tissues, and topically applied
antibiotics often lead to sensitisation [4]. Moreover, excessive
antibiotic use can result in severe cytotoxicity and the emer-
gence of bacterial resistance, further complicating the treat-
ment of infected wounds [5]. Debridement can be achieved
through mechanical, sharp, surgical, autolytic, enzymatic or
biological methods [6]. Microorganisms within wound tis-
sue produce an extracellular matrix comprising proteins,
polysaccharides and DNA, which enhances adhesion to the
wound site [7]. Traditional debridement techniques, such
as mechanical debridement, struggle to completely elimi-
nate this biofilm and may inadvertently damage healthy
tissue. Consequently, there is an urgent need for innovative
debridement approaches to expedite the healing of infected
wounds.

Neutrophils, the predominant immune cells circulating in
the blood, are the first responders to infection sites [8]. Neu-
trophils are the first circulating inflammatory cells recruited

to the wound site, and their main role is to clear foreign debris
and defend against possible infections [9,10]. When activated
by inflammation, these neutrophils can rapidly release a
plethora of molecules via degranulation, which possess the
ability to directly combat pathogens [11]. Exosomes (Exos),
specialized differentiated vesicles of cells, measuring 50 to
200 nm in diameter, play a pivotal role in the intercellular
transport of these molecules and proteins [12]. Moreover,
Exos offer distinct advantages, such as extended circulation,
evasion of phagocytosis, and deep tissue penetration, making
them promising candidates for drug delivery [13]. However,
isolating Exos is challenging due to their limited release in
small quantities, and the purification process is both time-
consuming and intricate [14].

To address these yield limitations, cell-engineered nanovesi-
cles (NVs) have emerged as a promising alternative to
Exos for drug delivery. Engineered NVs are mechanically
created by repeatedly passing cells through a microporous
filter. This process fragments the cell membrane, allowing
it to spontaneously reassemble into nanoscale vesicles [15],
retaining a significant portion of the source cell’s proteins
and RNA. As a substitute for Exos, engineered NVs not
only replicate the cellular functions but also overcome the
challenges of limited exosome availability and purification
difficulties [16].
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In this study, we generated engineered NVs from activated
neutrophils for the treatment of infectious skin wounds. We
initially compared the bactericidal effects of engineered NVs
with Exos derived from neutrophils incubated with bacteria
in vitro. Engineered NVs showed significant bactericidal
activity. Furthermore, the in vivo therapeutic effects of NVs
were evaluated using wound contraction area measurements,
histopathological examinations, assessments of inflamma-
tory factors and immunochemical staining. All results pointed
to the considerable potential of these activated neutrophil-
engineered NVs, which exhibit remarkable bactericidal
properties, especially for the management of infectious skin
wounds.

Methods

Ethical statement

This study received approval from the Medical Ethical Com-
mittee of Suzhou Municipal Hospital (KL901390). Blood
specimens were collected from the cubital veins of healthy
drug-free donors who provided written informed consent
before participating. All experimental procedures were con-
ducted in strict compliance with approved guidelines. All
experimental procedures involving rats and mice were carried
out in strict accordance with the recommendations outlined
in the Guide for the Care and Use of Laboratory Animals of
the National Institutes of Health and State Key Laboratory
of Pathogens and Biosecurity of the Institute of Microbiology
and Epidemiology.

Extraction and activation of human neutrophils
Peripheral blood was collected from healthy volunteers using
EDTAK2 anticoagulant tubes, and neutrophils were isolated
from the peripheral blood using the EasySep™ direct human
neutrophil isolation kit (Stemcell, 19666). Neutrophils
were cultured in a 37.5°C incubator with 5% CO; using
RPMI1640 medium (Gibco, 11875119) containing 10%
exosome-free fetal bovine serum (OPCEL, BS-1205) and
1% penicillin and streptomycin (Beyotime, C0222). The
neutrophils were activated by stimulation with 100 nM
phorbol myristate acetate (PMA; MedChemExpress, HY-
18739) and incubated at 37.5°C for 30 min.

