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Abstract

The serve burn or scald wounds always face persistent infections and self-repair function decline caused by serious tissue
necrosis, leading to delayed healing or even sepsis. In this work, we proposed a click-chemistry hydrogel delivery sys-
tem of antibacterial and tissue remodeling function nanovesicles for deep scald wound treatment. An hydrophilic photody-
namic aggregation-induced emission photosensitizer 4-(2-(5-(4-(diphenylamino)phenyl)thiophen-2-yl)vinyl)-1-(2-hydroxyethyl)
pyridin-1-ium bromide (THB) was firstly encapsulated into nanovesicles derived from easily accessible adipose stem cells (ANVs)
to create THB@QANYVs, which exhibits enhanced bacteria-targeting property and multiple tissue remodeling effects. To deliver
THB@QANVSs, an injectable click-chemistry hydrogel of carboxymethyl chitosan was used to form a wound treatment system
for deep scald wounds. The hydrogel can well matching the wound morphology and respond to the acidic microenvironment of
the wound to accelerate sustained release. In vivo wound healing evaluations show that the composite hydrogel can efficiently
accelerate wound healing by reducing the number of bacteria, promoting early angiogenesis, and regulating immune reaction.

)

This study provides a simple, low-cost, and effective “one-stop” strategy with diverse functions and wide applicability for scald

wound remodeling and antibiosis.

1. Introduction

Scald or burn injuries deep into the dermis always face obstacles during the recovery process due to both
decline in repair function and persistent infection,!'3) which can result in chronic wound healing and pose a
risk of sepsis.[* Various tissue engineered materials with beneficial healing ingredients have been developed
for serve scald or burn wound healing,®! however, always can’t realize mass production.[®l Stem cells can be
expanded in vitro , and exhibit high activity in enhancing metabolism, regulating immunity, and promoting
skin reconstruction.[”/But cell transplantation on wound is facing low survival rates, and potential safety risks
on tumor cells and organ, which obstruct its clinical promotion.!®1% While, extracellular vesicles (EVs) of
stem cells not only retain their effective cytokines, but also exhibit greater safety, stability, tissue penetration,
and delivery capacity.[''"13] Besides, facile nanovesicle extrusion technology from cell membranes has also
been reported to replicate characteristics of EVs, making cells-derived nanovesicles a hopeful candidate for
precision treatment.[!*17) However, the anti-infectious ability of nanovesicles still needs to be enhanced.



The bacteria present in the necrotic tissue invade deeply, producing toxins and other metabolites, and re-
sulting in persistent inflammation.!*®! Deep injuries that cover larger surface area (over 15% of the total
adult body surface) carry a higher risk of cytokines diffusing throughout the body, which can lead to sys-
temic inflammatory response syndrome (SIRS), multiple organ dysfunction syndrome (MODS), sepsis, and
even death.[!?! Besides, antibiotic resistance can easily occur due to the use of systemic antibiotics for the
treatment of localized infections.[2%) Photodynamic therapy without leading to drug resistance has attracted
considerable attention in the field of antibiotics.21:22] Tang et al have reported a series of aggregation-induced
emission (AIE) photosensitizers that hold potential applications in bioimaging and photodynamic therapy.
The aggregates of AlEgens in aqueous condition demonstrate not only high luminescence efficiencies but also
efficient reactive oxygen species (ROS) generation, photostability and bacterial targeting ability. [23.24] Thus,
it might be feasible to enhance the anti-infectious property of nanovesicles through AIEgens encapsulation.

For long-term wound treatment processes, continuous delivery of nanovesicles is also crucial. The commonly
used injection method would result in rapid metabolism and degradation of nanovesicles on wounds, short-
ening their effective time.?® To achieve sustained and effective concentration, a controllable release carrier
that can protect the nanovesicles and form a reservoir on the wound is urgently needed. Based on the wet
healing theory, hydrogel wound dressing can protect the wound from exposure to infections, absorb excess
exudate, and promote the dissolution and exfoliation of deep necrotic tissue.26:27] However, the preparation
of controllable release hydrogels commonly requires UV light, heating or catalyst for gelation, which might
harm the beneficial biological components of nanovesicles.[?8] Temperature sensitive hydrogel PF-127 have
been utilized for in situ gelation on wounds without affecting the functions of nanovesicles,?! but it is more
suitable for a constant temperature internal environment rather than on the surface of the skin.
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Scheme 1. Schematic illustration for the contrustion and deep scald wound repairment mechanism of
THB@QANVs encapsulated hydrogel, the wound recovery process was presented from left to right.

In this study, we used easily accessible adult adipose-derived stem cells to extrude mass-produced
nanovesicles (ANVs), which were then combined with photodynamic AIE nanoparticles of 4-(2-(5-(4-
(diphenylamino)phenyl)thiophen-2-yl)vinyl)-1-(2-hydroxyethyl) pyridin-1-ium bromide (THB) to enhance



their anti-infectious ability (denoted as THBQANVs). To encapsulate the THBQANVs without altering
their active ingredients, we used a heat-, light-, and catalyst-free crosslinking amino-yne click chemistry
CMC-DA hydrogel composed from amino-rich water-soluble carboxymethyl chitosan (CMC) and di-activated
alkyne-modified polyethylene glycol (PEG-DA)[% (Scheme 1). Our research demonstrated that this hydrogel
can match the shape of a wound through injection, and that the g -aminoacrylate bond in the hydrogel can
accelerate the release of contents in response to the acidic environment of the wound. In vivo wound healing
evaluations are also conducted to investigate the effectiveness of this comprehensive hydrogel for treating
bacterial infections, promoting wound tissue repair, and reducing treatment time.

