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Abstract
Deep full-thickness burn wounds are prone to multi-drug resistant (MDR) infections following injury, which extends the heal-
ing time. Thus, providing a bioactive hydrogel dressing with prolonged antimicrobial activity and reduced dressing changes 
is quite desirable for accelerating burn wound healing and preventing scarring. To achieve this, we developed an injectable 
hydrogel based on silk sericin (SS), poly(vinyl alcohol) (PVA), and PVA microspheres (MSs) containing vancomycin (VA), 
gentamicin (GEN), or their association (VG) for the healing of infected burn wounds. The microspheres were prepared by 
inverse emulsion crosslinking, while the hydrogels were prepared by freeze-thawing cycles. Antibacterial studies showed 
that gentamicin acts synergistically with vancomycin by increasing the bacterial killing rate and enhancing the biofilm inhi-
bition and eradication effects on methicillin-resistant Staphylococcus aureus more than on Pseudomonas aeruginosa and 
Escherichia coli. Findings from FESEM images showed that the microspheres were sphere-shaped with a smooth surface 
and their average diameter ranging from 26.22 to 32.42 μm suitable for parenteral drug delivery. The prepared hydrogel 
containing 10% of microspheres was more elastic than viscous, with lower tan delta values (< 1) suited for deeper injection 
with homogeneous tissue integration. The incorporation of VG-PVAMS in the PVA/SS hydrogel led to zero-order release 
kinetics and efficient antimicrobial effects. Moreover, the in vivo study using a rat full-thickness burn model showed that 
the VG-PVAMS@PVA/SS hydrogel displays a better therapeutic effect than drug-free PVAMS@PVA/SS hydrogel and 
 Tegaderm™ film dressing by inducing early vascularization and collagen deposition, leading to early re-epithelialization 
and burn wound closure.
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1 Introduction

The skin is the largest and most complex organ of the human 
body. Involved in the innate immune defense, it is a multi-
layer barrier that effectively protects the body against pen-
etration of foreign substances originating from the external 
environment that it directly relates to [1]. It is exposed to 
numerous injuries, among which burns constitute a public 
health problem. A deep burn of the skin causes immune 
depression at the cutaneous and mucosal barrier levels, 
resulting in infectious complications that generate a heavy 
economic and social burden due to their recurrence and mor-
bidity, which further increases death risks [2].

The burn wound, germ-free, in the first hours post-burning,  
is in fact promptly colonized (within 48 h) by cutaneous 
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microorganisms (predominantly Gram-positive bacteria) and 
then (by the end of the first week) by mainly Gram-negative 
bacteria or fungi of digestive, respiratory, or environmental 
origins [3, 4]. Afterward, the burn wound can be colonized 
by resistant microorganisms, including methicillin-resistant 
Staphylococcus aureus (MRSA), multi-drug resistant (MDR) 
Pseudomonas, and vancomycin-resistant Enterococcus (VRE) 
[5]. In infected burn wounds, germs preferentially lodge at the 
junction between the burned zone and the adjacent healthy 
zone, where they find a moist, warm, and protein-rich envi-
ronment conducive to microbial development, whereas the 
weak vascularity that limits the influx of immune cells allows 
microbial escape from the immune system and antibiotics [3, 
4]. The rapidly growing microbial population then contrib-
utes to the maceration of the burned area and destruction 
of unburned skin tissue [6]. Moreover, burn injuries often 
develop eschars that cover the wound and create a favorable 
environment for microbial growth [3, 4]. Fortunately, the use 
of topical antimicrobials and adequate dressings can enable 
wound cleaning and clearance of infectious contaminants. 
However, the pathophysiology of deep burn is still not fully 
understood, challenging the design of effective dressings and 
therapeutic strategies [7].