Immunostaining and microscopy

Cells were fixed in 4% paraformaldehyde, permeabilized with
0.1% Triton X-100 (Beyotime, P0096-100 ml), blocked with
5% Bovine Serum Albumin (BSA; Beyotime, ST025-20 g)
and then stained with 4’,6-diamidino-2-phenylindole dihy-
drochloride (DAPI; Solarbio, D6470) and Phalloidin-iFluor
488 (Abcam, ab176753). Stained neutrophils were observed
using a Zeiss LSM 900 confocal microscope.

Flow cytometry detection

Neutrophils were incubated at room temperature for 30 min
with anti-CD66b (BD Biosciences, 555723), anti-CD35
(BD Biosciences, 555451) and anti-CD63 (BD Biosciences,

561983). Cells were washed twice in phosphate buffered
saline (PBS; Gibco, 20012027) and analysed for fluorescence
intensity using flow cytometry.

Enzyme-Linked immunosorbent assay

After neutrophils were stimulated with PMA, the culture
supernatant was collected. The Enzyme-Linked immunosor-
bent assay (ELISA) was conducted based on a kit proto-
col (RD, DY9167-05, DY3174; Elabscience, E-EL-H1869C).
100-ul volumes of standards or samples were added to a 96
well plate and incubated at room temperature. Three wells
were allocated for each sample. Subsequently, biotinylated
antibody, streptavidin—horseradish peroxidase reagent and
3, 3, 5, 5'-Tetramethylbenzidine substrate were added to
the wells in accordance with the protocol. The plate was
developed at room temperature in the dark until a noticeable
colour change occurred, and then a stop solution was added
to each well. The absorbance was measured at 450 nm
within 5 min and the data were recorded. A standard curve
was constructed, and the corresponding concentration was
determined.

Preparation of engineered NVs

The suspension of activated neutrophils was passed 11 times
through filter membranes (Whatman) with decreasing aper-
tures (8, 5, 1, 0.4 and 0.2 um) using a mini-extruder (Avanti
Polar Lipids). The extruding fluid was centrifuged for 30 min
at 3000 x g to remove cell membrane fragments. Thereafter,
it was centrifuged at 100,000 x g for 90 min at 4°C to collect
the NVs. The final NVs pellet was resuspended in PBS and
stored at —80°C until use.

Collection of Exos

Neutrophils were cultured in an exosome-free medium for
24 h. Then, the cells were removed by centrifugation at
400 x g for 7 min, and apoptotic bodies and large cell debris
were eliminated by centrifuging at 2000 x g for 10 min. Large
microvesicles were isolated by centrifugation at 10,000 x g
for 30 min, followed by purification through ultracentrifuga-
tion at 100,000 x g for 70 min. The Exos were dissolved in
PBS and stored at —80°C until use.

Characterization and analysis of NVs and Exos

A transmission electron microscope (TEM, Joel 10011,
Japan) was used to determine the purity of the NVs and
Exos. The purified NVs and Exos were placed onto a
formvar/carbon-coated grid, rinsed after a 30-min absorption
period and negatively stained with 2% uranyl acetate. The
TEM grid was examined after drying. Size and particle
concentration of NVs and Exos were determined using
a nanoparticle tracking analysis instrument (NanoSight,
Malvern Instruments) equipped with a blue laser (405 nm).

Western blot
NVs and Exos were lysed using Radio Immunoprecipitation
Assay Lysis buffer (Beyotime, P0013B) and the supernatant
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from lysates was used for subsequent western blot analysis.
Protein samples were separated by 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and then trans-
ferred onto a Polyvinylidene Fluoride membrane (Beyotime,
FFP22). After blocking in Tris-Buffered saline with tween
20 (TBST) with 5% non-fat milk for 2 h, membranes were
incubated at 4°C overnight with the following primary
antibodies: CD63 (ImmunoWay Biotechnology, YT5525),
tumour susceptibility gene 101 (TSG101; ImmunoWay
Biotechnology, YT4760), Alix (Wuhan Sanying,12422-1-
AP), calnexin (Wuhan Sanying,10427-2-AP) and lysozyme
(Wuhan Sanying,15013-1-AP). The next day, membranes
were washed with TBST and incubated with horseradish
peroxidase-conjugated goat anti-rabbit (Abways Technology,
AB0101) and anti-mouse (Abways Technology, AB0102)
IgG antibodies for 2 h at room temperature. Finally, bands
were visualized using enhanced chemiluminescent blotting
detection reagents.