2. Results and Discussion

2.1 Preparation and characterization of ANVs
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Figure 1. Characterization of ANVs and THB@ANVs: (A) The morphology of ANVs (left) and
THB@QANVs (right), THB NPs in THB@QANVs were marked out by triangle. Scale bar: 100 nm. (B)
Coomassie blue-stained SDS polyacrylamide gel after separation of 10 ug of total ADSCs cell lysates or
ANVs. (C) PL spectra of TPAH in the mixed solution of ethanol/hexane with different hexane fractions.
(D) Plots of the relative emission intensity (aarg=1 /Iy ) versus hexane fraction. I ¢ and I are the peak val-
ues of fluorescence intensities of THB in ethanol and ethanol/hexane mixtures, respectively. (E) Normalized
absorption UV /vis spectra for ANVs, THB NPs, and THB@QANVSs in PBS. (F) Hydrodynamic diameters and
(G) Zeta potential values for ANVs, THB NPs, and THBQANVs measured by DLS. Diameters of lidluted
(H) ANVs and (I) THB@QANVs were tested by NTA. (J) DiO (green) and THB (red) co-localization within
ANVs was assessed by confocal microscopy. Scale bar=100 ym.

The healing and regeneration of skin wounds is a complex physiological process that requires multiple tissues
and cells to work together synergistically in order to replace, repair, and reconstruct missing tissue layers
and cellular structures. Achieving this using a single pharmaceutical component can be difficult, but the
components found in stem cells may fully meet this demand. Adipose-derived stem cells (ADSCs), which
can be easily obtained from adipose tissues, have been shown to exert protective effects in several diseases



through the exosomes they release.l3!) Therefore, we chose ADSCs as our material source for preparing ANVs
using a simple extrusion method, with the aim of mimicking the functions of ADSC exosomes.'®! As shown
in Figure 1A (left), ANVs display a tea cup holder-like structure with a size of 100-200 nm, as observed by
transmission electron microscopy (TEM). This structure is similar to that of natural exosomes, indicating
that the preparation of ANVs was successful. The nanoparticle tracking analysis (NTA) in Figure 2I shows
that the size of ANVs is 168.344.5 nm, with a yield of 1.99 x 10'°/10° cells. Additionally, using the BCA
detection method, the protein concentration of nanovesicles is approximately 201 w g/10°. In Figure 1B,
the protein profiles of ANVs match closely with the total proteins found within whole cells, suggesting that
characteristic proteins derived from ADSCs are well-retained in ANVs.

2.2 Preparation and characterization of THB@QANVs

2.2.1 Characterization of}-(2-(5-(4-(diphenylamino)phenyl)thiophen-2-yl)vinyl)-1-(2-hydrozyethyl) pyridin-
1-ium bromide (THB)

Pyridinium moiety-containing red light AIlEgens with n-conjugation structures have been shown to exhibit
a distinct enhancement of ROS generation capacity induced by aggregation, making them a promising op-
tion for photodynamic antibacterial applications.!3?] These positively charged AIEgens require only natural
sunlight or white light with equivalent energy density to generate ROS 3334, Here, we designed a hydrox-
ypyridinium moiety containing water soluble THB, which is expected to allow for better loading into and
release from nanovesicles, while achieving high antibacterial activity. The THB was synthetized by facile
organic reactions in high yield, and the structures of THB and intermediates were characterized by 'H and
13C nuclear magnetic resonance spectra and high-resolution mass spectra (HRMS) (Figure S17S5). As a hy-
drophilic molecule that can be well dispersed in water, the aqueous solution of THB is almost non-emissive.
Thus, the AIE properties of THB were tested with different volume percentage of hexane as poor solvent
(Figure 1C and 1D). The photoluminescent (PL) intensities gradually increase and bule-shifted with increas-
ing fraction of hexane, due to the formation of nanoaggregates. The enhanced emissions in aggregates could
be attributed to the restriction of rotor motions, which activate radiative decay process. The maximum
absorption of THB is 464 nm (Figure S6), while the maximum emission in the aggregation state is located
at 647 nm, indicating its red-emission property and large Stokes shift.

2.2.2 Characterization of THBQANVs

THB@ANVSs can be prepared by co-incubating THB nanoparticles (NPs) with 400 nm ANVs, followed by
extruding the mixture through a 200 nm liposome membrane. The obtained THBQANVs were compared
with THB NPs and 200 nm ANVs without THB. As shown in Figure 1C, the characteristic absorption band
of THB at 464 nm can be observed in the UV /Vis absorption spectra of THBQANVs. The loaded THB
NPs can be observed in the TEM morphology of THBQANVs (Figure 1A, right, marked with triangles).
Hydrodynamic particle size and Zeta potentials tested by DLS and NTA at optimal conditions before and
after encapsulation were shown in Figure 1F~1H. The hydration effect leads to a larger particle size measure-
ment by DLS as compared to NTA. The isolated ANVs and THBQANYVs mainly match the TEM results,
with diameters ranging from 30 to 300 nm. The particle sizes of THB@QANVs prepared with different initial
concentrations of THB NPs were evaluated at a fixed ANVs concentrations of 100 ug/mL (Figure S7). An
optimal initial concentration of 50 uM THB NPs was chosen to obtained a hydrodynamic diameter of 204.1
nm for THB@ANVs, which is close to that of ANVs (230.6 nm). When the concentration of THB NPs
is further increased, they can also distribute onto the outer surface of the membranes. This might result
in electrostatic attraction between ANVs, leading to an increase of hydrodynamic diameter. Calculated by
the standard curve (Figures S8), a final concentration of 35 nmol THB/100 ug ANVs was obtained, cor-
responding to a loading capacity of approximately 19.6%. As shown in Figure 1J, the red fluorescence of
THB has also been utilized to co-localized with the membrane labeled with 3,3-dioctadecyloxacarbocyanine
perchlorate (DiO), further confirming the successful coupling of THB into ANVs.