Wound dressings are biomaterials with an important role 
in the treatment of skin wounds. They promote the regenera-
tion of neotissue and, at the same time, prevent infections 
during long-term treatment [8]. Among biomaterials, hydro-
gels, particularly injectable ones that can perfectly adapt to 
the wound shape, are usually preferred for the management 
of burn wounds, due to their high water content and also 
their swelling ability, great porosity, soft consistency, bio-
compatibility, and morphological similarity with natural 
tissues [7, 8]. For improved biological responses, hydrogels 
are enriched with drugs incorporated into nanoparticles [9, 
10], nanofibers [11, 12], nanofiber nanoparticle assemblies 
[13], microspheres, microsponges, or liposomes as carriers 
[14–16]. Compared to microspheres, liposomes provide a 
relatively low rate of drug encapsulation efficiency (around 
30%) and turn out to be expensive because of their require-
ment for ultra-pure materials [17]. In fact, though the cost of 
their formulations is a major stumbling block to their thera-
peutic applications in wound healing [18], nanomaterials 
have a positive impact on wound healing at every stage [18]. 
Additionally, nanoparticles have a higher surface area [13], 
resulting in a faster dissolving rate, faster absorption, and 
enhanced bioavailability compared to microparticles [19]. 
Similarly, nanofibers are particularly prone to hydrolytic 
degradation due to their huge surface area-to-volume ratio, 
which could result in a faster rate of degradation than micro-
fibers [13, 20]. Interestingly, embedding drug-encapsulating 
microspheres or nanofiber nanoparticles within a hydrogel 
matrix yields enhanced control of the sustained drug release 
compared to the use of individual vehicles [13, 21]. Among 

the different types of carriers, microspheres stand out by 
providing advantageous drug stability [22]. For their fabrica-
tion, both natural and synthetic polymers can be used [23, 
24]. Herein, the microspheres were obtained from a widely 
applied and biocompatible synthetic polymer, poly (vinyl 
alcohol) (PVA).

PVA is a hydrosoluble synthetic polymer with a semi-
crystalline structure. Its composites are used in a variety of 
biomedical fields, including contact drug delivery systems 
and wound dressings [25]. It presents good biological and 
physical properties, namely non-toxicity, non-carcinogenic-
ity, biodegradability, and swelling properties [25]. Thanks 
to its numerous hydrophilic functional groups, PVA can be 
mixed with silk sericin (SS) to improve its biological prop-
erties. SS is a protein containing essential amino acids and 
an elevated content of hydrophilic amino acids, particularly 
serin, which makes it water-soluble [26]. Biocompatibility, 
antibacterial, UV absorbency, high moisture absorbency, 
antioxidant, anticoagulase, anti-wrinkle, moisturizing, and 
whitening properties constitute the main qualities of SS [26]. 
Hence, as a functional degradable biomaterial, SS is often 
used as a polymer in association with other polymers for 
the formation of useful hydrogels [27]. Actually, because of 
its amorphous nature, SS requires improving its mechanical 
properties with complementary materials to extend its bio-
medical application; in this prospect, blending with PVA is 
one of the best solutions [27].

Antibiotics have been shown to be the most effective 
antibacterial agents to date, after metal antimicrobials 
[28]. However, the emergence of antibiotic resistance has 
become a major obstruction to their progress and applica-
tion [28]. Thus, it is imperious to develop novel therapeu-
tic approaches that are effective to overcome MDR. As of 
November 2017, new molecular entity (NME) antibiotics 
approved by the US FDA were developed to control MDR 
Gram-negative bacteria included ceftolozane-tazobactam, 
ceftaroline fosamil, delafloxacin, ceftazidime-avibactam, 
secnidazole, and meropenem-vaborbactam [29]. In fact, the 
therapeutic approaches against MDR include antivirulence 
therapy, antibiotic-adjuvant combination, antibiotic-antibiotic 
combination, and antibiotic hybrids [29]. Studies have shown 
that a combination of antibiotics can, to some extent, combat 
MDR infections as this increases drug potency due to syner-
gistic effects between different drugs [30, 31]. What is more, 
the combination of antibiotics may lead to the synthesis of 
an antibiotic hybrid, which is the fusion of different pharma-
cophores crosslinked into one heteromeric unit expected to 
retain or increase their biological actions [29, 32]. Approved 
by the US FDA in September 2020, cefiderocol (ceftazidime 
+ siderophore) is an antibiotic hybrid used for the manage-
ment of MDR aerobic Gram-negative bacteria [33]. More 
antibiotic hybrids are under clinical trials, such as cadazolid 
(ciprofloxacin + tedizolid) against Gram-positive bacteria 
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and TNP-2092 (ciprofloxacin + rifampin) for treating skin 
infections, including bacteremia [29].