NVs bactericidal assay in vitro

Staphylococcus aureus and Escherichia coli bacterial sus-
pensions (100 wl; 107 Colony Forming Units/ml; CFU/ml)
were incubated with 2 ml of PBS, Exos (40 pg/ml) and NVs
(40 ug/ml) at 37°C for 2 h. Subsequently, 100 ul of the
bacterial solution was evenly distributed on an Luria-Bertani
(LB) agar plate and incubated at 37°C for 16 h, followed by
bacterial colony counting.

LIVE/DEAD backlight bacteria assay

The treated bacteria were stained with a LIVE/DEAD back-
light bacterial viability kit containing Dimethylaminophenox-
azine Oxide (DMAOQ) and Ethidium Homodimer 3 (EthD-III)
(YEASEN, 40274ES60). Then, 5 ul of bacterial suspension
was smeared on a glass slide and images were captured using
a Zeiss LSM 900 confocal microscope.

Bacterial morphology

A SEM was employed to observe and assess bacterial mor-
phology. Bacteria treated with different methods were cen-
trifuged at 10,000 rpm for 3 min, washed with PBS, fixed with
electron microscope fixative, dried using freeze-drying, gold-
sprayed and observed under a SEM (Model, Verios G4, USA).

Proteomics

Protein analysis was conducted using a label-free quantitative
technique based on mass spectrometry. In brief, Exos
and NVs were solubilized in lysis buffer (50 mM Tris
buffer, 8 M urea, 1% SDS, pH 8) and sonicated on ice
for 5 min. The lysate was centrifuged at 13,000 rpm for
20 min at 4°C and the supernatant was treated with 4-fold
acetone (containing 10 mM Dithiothreitol) for 2 hours. The
resulting protein sample was collected by centrifugation and
evaporated. The protein sample was further digested, desalted
and lyophilized for Liquid Chromatography-Tandem Mass

Spectrometry analysis. Peptides were separated from the
lyophilized powder and analysed using a Q Exactive TM HF-
X mass spectrometer (Thermo Fisher), with an ion source of
Nanospray Flex™ (ESI). The raw MS files were analysed
and searched against the human protein database. All
acquired spectra were searched using Proteome Discoverer
(PD) 2.2 (Thermo). The parameters for PD 2.2 were set
as follows: precursor ion and product ion mass tolerances
of 10 ppm and 0.02 Da, respectively. Carbamidomethyl,
oxidation of methionine (M) and acetylation were specified as
fixed modifications, dynamic modifications and N-terminal
modifications, respectively. A maximum of two missed
cleavages was allowed. To enhance the quality of the analysis,
the search results were further filtered: Peptide Spectrum
Matches (PSMs) with a confidence > 99% were identified
as reliable. Identified proteins included at least one unique
peptide segment. The identified PSMs and proteins were
recorded and the False Discovery Rate did not exceed 1.0%.
Protein quantification results were statistically analysed using
a t-test. Proteins with significant differences in quantity
between the experimental group and the control group
(P <0.05 and llog2FCl > * [FC > * or FC <* (where FC is fold
change)] were defined as differentially expressed proteins.

Diabetic rat and mouse infected wound models

To induce a type 2 diabetic rat model, Sprague-Dawley male
rats (6 weeks old) were fed a high-fat diet for 4 weeks,
followed by a 24-h fast and intraperitoneal injections with
40 mg/kg streptozotocin (STZ) (10 mg/ml). One week later,
the blood glucose level of the rats was measured to be
>16.7 mmol/l, confirming the successful establishment of the
diabetic rat model [17].

To induce a type 2 diabetic mouse model, C57 male mice
(6-8 weeks old) were fed a high-fat diet for 14 days, followed
by a 24-h fast and intraperitoneal injections of 50 mg/kg STZ
(10 mg/ml) for 5 consecutive days. One week later, the blood
glucose level of the mice was measured to be >16.7 mmol/l,
indicating the successful establishment of the diabetic mouse
model.