2.3 In vitro wound repair promoting experiment of ANVs and THBQANVs

2.8.1 Cell proliferation and migration promoting effects



ADSCs and its natural extracellular vesicles (EVs) have been reported to show positive impact in promoting
wound healing.[3%36] The ANVs prepared in this work have similar components to ADSCs, so it is also
possible to exhibit similar functions. Using HaCaT cells as a model cell type, cell scratch test and Transwell
assay were employed to investigate the migration promoting effects of ANVs and THBQANVs. The in vitro
scratch wound model is a straightforward and reproducible approach for studying cells migration and wound
closure. According to the results (Figure 2A), ANVs and THB@QANVSs can significantly enhance migration
of HaCaT cells from the edge of the scratch compared to the control group after 24 h. More HaCaT cells
in the upper Transwell chamber were observed to pass through the membrane into the lower chamber when
ANVs or THB@QANVSs were added (Figure 2B), which is consistent with the results of cell scratch test.
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Figure 2. In vitro wound repair promoting experiment of THB NPs;, ANVs and THBQANVs. (A)In vitro
wound scratch assay on HaCaT cells at 0 h, 12 h, and 24 h. Scale bar: 500 pm. (B) Effect of THB NPs, ANVs
or THBQANVSs on chemotaxis of HaCaT cells by Transwell. Scale bar: 100 pm. (C) EdU incorporation
assay of HaCaT cells incubated with THB NPs, ANVs or THBQANVs. (D) Cell proliferation of THB NPs,
ANVs or THB@QANVs on HaCaT cells using MTT (n = 3). Macrophages were treated with LPS (1ug/ml)
and levels of (E)TNF-a, (F) IL-6, and (G)IL-10 were assessed by ELISA after incubation with THB NPs,
ANVs or THBQANVs (¥**** p < 0.0001, n = 3).



EdU incorporation and MTT staining assay were used to analyze their cell proliferation promoting effects.
The number of EdU-positive cells increased after treatment with ANVs and THBQANVs, indicating an
increase in DNA replication levels (Figure 2C). And the number of cells in MTT also significantly increased
in a dose-dependent manner (Figure 2D). Both of them prove that the ANVs and THBQANVS still retain
the function of ADSCs in promoting cell proliferation. The effect of ANVs and THBQANVs on other types
of wound repair related cells is similar, which were detailed in Figure S9 and S10. No statistical difference
was observed between ANVs group and THBQANVs group, indicating that the addition of AIE molecules
did not adversely affect the proliferation and migration of cells.

2.3.2 Inflammatory regulation ability

Macrophages are innate immune cells that play a key role in host defense, wound healing, and immune
regulation.l®”In the early stages of wound, M1 can cause inflammation and resist infection. However, after
wound antibacterial procedure, it is necessary for macrophages to transition from M1 type to M2 type as soon
as possible in order to more effectively promote the process of wound repair. ADSCs have been proven to
promote wound repair and regulate inflammation.!3®3% Therefore, ANVs derived from ADSCs are expected
to have the ability to regulate inflammation as well. To test this hypothesis, we used the lipopolysaccharide
(LPS)-induced M1 phenotype as a positive control, while inactivated My as a negative control. As shown in
Figure 2E"2G, macrophages incubated with the ANVs or THBQANVs expressed a significant inhibition of
pro-inflammatory factors (TNF-a, IL-6) and promotion of anti-inflammatory factors (IL-10). Taken together,
the massively produced functionalized THB@QANYVs can preserving the wound healing effect of original stem
cells, and the cells exhibit little mutual repulsion towards ANVs from different individuals, enabling this
kind of nanovesicles to have broad applications.

2.4 Preparation and characterization of hydrogel

2.4.1 Preparation of CMC-DA hydrogels



C 170 D

100l - o PR P
ol * ™® -
L\ S1a0 ,.*"'"J 2 6
% £ e g
%v 7’% £ 120 ,f P - % N —=—pH8
- Bl LY

0 1 2 3 4 5 & 0 20 40 60 80 100
Time (h) Time (h)
o

-
B

—— pHB 5%
——pH7 5%
304 ——pHB 5%

Compression (kPa)

1020 30 40 50 60 70
Stress (%)

@
[
2

s
3

102%|

Compression (kPa)
w
Modulus (Pa)

2

o 2 N v & o
N

Compression Modulus (kPa) T
=

10 20 30 40 50
Stress (%)

10 100 1 10 100
Strain (%) Strain (%)

Modulus (Pa)
Modulus (Pa)
2 3 3 3

N

.
.
.-
10° 10 e

0.0
1 10 100 1 10 100 10° 10° 10" 10° 10" 10° 10°
Angular Frequence (rad/s) Angular Frequence (rad/s)

share rate (s")

Figure 3. Characterization of CMC-DA hydrogel. (A) SEM morphology of the 4% hydrogels (Scale bar:
20 pm) and (B) statistical results of hydrogel pore size. (C) Swelling property of hydrogels in different buffer
with pH of 7, 6 and 5 respectively. (D) Hydrogels in different buffer with pH of 8, 7 and 6 in 3 days, and
the (E) representative images, the pH is 8, 7 and 6 from left to right, rhodamine B staining was applied to
the hydrogel to enhance contrast. Stress—strain curves of 5% (F) and 4% (G) hydrogels in pH of 8, 7 and 6.
(H) The Young’s modulus of 5% and 4% hydrogels in pH of 8, 7 and 6. Strain sweep of (I) 5% and (J) 4%
hydrogels under an angular frequency of 1 Hz, the crossover of storage modulus (G’) and loss modulus (G”)
indicates the breakage strain. Frequency-sweep curves of the (K) 5% and (L) 4% hydrogels at a fixing strain

of 3%. (M) Evolution of 4% hydrogel viscosity with shear rate. (N) The injectability and the appearance of
the 4% hydrogel.

Through early research of click chemistry based on activated alkynes and amines, it was found that an amino
groups containing long-chain polymer can spontaneously react with ester-actived alkyne-modified linkers to
form a cross-linked network structure. “0-4When water molecules are tightly interlocked within the cross-
linked network structure, the hydrogel can be formed. Commercially accessible and water-soluble CMC
contains abundant amino groups, as well as good bacteriostatic, coagulative, biocompatible and biodegrad-
able characteristics.[?] In this work, we prepared and characterized a di-actived alkyne modified PEG-4000
cross-linking agent (PEG-DA) (Figure S11), which was utilized for a catalytic free hydrogel (CMC-DA)
preparation with CMC at room temperature.