Therefore, herein, we used vancomycin (VA) and gen-
tamicin (GEN) to fabricate an antimicrobial microsphere 
based on PVA/SS hydrogel for preventing or fighting burn 
wound infections, including MRSA infection. VA and GEN 
are antibacterial drugs that have been approved by the US 
FDA, and information on their pharmacological proper-
ties in clinical development is available. Thus, the time and 
financial expense of evaluating these drugs in combination 
form could be reduced.

The therapeutic choices for burn wound infection due to 
resistant strains such as MRSA are limited. In such cases, 
VA is the optimal drug for the management of MRSA and 
resistant Staphylococcus aureus (S. aureus) infections. VA 
kills bacteria by inhibiting the development of peptidogly-
can, a component of the Gram-positive bacteria cell wall 
[34]. It can also inhibit the growth of planktonic and bio-
film Candida spp. [35]. Some strains of S. aureus may be 
VA-intermediate (VISA) or VA–resistant S. aureus (VRSA) 
[34, 36]. Therefore, vancomycin can be combined with 
other agents, such as GEN, in the expectation of having a 
greater antimicrobial effect based on a synergistic interaction 
between the two drugs [37]. GEN is an aminoglycoside that 
displays bactericidal behavior against a broad spectrum of 
microorganisms, including MDR Pseudomonas aeruginosa 
(P. aeruginosa), Escherichia coli (E. coli), and S. aureus. It 
acts by binding to ribosomal RNA, which causes the syn-
thesis of abnormal proteins, leading to bacterial death [37].

The originality of this study can be accredited to two 
features. First, the suggested system uses a biodegradable 
and injectable PVA/SS hydrogel containing microspheres 
as a parenteral drug delivery vehicle for sustained deliv-
ery of drugs in the burn wound site, which simultaneously 
enhances cell proliferation and adhesion owing to the incor-
poration of SS, has prolonged antimicrobial effects due 
to VA and GEN, and mechanical performance similar to 
the skin due to the incorporation of PVA. In fact, the con-
comitant application of sustained antimicrobial delivery in 
combination with the excellent biocompatible features of 
PVA and SS is projected to accelerate burn wound healing. 
Next, this study also investigates the antibacterial interac-
tion between VA and GEN against pathogens involved in 
burn wound infection. The injectable hydrogel loaded with 
microspheres was thoroughly characterized for its physico-
chemical properties, drug release ability, and antimicrobial 
activity against P. aeruginosa, E. coli, and MRSA. Moreo-
ver, biological performance was investigated both in vitro 
and in vivo. All results show that the microsphere hydrogel 
containing VA and GEN displays superior antimicrobial 
activity, thermal stability, higher water uptake, and faster 
burn wound closure than the drug-free microsphere hydro-
gel and commercial  Tegaderm™ film. Therefore, the study 

suggests that the microsphere hydrogel containing VA and 
GEN holds great potential for burn wound healing.

2  Experimental section

2.1  Evaluation of in vitro interaction 
between vancomycin and gentamicin

The time-kill method was used to study the interaction 
between VA and GEN for all microbial strains used in 
this study. The antibiotic concentrations used represented 
the MIC values. A broth culture with no drugs was used 
as a control. On the basis of the McFarland standard and 
optical density, the inoculum concentration  (107 CFU/mL) 
was determined. Solutions of GEN, VA, and VG were pre-
pared in tubes, and every tube was inoculated (including the 
control) with the culture of the respective microorganism. 
Optical density was evaluated at 0, 3, 6, 9, and 24 h after 
incubation at 37 °C under shaking (50 rpm). Dilutions were 
prepared as desired for titer determination. Moreover, results 
were confirmed by colony counts on Mueller Hinton agar 
(MHA) plates following seeding of the tubes’ contents (24 
h incubation at 37 °C). Synergism was defined as a decrease 
in colony counts of at least twofold at 24 h with the mixture 
of antibiotics compared with that of the most active single 
antibiotic. The test was implemented in triplicate cultures 
and was repeated at least 3 times. The values signify the 
means and standard deviations.