In vivo bactericidal activity of NVs

The rats were randomly divided into three groups (six rats
per group) and anaesthetized with isoflurane (RWD). Sub-
sequently, circular wounds with a diameter of 10 mm were
made on the back of each rat. These wounds were then
infected with 107 CFU of S. aureus. One day later, the diabetic
rat infection model was established and the wounds were
treated with 1 ml of PBS (control group), 1 ml of 40 pug/ml
Exos (Exos group) and 1 ml of 40 ug/ml NVs (NVs group)
(day 0).

The mice were randomly divided into three groups (six
mice per group) and anaesthetized with isoflurane (RWD).
Subsequently, circular wounds with a diameter of 10 mm
were made on the back of each mouse and the wounds
were infected with 10”7 CFU of S. aureus. One day later, the
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diabetic mice infection model was established. The wounds
were treated with 1 ml of PBS (control group), 1 ml of 40
ug/ml Exos (Exos group) and 1 ml of 40 pug/ml NVs (NVs
group) (day 0).

Real-time quantitative polymerase chain reaction

All primers used for mRNA detection were synthesized by
Suzhou Genewiz Biotech. Table 1 shows the sequences of
all primers in this study. Real-time quantitative polymerase
chain reaction (qQRT-PCR) was performed using AceQ
Universal SYBR qPCR Master Mix (Vazyme) following the
manufacturer’s protocol. The reaction volumes comprised
5 ul of diluted cDNA solution, 10 ul Mastermix, and 0.4 ul
each of forward and reverse primers. StepOnePlus™ Real-
Time PCR System was used for thermal cycling (Applied
Biosystems) with the following thermocycling conditions:
denaturation at 95°C for 5 min, followed by 40 cycles of
95°C for 10 s and 60°C for 30 s. microRNA expression was
normalized to U6 microRNA and calculated using the 2744¢T
method.

Determination of inflammatory cytokine contents
using cytometric bead array

A BD cytometric bead array (CBA) mouse Th1/Th2/Th17
cytokine kit (Cat#560485) was used as described to assess
the concentrations of interleukin 2 (IL-2), IL-4, IL-6, IL-10,
IFN-y, tumour necrosis factor (TNF) and IL-17A in plasma.
All related reagents, flow cytometry protocols and result anal-
yses were performed in accordance with the kit instructions.
Standard curves of inflammatory cytokines were prepared.
The capture beads for these seven inflammatory cytokines
were mixed rigorously to create a bead mixture. Subsequently,
50 wl of this mixture was added to each sample, followed
closely by the addition of 50 ul of PE detection reagent.
All array tubes were incubated for 2 h at room temperature
and shielded from light. The array tubes were rinsed once
with wash buffer, centrifuged and resuspended before flow
cytometry analysis. A BD LSR Fortessa Multicolor Flow
Cytometer was used for examination. Experimental results
were analysed using FCAP Array v3.1, FlowJo v10.4 and
CurveExpert v1.4.

Statistical analysis

All statistical analyses were performed and graphs were
prepared with GraphPad Prism 8.0 software and Adobe
Illustrator. The Shapiro—Wilk test was used to test the nor-
mality of continuous variables. The results are expressed as
the mean =+ standard deviation (SD). For group comparisons,
one-way analysis of variance was used to compare continuous
variables with a normal distribution. The Kruskal-Wallis test
was used to compare continuous variables with a skewed
distribution. Tukey’s post hoc test or Dunn’s post hoc test
was used for multiple comparisons. Students t test and the
Wilcoxon paired signed rank test were used to compare

differences between two groups. The Pearson correlation
coefficient was used for correlation analysis. Significant
differences are noted by asterisks (*P <0.05, **P <0.01,
#5P 20,001, **P <0.0001).