The micromorphology of the CMC-DA hydrogel was observed by scanning electron microscope (SEM) (Fig-
ure 3A). The hydrogel exhibits a uniform pore size distribution, as shown in Figure 3B, with an average
diameter of approximately 4.0 um. The high porosity percentage and interconnected pores of hydrogel pro-



vide sufficient space for loading nanovesicles and facilitate nutrient transport. The successful preparation of
the hydrogel can also be confirmed by the Fourier transform infrared (FT-IR) spectrum (Figure S12). Ac-
cording to the test with a concentration of 1.5% 5% and a ratio of activated alkyne and amine groups at 1:1
(Table S1), gelation can proceed smoothly when the concentration exceeds 3%. The increase in concentration
promoted the speed of gelation and mechanical strength.

2.4.2 pH responsive swelling and degradation of hydrogel

Due to the presence of dynamic 8 -aminoacrylate bond, which can breaks in response to changes in pH3],

we tested the pH responsive swelling and degradation properties of hydrogel. Hydrogels with hydrophilic
nature are able to absorb water or exudate from the wound tissue and regulate the humidity of the wound
surface. As shown in Figure 3C, the swelling kinetics increased and reached the plateau after 6 h. The
swelling capacity decreased as pH decrease in acidic environment, due to the occurrence of degradation. The
swelling ratio of the hydrogel is also an important parameter to control the release kinetics of the drug.
It is closely related to the diffusion of the drug into the surrounding media by regulating the rate of drug
penetration and drug diffusion/dissolution within the hydrogel. Based on the results shown in Figure 3D,
the release ratio of THBQANVs was evaluated in alkaline, neutral, and acidic environments. There was
no indication of a burst release during this period, and over 80% of the THBQANVs can be released from
hydrogel after 3 d. The release kinetics in an acidic environment were faster compared to neutral or alkaline
pH, which may be related to the degradation of B -aminoacrylate bond in hydrogel under acidic conditions.
It can be clearly observed in Figure 3E that the CMC-DA gel will first swell within a certain time and then
degrade gradually. Thus, we hypothesis that on infected wounds with lower pH, the release of THBQANV
will be accelerated, and the hydrogel can slowly breakdown on the wound surface. By testing the release of
vesicular protein from hydrogel, it can be found that hydrogel can protect the protein and keep the release
process stable (Figure S13). These results proved the hydrogel a promising material for drug delivery and
tissue engineering applications.

2.4.8 Mechanical behaviors and injectability of hydrogels

To achieve optimal wound repair, it is desirable to use materials with mechanical characteristics similar to
the skin, which helps to maintain structural integrity when the skin tissue is deformed by external force.
Considering the time cost and mechanical strength, 4% and 5% hydrogels have been chosen for exploration.
We used compression stress—strain assessment to determine the mechanical characteristic of hydrogels (Figure
3F"H). The mechanical strength of 4% and 5% hydrogels were both affected by the change of pH. Under
neutral conditions, the Young’s modulus of 4% and 5% hydrogel are 2.88 and 4.00 KPa, respectively, and
decreased in alkaline or acidic condition. We performed strain sweep tests to determine the breakage strains
of hydrogels. The corresponding elastic modulus (G’) and loss modulus (G”) under 1 Hz oscillation frequency
are shown in Figure 3I and 3J. As the strain increased, the increase of G’ and G” and a cross-over between
G’ and G” can be observed, indicating that the viscoelastic behavior of hydrogel shifts from an elastic gel
to sol due to extreme deformation and ultimate breakage. As concentration increases, the breaking strain
decreases due to a higher brittleness. The elasticity of hydrogel meets the requirements for wound repair.

Injectability is desirable in biomedical application for the localized administration of the therapeutic hydrogel.
During injection, the hydrogel experiences severe share forces when passing through the narrow nozzle of a
syringe or needle. Therefore, the suitable response of hydrogel to shear is essential for an applicable injectable
hydrogel. To evaluate the viscoelastic properties of the hydrogels, a frequency-sweep test was conducted to
measure the values of G’ and G” for both hydrogels (Figure 3K, 3L). It was observed that both hydrogels
exhibited a linear response range between 1710 Hz, affirming their elastic and stable properties. The values
of G’ was significantly higher than G”, indicating a solid-like behavior. The frequency-sweep intersection
point indicates a change of the hydrogel from solid to liquid state at high frequency. Notably, the viscosity
of the 4% hydrogel decreased rapidly with an increase in shear force, indicating its possible injectability
(Figure 3M). As shown in Figure 3N, the hydrogel mixture was added to a 1 mL single-channel syringe and
allowed to gelation for 12 h, then injected into different pattern with a needle diameter of 16 G.