2.2  Preparation of drug‑PVA microspheres

Drug-loaded PVA microspheres were prepared by inverse 
emulsion crosslinking (Fig. 1A). Briefly, PVA solution with 
a concentration of 6.5% was prepared by dissolving PVA 
powder in 12 mL of hot distilled water (90 ºC) under mag-
netic stirring. After it was completely dissolved, the solu-
tion was allowed to cool down to room temperature (RT). 
The antibiotics (VA, GEN, or VG mixture) were thereafter 
added to the PVA solution at a mass ratio of 15:100. The 
drug-loaded PVA solution was further stirred until the solu-
tion became transparent. The dispersion solution contained 
72 mL of liquid paraffin and 2.0% Span 80. The drug-PVA 
solution was dispersed by adding it in a dropwise manner 
into the liquid paraffin with magnetic stirring at 600 rpm for 
30 min to form water in oil (w/o) dispersion. Afterward, 2.5 
mL of glutaraldehyde was added slowly to the medium; five 
minutes later, 1.5 mL of 1 M HCl was added to the solution 
as a catalyst. The reaction system was kept at 50 ºC for con-
tinued crosslinking for up to 3 h. The microspheres could 
then be recovered by concentrating them through spinning at 
5000 rpm for 10 min. They were thus washed with petroleum 
ester and ethanol twice each, followed by washing with an 
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excess 4% glycine solution to remove the residual glutaral-
dehyde. The microspheres, including drug-free poly (vinyl 
alcohol) microsphere (drug-free PVAMS), gentamicin-Poly 
(vinyl alcohol) microsphere (GEN-PVAMS), vancomycin-
poly(vinyl alcohol) microsphere (VA-PVAMS), and van-
comycin/gentamicin-Poly (vinyl alcohol) microsphere 
(VG-PVAMS), were freeze-dried overnight and kept in a 
desiccator for further use.

2.3  Characterization of PVA microsphere

The microspheres were characterized by Fourier transform 
infrared (FTIR) spectroscopy, morphological observations, 
measurements of encapsulation efficiency and drug loading, 
and antimicrobial activity. For FTIR (VERTEX 70, Bruker, 
Germany), the microspheres were frozen and dried. The 
spectra were recorded from 64 scans between 4000 and 400 
 cm−1 with a resolution of 4  cm−1.

The amount of encapsulated drug and drug loading were 
analyzed by spectrophotometer with the following proce-
dure: A sample of drug-loaded PVAMS was crushed and 
dissolved in PBS and the mixture was stirred until stabili-
zation of the absorption of the supernatant at 282 nm (the 
absorption wavelength for VA) or 355 nm (the absorption 
wavelength for GEN) was achieved. The encapsulation effi-
ciency and drug loading were expressed by Eqs. (1) and (2).

The morphology of microsphere composites was char-
acterized using FESEM (NovaNanoSEM450, FEI, USA). 
Frozen dried microspheres were sputter-coated with 
gold–palladium and observed under FESEM. Meanwhile, 
the antimicrobial activity was assessed by the agar well dif-
fusion method. Various amounts of powdered microspheres 
(25, 50, 75, and 100 mg) were dissolved in 1 ml of distilled 
water, respectively. Microbes were seeded on solid agar and 
incubated at 37 °C for 24 h. In brief, inocula of  105 CFU/
ml were obtained by dilution of microbial liquid cultures 
with sterile Mueller Hinton broth (MHB), and MHA was 
then swabbed (sterile cotton swabs) with the microbial 

(1)Encapsulation eff iciency (%) =
Mass of drug in microspheres

Mass of drug used for microsphere formulation
× 100

(2)

Drug loading (%) =
Mass of drug in microspheres

Mass of microspheres
× 100

suspensions prepared from 24-h-old broth cultures. This 
was followed by creating agar wells using a sterile borer. 
Then, about 200 µl of microsphere solutions with diverse 
concentrations were added to the wells before incubation at 
37 °C for 24 h. Drug-free PVAMS were used as a negative 
control. Then the diameter of the inhibition zones (mm), if 
any, was evaluated. Experiments were repeated three times.