Results

Activated neutrophils release substantial amounts of
bactericidal proteins

Neutrophils were isolated and purified from healthy adult
volunteers using magnetic beads and activated with PMA
(Figure 1a). PMA, a phorbol ester compound derived from
the plant Croton tiglium, is widely used in experiments to
activate neutrophils [18]. Confocal images revealed that, in
contrast to the scattered distribution of normal neutrophils,
activated neutrophils exhibited adhesion to each other and
a change in the shape of their nuclei (Figure 1b). Com-
pared with normal neutrophils, the chemotactic function of
activated neutrophils is significantly decreased (Figure S1,
see online supplementary material), but its phagocytosis is
enhanced (Figure S2a, b, see online supplementary material).
Flow cytometry demonstrated a significant increase in the
expression of CD66b in activated neutrophils (Figure 1c).
These results confirm the successful isolation and activa-
tion of neutrophils. Activated neutrophils combat invading
pathogens by releasing bactericidal proteins through degran-
ulation [19]. Flow cytometric analysis of CD63 and CD35
displayed a clear increase in degranulation for activated neu-
trophils (Figure 1d, e). ELISA experiment results indicated a
significant increase in neutrophil elastase and lysozyme levels
in the culture medium of activated neutrophils, signifying
the release of a substantial quantity of bactericidal pro-
teins (Figure 1f, g and Figure S2c, see online supplementary
material).

Generation and characterization of engineered NVs
from activated neutrophils

Exos were isolated by differential ultracentrifugation from an
Exos-free culture medium for neutrophils. Engineered NVs
were prepared using a sequential extrusion method involving
the extrusion of activated neutrophils, along with bactericidal

Table 1. Primers used for RT-qPCR analysis

Gene Species Sequence (5'to 3')

IL-18 Rat  Forward: §-GTTTGAGTCTGCACAGTTCCC-3’

Reverse: 5'-AAGTCAACTATGTCCCGACCA-3’

IL-6 Rat  Forward: 5-TGAAGTTTCTCTCCGCAAG-3'
Reverse: 5'-TATGTAATTAAGCCTCCGACT-3’

TNF-« Rat  Forward: 5-GCCTCTTCTCATTCCTGCTCGT-3’
Reverse: 5'-TTCTCCTCCTTGTTGGGACCGAT-3’

GAPDH Rat Forward: 5'-ATGACTCTACCCACGGCAAG-3’

Reverse: 5'- GACGCCAGTAGACTCCACGAC-3’

IL-1B interleukin 1 beta, TNF-o tumour necrosis factor-alpha, GAPDH
glyceraldehyde-3-phosphate dehydrogenase
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Figure 1. Activated neutrophils release of bactericidal proteins. (a) Schematic representation of the isolation and activation of human neutrophils. (b) Fixed
neutrophils with rhodamine-labelled F-actin, DAPI-labelled nucleus and merged images (scale bar: 10 um). (c) Increased expression of CD66b on activated
neutrophils (n=3). (d, e) Enhanced expression of CD35 and CD63 on activated neutrophils (n=3). (f, g) Elevated concentrations of neutrophil elastase and
lysozyme in the culture medium of activated neutrophils detected by ELISA (n=3). Data are presented as mean £SD. *p < 0.05, ***p < 0.001, ****p < 0.0001.
PBS phosphate buffered saline, PMA phorbol myristate acetate, Q-Neu quiescent neutrophils, A-Neu activated neutrophils, MFI mean fluorescence intensity



Burns & Trauma, 2024, Vol. 12, tkae018 7
a
@ ofee [
ol :‘:
o oo .
> / Sum  Spm  Ipm  O4pm 02pum Nanovesicles
<IYYI13
— \ N1 4 4
eutrophils 00
SO\ [T\ TN, s
ot
Ooooo
2,000gx10 min 10,000gx30 min  100,000gx70 min Exosomes
b Exosomes Nanovesicles
=
=
=
¢ - CD63
5.5- 63 kDa
3.0 5.0
E 254 4.5 C l .
gz 404 alnexin | |90 kDa
S 2.0 3.5+
o 3.0-
2 1.5 2.5
) 2.0
E 101 1.5
£ ol 1.0
0.5-
0.0

| I N B T T & T T T T T
0 100 200 300 400 500 600 700 800 900 1000
Size (nm)

"0 100 200 300 400 500 600 700 800 900 1000

Size (nm)