2.5 In Vitro Effects of the Hybrid Hydrogel
2.5.1 Biocompatibility

To support the growth and proliferation of cells in wound tissue, biocompatibility of hydrogel should also be
tested. The biocompatibility of hydrogel was evaluated by direct live/dead staining assay and MTT assay on
HaCaT cells. As shown in figure 4A and 4B, different concentrations of hydrogel had no negative effect on
cellular viability and proliferation. Most cells are alive (green fluorescence) in both the control and hydrogel
group, with only a few dead cells present (red fluorescence), indicating that the hydrogel have satisfactory
cytocompatibility. As wound dressings inevitably come in contact with blood, hemolysis assay also was
conducted to further evaluate the hemocompatibility of the hydrogels. As shown in Figure 4C, incubation of
hydrogel or THB@QANVs with the red blood cells did not result in any apparent hemolysis. The results above
suggest that the THBQANVs delivered hydrogel showed good biocompatible, non-hemolytic, and suitable
for wound cell growth and proliferation.
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Figure 4. (A) Cell viability of HaCaT cells with different concentrations of hydrogels, n =3. (B) Cell
compatibility of HaCaT cells incubated with hydrogel by live/dead staining assay, Scale bar: 100 ym. (C)
Blood compatibility, and hemolysis rate of 5 mg/mL hydrogel, THBQANVs hydrogel or corresponding
quantity of THB@QANVs, n =3. Identification of ROS generation of THB NPs based on (D) DCFH and
(E) ABDA indicator under 100 mW cm™ white light irradiation, the concentration of THB NPs is 1 pM.
Identification of!Oy generation of THB NPs based on indicator. (F) Inhibits growth of S. aureus and
E. coli by THB NPs, THBQANVs, or THBQANVs hydrogel under 100 mW cm™ white light irradiation
(corresponding concentration of THB is 5 uM). (G) { potentials of E. coliand S. aureus pretreated with
or without THB NPs or THB@QANVs, the potentials of bacteria were measured after centrifuging to the
bacteria and resuspended in saline. (H) Fluorescence and merged images of E. coli and S. aureus incubated
with THBQANVs. (I) SEM images of E.coli and S. aureus treated with THBQANVSs before and after 100
mW cm? white light irradiation, Scale bar: 500nm.

2.5.2 Antibacterial ability assay



The ROS generation capability of THB was initially tested employing commercially available dichlorodi-
hydrofluorescein diacetate (DCFH) and 9,10-anthracenediylbis(methylene)-dimalonic acid (ABDA) (Figure
4D, 4E). The fluorescence of DCFH rapidly increased with white light irradiation time at the presence of
low concentration THB, demonstrating the good total ROS generation efficiency of THB. The absorbance
of ABDA also decreased as the increasing generation of singlet oxygen, suggesting the potential photody-
namic antibacterial performance of THB. S. aureus or E. coli was incubated with THB NPs, THBQANVs
or THB@QANYVS hydrogels under the same conditions to investigate the photodynamic killing effect on Gram-
negative and Gram-positive bacteria by traditional plate method. All groups exhibit high photodynamic
antibacterial ability againstS. aureus under white light irradiation with a killing rate of nearly 100 % (Figure
4F, S14). Besides, we were surprised to find that the antibacterial ability of THB against Gram-negative
bacteria was notably enhanced after encapsulated into ANVs.

Both Gram-positive and Gram-negative bacteria are negatively charged, which facilitates the positively
charged THB to stain, but the thick outer membranes of Gram-positive bacteria might obstruct the binding
process. To figure out the reason for the increased antibacterial efficacy change of THB ANVs on Gram-
positive bacteria and Gram-negative bacteria, the surface charges of the bacteria were measured by Zeta
potentials (¢ ), aiming to investigate the interactions between the bacteria and THB (Figure 4G). Apparent
positive potential shift of both S. aureus and E. coli was observed after being incubated with THBQANVS,
while the { potentials of E. coli incubated with THB NPs remain almost constant compared with that
of E. coli alone. The above results indicate that the ANVs encapsulation process of photosensitizers may
enhanced their antibacterial activity by increasing the binding ability of THB with Gram-negative bacteria.
The aggregation induced luminescence properties of THB was also used for bacteria imaging. It was visualized
in Figure 4H that both the fluorescent signal of S. aureus and E. coli showing excellent image contrast to the
background after incubation with THB@ANVs. This proves the bacterial targeting ability of THBQANVs
on both kind of bacteria. The higher labeling efficiency of S. aureus than FE. coli can also be observed, which
is consistent with the better killing effect onS. aureus . As shown in Figure 41, SEM was further applied
to gain insights into the morphology changes of S. aureus and E. coli upon treatment with THBQANVSs,
followed by white light irradiation. After THBQANVs-based PDT treatment, the bacteria underwent shape
change of cell walls shrinkage and fusion, providing direct evidence of the bacteria killing effects.

2.6 In vivo wound healing assessment of deep second-degreescald wound
2.6.1 In vivo wound assay

Skin is the main barrier that protects the body against external damage bacterial infection. Upon scald
injury, bacteria can easily penetrate during the lengthy wound recovery process. In vitro studies have shown
that the THB@QANVSs hydrogel has great promise for bacteria resist and scald wound repair. Therefore, the
deep second-degree scald wound model (16mm in diameter) of rat was successfully established using a scald
equipment, with parameters set at 500 g, 95 , 15s (Figure S15). As shown in Figure 5A, hydrogels were
applied on the wound after debridement treatment, and S. aureus were dropped onto the wound surface to
verify the anti-infectious ability of THB@QANVs hydrogel. Different to human, the primary wound closure of
rat relies more on contracture of the loose skin, rather than re-epithelialization and deposition of connective
tissue. Thus, silicone fixing rings are used to increase the tension of skins in the wound healing assessment
of rats. The photographic images of the wound appearances on days 1, 3, 7, and 14 time points taken
after treatment with PBS, blank hydrogels, ANVs hydrogels or THBQANVs hydrogels on the deep second-
degree scald model of rats are shown in Figure 5B. To quantitatively determine the wound regeneration, the
percentages of wound sizes were measured and analyzed (figure 5C).
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Figure 5. Evaluation of hydrogel in promoting second-degree scald wound repairment. (A) Schematic
diagram of scald wound molding and the timeline of hydrogel therapeutic effect assay. (B) Representative
images of the wound at day 0, 1, 3, 7, 14, and the diagrams of time-evolved wound areas. (C) Statistical
analysis of the wound area (n = 3) (D) Photographs of bacteria from the wound tissues on day 3, cultured
on Luria-Bertani (LB) medium and mannitol salt agar medium (MSA) after diluting 1000-fold, and blood
vessels at the wound sites on day 21 after different treatments. Vascular regeneration analysis at the wound
sites on day 21 was counted by (E) the number of master junctions and (F) the number of mashes.