2.4  Preparation of silk sericin

Bombyx mori cocoons were sliced into small pieces, and SS 
was obtained using a high temperature and pressure deg-
umming technique [38]. In brief, cocoons were placed in 
distilled water (10 g in 300 mL) and autoclaved at 120 °C 
for 1 h. After filtration through filter paper followed by cen-
trifugation to eliminate silk fibroin, the SS solution was con-
centrated to the preferred concentration by dialysis against 
PEG solution and lyophilized. The SS powder was kept at 
-20 °C until use. The SS extraction procedure is summarized 
in Fig. 1B.

2.5  Preparation of microsphere hydrogels

Poly (vinyl alcohol) was added to deionized water and stirred 
constantly at 90 °C for 4 h to constitute a 2% uniform solu-
tion (Fig. 1C). The SS solution (2%) was prepared by dis-
solving the necessary amount of SS in distilled water with 
gentle shaking at 90 °C for 1 h. A volume of SS (0.4 mL) 
solution was blended with PVA solution (0.6 mL) to prepare 
a PVA/SS solution. Next, 100 mg of each PVAMS were 
mixed in 1 mL of PVA/SS solution and the mixture was 
filled into a 1 mL syringe (BD 5 mL Syringe Precision Glide 

Needle 20G). Freeze–thaw cycles (8 h at -20 °C and 4 h at 
RT for two cycles) were applied to the suspension to form 
a physically crosslinked PVA/SS hydrogel with embedded 
PVAMSs. The physically crosslinked composites including 
drug-free poly (vinyl alcohol) microsphere@Poly (vinyl 
alcohol) /silk sericin hydrogel (drug-free PVAMS@PVA/SS 
hydrogel), gentamicin-poly (vinyl alcohol) microsphere@
Poly (vinyl alcohol) /silk sericin hydrogel (GEN-PVAMS@
PVA/SS hydrogel), vancomycin-poly (vinyl alcohol) micro-
sphere@Poly (vinyl alcohol)/silk sericin hydrogel (VA-
PVAMS@PVA/SS hydrogel), and vancomycin/gentamicin-
poly (vinyl alcohol) microsphere@Poly (vinyl alcohol)/silk 
sericin hydrogels (VG-PVAMS@PVA/SS hydrogel) were 
subsequently removed from the syringes and kept at 4 °C for 
further use. The procedure is summarized in Fig. 1.

Fig. 1  Schematic illustration of the preparation of PVAMS@PVA/SS 
hydrogels with or without gentamicin and vancomycin. (A) Prepara-
tion of drug-free PVAMS and drug-PVAMS, (B) Preparation of silk 
sericin at 2%, (C) Preparation of PVA at 2%, and (D) formation of 
drug-free PVAMS@PVA/SS hydrogel and drug-PVAMS@PVA/SS 
hydrogel following freeze-thawing cycles, as well as their application 
for burn wound healing

◂
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2.6  Analytical methods and characterization 
techniques of microsphere hydrogels

2.6.1  Field emission scanning electron microscopy (FESEM)

The cross-sectional investigations of the produced micro-
sphere hydrogel composites were carried out by FESEM 
(Nova33NanoSEM450, FEI, USA). All frozen-dried sam-
ples were sputter-coated with gold palladium and then 
observed under a microscope.

2.6.2  Fourier transform infrared (FTIR)

The physicochemical characterization of the produced 
microsphere hydrogel composites was performed with 
FTIR (VERTEX 70, Bruker, Germany). The sample prep-
aration and measurements were processed as described 
above for microspheres.