Figure 2. Generation and characterization of engineered nanovesicles (NVs) from activated neutrophils. (a) Schematic illustration of NV and exosome preparation.
(b) TEM images of NVs and exosomes (Exos) (scale bar: 100 nm). (c) Nanoparticle tracking analysis of NVs and Exos, showing a peak diameter ranging between
50 and 150 nm. (d) Western blot analysis of TSG101, Alix, CD63 and calnexin protein expression in NVs and Exos. TSG107 tumour susceptibility gene 101

protein cultures, through polycarbonate membrane micro-
filters with progressively decreasing apertures (8, 5, 1, 0.4
and 0.2 um), followed by ultracentrifugation (Figure 2a). The
morphology, size distribution and protein contents of purified
Exos and NVs were assessed. TEM images revealed that NVs
consisted of ~100 nm spherical vesicles enclosed by a bilayer
lipid membrane, resembling the known morphology of Exos
(Figure 2b). Nanoparticle tracking analysis of Exos and NVs
confirmed a similar size distribution, with a central diameter
ranging between 50 and 150 nm (Figure 2¢). To confirm the
isolated N'Vs and Exos, western blotting was used to assess
the typical extracellular vesicle proteins. Both NVs and Exos
displayed the presence of tumour susceptibility gene 101

(TSG101), the transmembrane protein CD63 and cytosolic
protein Alix, while no expression of calnexin was detected
(Figure 2d).

Bactericidal effect by NVs in vitro

To investigate the bactericidal effect of NVs and Exos, both
were administered to the same initial number of S. aureus and
E. coli. The counting of bacterial colonies revealed that NVs
treatment effectively inhibited the growth of S. aureus and
E. coli in vitro (Figure 3a—d). We then used DMAO and an
EthD-III live/dead fluorescent staining assay to analyse the
membrane integrity of S. aureus and E. coli with different
treatments. It is well known that DMAO is commonly used to
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stain cells and can stain both living and dead cells, whereas
EthD-III specifically stains dead or injured cells [20]. Only
green fluorescence was observed in the control and Exos
groups, indicating intact cell membranes of S. aureus and
E. coli. In contrast, treatment with NVs resulted in a sub-
stantial overlap of green and red fluorescence (Figure 3e, f),
suggesting that NVs disrupt the cell membranes of E. coli
and S. aureus. To assess the bactericidal effect of NVs, a
SEM was used to monitor the morphological changes in S.
aureus and E. coli. In the control and Exos groups, both
E. coli and S. aureus exhibited smooth surfaces with intact
cell walls. In contrast, treatment with NVs led to obvious
depressions on the bacterial surface, complete disruption of
the bacterial membrane and severe damage to the inherent
bacterial morphology (Figure 3g, h).

Proteomic analysis of NVs and Exos

To elucidate the functional molecules mediating the bacte-
ricidal effects of NVs, we conducted a proteomic analysis
using Labfree technology to detect the protein expression
profiles in NVs and Exos. In total, 4205 protein groups
were identified, with 3705 proteins quantified. Differentially
expressed proteins were identified using a cut-off of absolute
FC > 1.5 and P-value < 0.05. The results indicated that
1807 proteins exhibited differential expression between NVs
and Exos. Among these, 1501 proteins in NVs had signifi-
cantly higher expression, while 306 proteins exhibited lower
expression than in Exos (Figure 4a, b). These differential
proteins were mainly located in the nucleus, cytoplasm and
extracellular region (Figure S3a, see online supplementary
material). Subsequently, we bioinformatically interpreted the
differentially expressed proteins and explored the biologi-
cal processes in which they were involved. Gene Ontology
enrichment analysis revealed that NVs had similar biological
processes, cellular components and molecular functions to
Exos (Figure S3b, see online supplementary material). We
also analyzed the Kyoto Encyclopedia of Genes and Genomes
(KEGG) Pathway high expression of differential proteins
(Figure S3c, see online supplementary material). The findings
demonstrated that NVs were enriched in proteins associated
with the regulation of multiple biological processes related
to bacterial infectious diseases (Figure 4c). The expression
ratio of a class of bactericidal-related proteins in NVs was
higher compared to Exos (Figure 4d). Notably, lysozyme,
an essential bactericidal protein for host defence, was up-
regulated 4.39-fold in NVs compared to Exos. The results
of western blotting confirmed the enrichment of lysozyme in
NVs and Exos (Figure 4e, f). We tested the antibacterial effect
of lysozyme (50 ug/ml) on S. aureus (Figure S3d, see online
supplementary material).