The size of the wound in all groups tended to decrease, but compared with the control group and the
blank hydrogel group, the wound healing speed of ANVs or THBQANVs encapsulated hydrogels can be
significantly improve. On the 3th day, due to the good antibacterial effect of THB, the bacteria infection
in THB@QANVs hydrogel group were significantly inhibited, only few bacterial colonies can be obseved after
white light photodynamic treatment (Figure 5D), which proved that THBQANVSs hydrogel could effectively
kill and inhibit the bacteria on the wound. At the same time, it can be observed that there was already
obvious granulation tissue on the wound surface of the THB@QANVs hydrogel group on 3th day. The wound
area of ANVs or THB@QANVs hydrogels on the 7th and 14th day of wound healing are smaller than that of
the other two groups, which proves the healing promoting ability of the ANVs. On day 21, higher vascular
densities can be observed in ANVs and THB@ANVs hydrogel group with high numbers of vascular master
junctions and mashes (Figure 5D75F). It proves that ANVs can increase the supply of nutrients to wounds by
promoting angiogenesis, thereby accelerating wound healing. The above results indicate that photodynamic
THB@QANVs encapsulated hydrogel is a good material to prevent bacterial infection at the defected sites
and promoting wound repair at the same time.

2.6.2 Histological analysis
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During the remodeling phase, collagen deposition can indicate the integrity of skin repair, with its ability
to improve the tensile strength and epidermal integrity of the tissue. To further find the healing effect of
the hydrogels on the wound tissues, the representative H&E and Masson’s trichrome staining on days 7 and
14 were carried out on the dissected wound tissues (Figure 6A). ANVs can enhanced collagen deposition on
the regenerated tissue sites. The quantified wound macroscopic observations were in accordance with the
closure rates. This also confirmed the in vitro cell experiment results. Higher expression of collagen in scald
wound area was observed in ANV hydrogel and THB@QANVs hydrogel group at day 7 and 14. Both data
showed that the wounds heal of THBQANVs hydrogel group were significantly enhanced.
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Figure 6. (A)Representative H&E-stained images and Masson’s trichrome staining image of the wounds
on day 7. Bar, 500 yum. Representative images of wounded (day 7) skin stained to show the expression of
(B) CD31 (green) and a-SMA (red) in the wounds (blue); (C) CD86 (green) and CD163 (red) in the wounds
(blue). Bar, 100 pm.

As shown in Figure 6B and 6C, to further analyze the enhancement effect in wound recovery, the immunoflu-
orescence staining of wound tissues on day 7 were processed. In the proliferation phase, the occurrence of
neovascularization is critical to ensure the transport of nutrients and oxygen to the wound site to sustain fi-
broblast proliferation, collagen synthesis, and re-epithelialization. Immunostaining of the platelet endothelial
cell adhesion molecule-1 (CD31) can assess the presence of newly generated vessels in the granulation tissue.
The o-smooth muscle actin (a-SMA) is closely related to the proliferation of fibroblasts. The wound sections
from the ANVs and THB@QANVs hydrogel groups had more CD31 and a-SMA compared to the control
group. This result suggests that THBQANVSs hydrogel can enhance the healing process more rapidly. Fur-
thermore, CD86 and CD163 staining verified that the M2/M1 macrophage of THBQANVs hydrogel group
is the highest among all groups, demonstrating the wound healing had entered to proliferative phase earlier
than other groups.

3. Conclusion

In conclusion, a novel AIE modified ADSCs-derived nanovesicles encapsulated in click-chemistry hydrogel
has been concentrated for deep scald wound treatment and inflammation regulation. Easily accessible adi-
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pose stem cells-derived nanovesicles (ANVs) are encapsulated with antibacterial photodynamic aggregation-
induced emission photosensitizer (THB) to form THBQANVs, which has been proved to show outstanding
antibacterial and tissue remodeling effect. The THBQANVs can be delivered by an injectable click-chemistry
hydrogel to form a “one-stop” deep scald wound treatment system, which is worth popularizing in wound
treatment. We observed the significant role of THBQANVs hydrogel in regulating scald wound inflamma-
tion and promoting cell proliferation and migration, which is expected to achieve the prevention of wound
infection sepsis, and will be further studied in our group.

Experimental section
4.1 Chemical reagents and materials

Dulbecco’s Modifed Essential Medium (DMEM) and fetal bovine serum (FBS) were purchased from Gibco
(Life Technologies). Phosphate buffered saline (PBS), penicillin, streptomycin, IL-10, IL-6, TNF-o ELISA
kits, and DiO were purchased from Thermo Fisher Scientifc. BCA protein assay kit, calcein/PT cell viability
assay kit, SDS-PAGE gel quick preparation kit, QuickBlock western, EdU cell proliferation kit (488 nm),
MTT cell proliferation and cytotoxicity assay kit, crystal violet, phenylmethanesulfonyl fluoride (PMSF),
ethylene diamine tetraacetic acid (EDTA), and RIPA lysis buffer were purchased from Beyotime Biotechnol-
ogy. Carboxymethyl chitosan (molecular weight 240 KDa, degree of deacetylation greater than 90%, degree
of amino substitution 90%) were purchased from Shanghai Macklin Biochemical Technology Co., Ltd. 3M
Transparent film Dress (1624W) were purchased from 3M Tegaderm.

All the chemicals were used as received without further purification. 5-(4-(diphenylamino)phenyl)thiophene-
2-carbaldehyde and 1-(2-hydroxyethyl)-4-methylpyridin-1-ium bromide were synthesized according to a lit-
erature method.

4.2 Preparation of ADSCs-derived nanovesicles (ANVs) and AIE molecular encapsulated ANVs
4.2.1 Preparation of ADSCs-derived nanovesicles (ANVs)

The Sprague-Dawley (SD) rats weighting about 100 g were used to take adipose tissue from the groin.
The adipose tissue was cut into lmm? small masses and digested with 1% type I collagenase and stop
by PBS after 30 min. After centrifuge at 300 xg for 10 min, the supernatant and undigested tissue were
removed, precipitated cells were resuspended with DMEM containing 10% FBS. The residual red blood
cells were lysed with 1xRBC lysis buffer, and the collected cells were resuspended and filtered with 200
mesh cell filter and centrifuged at 300 xg for 10 min to obtain the ADSCs. The ADSCs were purified by
collecting adherent cells after amplification culture in low-sugar DMEM containing 10% FBS and and 1%
(v/v) penicillin/streptomycin and used at passages 475 in all experiments. The stem cell properties were
identified by morphological observation and induced differentiation experiment.