NVs exhibit bactericidal and anti-inflammatory effects
in the acute phase of infectious wound healing

To demonstrate the infectious wound healing effects of
prepared NVs in vivo, bacterial infected trauma was induced

in the dorsal skin of rats. PBS and Exos were used as
comparisons (Figure 5a). After various treatments, wound
images were captured at 0, 3,7 and 15 days, respectively. Over
time, all wound areas were reduced in size. Particularly, the
NVs-treated group exhibited nearly complete wound healing
after 15 days (Figure 5b—d). By collecting and homogenizing
the skin tissue from the wound areas on day 2, bactericidal
performance was evaluated (Figure Se, f). The wounds treated
with NVs showed the fewest bacterial colonies, indicating
effective bactericidal action in deep tissue. Expression of
inflammatory factors in wound tissues was assessed at 24
and 48 h to evaluate the anti-inflammatory performance of
NVs (Figure Sg, h). Expression of IL-18, TNF-a and IL-6 in
the N'Vs group was significantly lower than in the control
and Exos groups, indicating that NVs reduced inflammation
at the wound site after 48 h. Plasma samples from infected
wound models of diabetic mice were analysed for changes
in inflammatory factors using a cytological microsphere
array (CBA) (Figure S4a, see online supplementary material).
While IL-2, IL-10, IL-17A, IFN-y and IL-4 remained at
concentrations too low to measure, TNF expression did
not significantly differ between the three treatment groups.
However, IL-6 expression in the NVs treatment group
was significantly lower than in the PBS and Exos groups
(Figure 5i—-k and Figure S4b, see online supplementary
material). In summary, these findings demonstrate that
engineered NVs derived from activated neutrophils possess
molecular debridement ability and promote infectious wound
healing.

NVs facilitate infectious wound healing through
long-term anti-inflammatory effects

To investigate the long-term effects of NVs, all rats were
sacrificed on the 15th day (Figure 6). Haematoxylin and
eosin (H&E) and Masson staining, as well as immunostain-
ing for TNF-a and vascular growth factor, were conducted.
The unorganized granulation tissue in the NVs group was
the smallest among all the groups (Figure 6a), indicating
the most effective healing. Furthermore, collagen deposition
at the wound site, a critical indicator of the wound was
assessed using Masson trichrome staining. The NVs-treated
group showed a large area of intense blue staining compared
to other groups (Figure 6b, e), indicating a dense collagen
deposition at the wound site. All the results collectively
confirm the efficiency of NVs in promoting wound healing.
As TNF-a is a pro-inflammatory factor reflecting the level
of infection-induced inflammation in wound healing [21], its
expression across groups was compared. TNF-a expression
in the control and Exos groups was significantly higher
than that in the NVs group (Figure 6c, f), signifying the
presence of inflammation at the wound site. Additionally,
vascular endothelial growth factor immunostaining demon-
strated that the NVs group exhibited significantly higher
expression than the control and Exos groups (Figure 6d, g),
indicating enhanced angiogenesis, a crucial factor in wound
healing.
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Discussion neutrophils from peripheral blood and activated them in vitro

In this study, we engineered NVs derived from activated through PMA stimulation, demonstrating that activated neu-
neutrophils to enhance the process of infectious wound heal- trophils rapidly release a substantial amount of bactericidal
ing through debridement. Initially, we successfully isolated  proteins. We also devised a high-yield process for fabricating
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NVs via extrusion, introducing a novel delivery tool to replace
Exos. Our strategy enabled engineered NVs loaded with
bactericidal proteins to achieve significant bactericidal effects,
effectively eliminating bacterial growth in the deep tissues
of infectious wounds. These findings not only underline the
role of engineered NVs derived from activated neutrophils in
bactericidal activity but also introduce a novel debridement
method.