The ADSCs were lysed with hypotonic cell lysis buffer (1 mmol/L NaHCOg, 0.2 mmol/L EDTA, 1 mmol/L
PMSF, 200 uL/107 cells) at 4 after cultured to 70°80%, and then further ground with a tissue grinder.
Centrifuge the solution with 3200 xg at 4 for 5 min to collect the supernatant. By repeatedly extruding the
supernatant through 400 and 200 nm polycarbonate trace etching (PCTE) membrane of liposome extruder
in sequence, the collected cell membrane can be reconstructed into nanovesicles (ANVs). SDS-PAGE of
ADSCs and ANVs protein samples extracted by RIPA lysis buffer were further mixed with 6x loading buffer
and placed at 95 *C for 10 min. Gels were running at 150 V for 30 min with SDS-PAGE rapid electrophoresis
buffer.

4.2.2  Preparation of THB (4-(2-(5-(4-(diphenylamino)phenyl)thiophen-2-yl)vinyl)-1-(2-hydroxyethyl)
pyridin-1-ium bromide)

THB of AIE properity was produced by simple organic reactions. The  5-(4-
(diphenylamino)phenyl)thiophene-2-carbaldehyde was generated by Suzuki-Miyaura coupling reaction
of 4-bromo-N,N-diphenylaniline with (5-formylthiophen-2-yl)boronic acid, and then a condensation reaction
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with 1-(2-hydroxyethyl)-4-methylpyridin-1-ium bromide was underwent to give THB with a total yield of
69%.

4.2.83 Preparation of THB@QANVs

After incubated 100 pg/mL 400 nm ANVs with THB at 4 for 30 min, the THBQANVs was then reconstructed
by repeatedly extruding through a 200 nm PCTE membrane of liposome extruder. The THBQANVs can
be purified by centrifugation at 10000 xg for 30 min and then dialysis with 100 kDa ultrafiltration tube.

4.2.4 Transmission electron microscopy of ANVs and THB@ANYVs

The ANVs and THB@QANVs samples were initially fixed by equal volume of 4% paraformaldehyde in PBS for
1 h, then applied to carbon Formvar film-coated transmission electron microscopy (TEM) grid, and incubated
for 20 min at room temperature. After washing with PBS, the samples were fixed with 1% glutaraldehyde
for 5 min, and stained with 1% uranyl acetate for 30 s, then dried before viewing.

4.8 In vitro evaluation of the repair promoting effect of ANVs and THBQANVs
4.3.1 In vitro wound healing assay

The HaCaT cells were seeded in 24-well plates and incubated to 100% confluence. Scratches were generated
using a 200 uL pipette tip. After using 500 uL PBS to wash out the non-adherent cells, 500 uL of low serum
medium containing 1% FBS and ANVs or AIEQANVs was added into each well. Images were acquired by
microscope at 0 h, 12 h, and 24 h. The wound areas were measured using Image J.

4.3.2 Transwell cell migration assay

The Transwell migration assay were conducted using 24-well Transwell insert with 8 ym pore (Corning,
Milan, Italy), 200 pl cell suspension (1 x 10° cells/ml in basic medium) was added on top of the filter
membrane and incubated for 10 minutes at 37 °C and 5% COs to allow the cells to settle down. Carefully
added 600yl medium containing 5% FBS and ANVs or THB@QANVs into the bottom of the lower chamber
without generating bubbles, and incubated for 12748h. After removing the media and remaining cells on top
of the filter membrane, the cells on the other side of the membrane were fixed with 4% polyformaldehyde for
20 min, and then stained by 0.2% crystal violet for 5-10 minutes. Images of cells were acquired by microscope
and analyzed by Image J.

4.3.8 EdU incorporation assay

EdU incorporation assay were performed using BeyoClick EAU Cell Proliferation Kit with Alexa Fluor 488
(Beyotime). Cells (4x10% cells/mL) in 24-well were treated with ANVs or AIEQANVSs for 24 hours, then
incubated with EAU (20 mmol/L) for 2 hours. The cells were fixed with 4% paraformaldehyde for 20 minutes
at room temperature, and washed with PBS (containing 3% BSA). Then, the cells were treated with Triton
X-100 (0.3% in PBS) for 10 min. After washing again with PBS, the cells were incubated with 100ul click
additive solution (containing CuSOy4 and Azide 488) at room temperature for 30 min. Nucleus was stained
by 1x Hochest 33342 at room temperature for 10 min. After washing with PBS, the cells were observed by
fluorescence microscopy.

4.4 Preparation and characterization of CMC-PEG hydrogel
4.4.1 Preparation of CMC-PEG hydrogel

PEG-DA was prepared in large quantities by the esterification reaction of PEG-4000 and propionic acid
under the catalysis ofp -toluenesulfonic acid in toluene according to the literature.[?%) After purification,
PEG-DA and CMC of equal molar ratio of functional groups were dissolved in the PBS solution of ANVs
or THBQANVSs with a weight percent of 4%, the solution was stored at 4 overnight to gelation.

4.4.2 Acid responsive assay of hydrogel
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Swelling: A certain weight of hydrogel was immersed in excess pH 5, 6, or 7 phosphate saline buffer. The
weight was measured at predetermined time intervals after dried the surface of hydrogel. The swelling ratio
was calculated as: Swelling ratio= (Whydrogei- Wo)/Wo, where Whyarogells the weight after swelling and W
is the weight before swelling,.

Release: The hydrogel samples of certain weight were put in the pH 6, 7, 8 sterilized phosphate-buffered
saline (PBS) at 37 degC, which was shaken at 100 rpm/min. The samples were taken out in the time points
to test the corresponding absorption of THBQANVs. The degradation of hydrogel at different pH was also
photographed.

4.4.8 MTT cell proliferation assay of hydrogel

To evaluation the biocompatibility of the hydrogels, the extraction solutions of THBQANVSs hydrogels were
first prepared according to ISO 10 993-5 standard. Briefly, the hydrogel (surface area 1 cm2) was soaked in 1
ml DMEM and then placed at 37 *C for 24h to obtain the extraction solutions of the hydrogels. Afterward,
108 cells were cultured in the extraction solutions in 96-well plates for 24 h at 37 *C and 5% CO,. Then,
the medium was replaced with an MTT solution (0.5 mg ml™!) and the plates were placed in an incubator
incubated for 4 h. The precipitated formazan was dissolved in isopropanol for 15 min and the absorbance
was read at 570 nm.

4.4.4 Apoptosis analysis

The number of apoptotic and necrotic cells was analyzed by AM&PI staining apoptosis detection kit. In
brief, 2 x 10°HaCaT cells were cultured overnight in 6-well plates. After removing the culture medium, the
cells were incubated in the extraction solution obtained by soaking the hydrogels in culture medium for 24
h. The cells were stained with AM (5 pl) and PI (5 pl), left in dark for 15 min then observed by fluorescence
microscopy.

4.4.5 Hemolysis test

The porcine red blood cells separated from the whole blood were gently wash with 3 volumes of saline, then
centrifuged at 500 1000 r/min for 5 minutes, repeating the process 273 times. After being diluted 20 times,
the red blood cells were incubated with an equal volume of saline, deionized water, AIE EVs solution or
hydrogels immersed solutions at 37 for 3h. The supernatants were obtained by centrifugating the mixture at
750g for bmin, and their absorbance at 545 nm will be measured. The hemolysis rates are calculated as the
following formula: Hemolysis rate (%) = (A-Asatine) / (Awater - Asaline) X100%. The hemolysis rate exceeds
5% is considered hemolysis.

4.4.6 Antibacterial ability assay of THB@QANVs

The bacteria imaging was carried by mixing 90 yL of bacteria with 10 pL newly prepared THBQANVs
for 20 min at ambient temperature, then observed on glass slides. The images were collected under FL
microscope (100x, excitation filter 528-553nm, dichroic mirror 565nm, emission filter 578-663nm). Scanning
electron microscopy (SEM) was applied to observe the morphologies of the bacteria before and after treated
with THBQANVs. After the treatment above, the bacteria were fixed with 2% glutaraldehyde at 4 degC
overnight and then rinsed with water, followed by dehydration with a sequential ethanol/water mixtures
with an increasing ethanol volume of 30%, 50%, 70%, 80%, 90%, 95%, and 100%, respectively. Finally, the
samples were dropped on a silicon wafer, vacuum dried, and coated with platinum before observation.

4.4.7 Antibacterial experiment of hydrogel

The 2 cm? sterile hydrogels were soaked in 180 uL sterilized PBS for 3d, then 20 uL bacterial suspension
(1x107) was added to incubation with each hydrogel for 30 min. The mixtures were irradiated with white
light at a power density of 100 mW/cm? for 10 min. They were then diluted 10 times with saline and
vigorously mixed in a centrifuge tube. Next, further diluted the mixture by a 1:100 ratio, and take 100 ul
of the resulting solution to spread on Luria-Bertani agar plates. The plates were kept at 37 °C for 14718 h
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in an incubator, followed by photography and cell counting. The tests were repeated three times for each
group, and the results were expressed as killing rate (%):

Killing rate (%) = (Cell count of control-Cell count with hydrogel)/Cell count of controlx100%
4.5 In vivo wound healing assessment in a deep Ildeg scald wound molding

On 0 d, The SD rats weighing 180-200 g were anesthetized with inhaled gas anesthesia (O 2 L/min,2%
isoflurane) before surgery, and the hair on their back was shaved. To induce a deep Ildeg scald wound,
a preheated copper-block (500g) of a temperature control scald instrument at the temperature of 95 degC
for 15 s at the dorsal area of each rat. Twelve rats were randomly divided into four groups with different
treatments: (1) Control group in which saline alone was applied to the wounds, (2) blank hydrogel group,
(3) ANVs hydrogel group, (4) THB@QANVs hydrogel group. 2mm hydrogel in with the same area as the
wound were applied to cover the wounds of group (2)(3)(4).

On 1d, 60 uL of 10 S. aureus were dropped onto the wound surface after debridement, then saline or
hydrogel were applied to the scald wound and covered by Tegaderm film dressing (3M Deutschland GmbH,
Neuss, Germany). After incubating the hydrogel on the wound for 6 hours, photodynamic therapy was
performed using 100 mW /cm? white light source for 10 min. The sustained release time of gel is 3 days,
and the frequency of dressing change is consistent with it. Photodynamic therapy was performed every day
from 177d, and every other day from 8 14d, and sampled on days 3, 7, 14 and 21 have been collected. The
images of wound healing regions were recorded on days 0, 1, 3, 7, and 14. The wound areas and vascular
regeneration were measured and analyzed by Image J software.

4.6 Histopathological analyses

Skin tissues were fixed with 10% formaldehyde for 48 h and then embedded in paraffin and sectioned at a
thickness of 4 ym. The samples were then stained with Hematoxylin & Eosin (H&E), Masson’s trichrome or
immunofluorescence. They were observed by a pathology slide scanner for the general assessment of wound
regeneration.
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Easily accessible adipose stem cells-derived nanovesicles (ANVs) are encapsulated with antibacterial photo-
dynamic aggregation-induced emission photosensitizer (THB) to form THB@ANVs, which has been proved
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to show outstanding antibacterial and tissue remodeling effect. The THBQANVs can be delivered by an
injectable click-chemistry hydrogel to form a “one-stop” deep scald wound treatment system.

Keywords scald wound, hydrogel, nanovesicles, aggregation-induced emission, adipose stem cells
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