Bacterial infection often leads to reduced nutrient supply
and insufficient oxygenation in wounds, accelerating and
aggravating the pathology of various wound types, partic-
ularly diabetic wounds [22]. Bacterial colonization in deep
tissues frequently results in elevated protease levels and proin-
flammatory cytokines, directly initiating and sustaining the
inflammatory cascade [23]. Moreover, in the context of dia-
betic wounds, hyperglycemia and microenvironment distur-
bances in the affected area further impede the wound-healing
process. Consequently, addressing infection and regulating
the immune microenvironment are pivotal aspects of the
treatment of infected wounds [24]. The increasing prevalence
of antibiotic-resistant bacteria in wounds, particularly Gram-
negative strains, underscores the limitations of conventional
antibiotics in eliminating biofilms produced by these resistant
bacteria [25]. This often leads to persistent inflammatory
responses and delayed healing processes [26].

Previous studies demonstrated the potent antibacterial
role of neutrophil-derived microvesicles [27]. Targeted deliv-
ery can enhance local therapeutic concentrations while min-
imizing side effects. In alignment with these studies, our
engineered NVs from activated neutrophils exhibited high
bactericidal capabilities. Bioinspired engineered NVs have
been developed for wound therapy [28]. For instance, Han
et al.[29] have developed mesenchymal stem cell-derived NVs
that can promote fibroblast proliferation and thus promote
skin wound healing. In addition, Jang et al. [15] have gen-
erated high quantities of engineered NVs from mononucle-
ar/macrophages that not only had similar properties to Exos
but also had 100-fold higher production yield. The use of
nanoparticles coated with neutrophil cell membranes as a
biomimetic drug delivery system and neutrophils as a living
cell drug delivery system have been tested as novel strate-
gies for various diseases [30-32]. Here, we produced engi-
neered NVs and used them as nanocarriers for bactericidal
proteins.

Proteomic analysis showed that the lysozyme content
of engineered NVs was significantly higher than that of
Exos. This variation in proteomic composition can be
attributed to their different biogenesis, as previously stated.
Exos form through the endosomal system or are shed
from the plasma membrane [33], whereas the engineered
NVs might encapsulate their contents through a non-
selective process originating from their parent cells. Lysozyme
is a naturally derived glycosidic bond-cleaving enzyme,
known for its bactericidal properties primarily attributed to
N-acetylmuramoylhydrolase enzymic activity, resulting in
peptidoglycan hydrolysis and bacterial lysis [34]. As a result,

lysozyme has bactericidal and bacteriostatic properties,
especially against gram-positive bacteria, and its clinical
application is believed to carry a low risk of inducing
resistance [35].

To validate the effectiveness of engineered NVs in pro-
moting wound healing, we established a diabetic infectious
wound model by implanting S. aureus into wounds created
on the backs of STZ-induced diabetic rats. The effective
delivery of engineered NVs to deeper tissues via multipoint
injection enabled pathogen eradication. We observed a sig-
nificant acceleration in wound healing, downregulation of
inflammatory factors and enhanced collagen deposition in
wounds treated with this approach. In summary, engineered
NVs derived from activated neutrophils, with their robust
bactericidal properties, hold substantial promise for infec-
tious wound healing. As part of the ongoing progression
of cell-free therapy, the expanding production of NVs can
enhance the treatment of diseases that require significant
quantities of cells or medications to function effectively, such
as diabetes and infectious wounds.

Limitations

Our studies have substantiated the bactericidal ability of
engineered NVs to precisely and effectively promote infec-
tious wound healing, offering a promising avenue for clinical
wound repair. Nonetheless, challenges persist in terms of the
quality, purity and yield of the prepared NVs, as well as
the storage conditions of loaded engineered NVs [36]; the
possible side effects of systemic use of vesicles as therapeutic
agents should also be considered, all of which require further
refinement [37].

Conclusions

In conclusion, we developed engineered NVs derived from
activated neutrophils to serve as a novel debridement method
targeting bacteria in deep tissues, ultimately promoting infec-
tious wound healing. Engineered NVs also hold potential
as effective therapeutic carriers for various agents beyond
bactericidal proteins. Future developments of engineered N'Vs
derived from neutrophils may find clinical applicability in
addressing numerous human diseases including infectious
wounds.
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