2.6.3  X‑ray diffraction (XRD)

An X-ray diffractometer (X'Pert3 Powder, PANalytical 
B.V, Netherlands) equipped with Cu Kα radiation (λ = 
1.54 Å) at 40 kV and 40 mA was used to examine the 
crystalline structure of produced microsphere hydrogel 
composites. The angle of continuous scanning varied from 
10 to 70°. The infrared spectra were processed by software 
to evaluate the results.

2.6.4  Thermogravimetric analysis (TGA)

The thermal performance of samples was assessed with 
TGA (TGA8000, PerkinElmer, USA) under a nitrogen 
atmosphere and at a heating rate of 10 °C/min from RT 
to 600 °C.

2.6.5  Swelling ratio (SR)

Samples were dehydrated at 50 °C in a vacuum oven for 
6 h and the sample mass (We) was established. The dried 
samples were immersed in deionized water, held at 37 °C, 
and weighed (Ws) at precise time periods. The SR of sam-
ples was established using the subsequent Eq. (3).

2.6.6  Release of SS, VA, and GEN from the hydrogels

The release of SS from hydrogels was obtained after put-
ting the hydrogels into PBS (pH 7.4) at RT with constant 
stirring in a closed container. The hydrogels (1 mL) were 

(3)SR (%) =
Ws −We

We

× 100

taken out at diverse instant points (0, 1, 15, 30 min, 1, 2, 
and 3 days), and the quantity of SS in the solution was 
determined using a BCA protein assay kit. In brief, the 
solvable SS was collected, blended with BCA reagents, 
and incubated at RT. The absorbance was established at 
562 nm, and the quantity of SS released was compared 
with a BSA standard curve.

To evaluate the VA and GEN releases, we established 
a correlation between VA and GEN concentrations and 
UV-spectrophotometry absorption, respectively. The result 
showed UV-spectrophotometry absorption was closely cor-
related with VA and GEN concentrations, indicating it could 
be used for the purpose of drug release. The release of VA 
and GEN was tested in PBS (PH 7.4) at 37 °C. At given time 
points, an aliquot was levied from the solution immersing 
the different samples to evaluate the VA and GEN release 
profiles according to their given absorbance (282 for VA 
and 355 for GEN). All experiments were performed in trip-
licates. The amount of drug released was calculated using 
Eq. (4).

2.6.7  Rheological properties test

For each hydrogel, 1 mL was used for rheological studies 
conducted on a controlled stress rheometer (Kinexus ultra 
+ , Malvern Instrument Ltd., U.K.) using a 50 mm parallel 
plate and a 0.5 mm gap distance at 25 °C. The amplitude 
sweep strain controlled was performed at a fixed oscilla-
tion frequency of 1 Hz and a variable applied shear strain 
of 1–1000% with samples per decade of 10. For the cyclic 
strain measurements, the frequency was set at 1 Hz. The 
hydrogels then underwent testing through a multi-step pro-
cess, being subjected to 1% strain for 100 s, 100% strain 
for 100 s, 200% strain for 100 s, and 800% strain for 100 s. 
A shear rate ramp linear evaluating sample viscosity was 
performed as well, with a shear rate ranging from 0.1  s−1 to 
3000  s−1, a ramp time of 2 min, and a sample number of 20 
for all tested hydrogels at a constant temperature of about 
25 ± 0.1 ºC.

2.6.8  Antimicrobial studies

The disk diffusion method was utilized, with MRSA, P. 
aeruginosa, and E. coli as the selected test bacteria. Nutri-
ent agar and nutrient broth were prepared. The microbes 
were cultured for 24 h at 37 °C in nutrient broth. Successive 
dilutions were performed to achieve the desired numbers 
of microbes and test concentrations. Agar plates were then 
inoculated with  105 CFU/mL of bacteria distributed over 

(4)Release (%) =
Amount of drug released

Total drug loaded
× 100
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the agar surface. Thereafter, hydrogels were incised (1 cm) 
and placed on the bacterial solid cultures before taking them 
to incubation at 37 °C for 24 h after which a ruler was used 
to measure the diameter of the inhibition zones, if any. All 
steps were carried out aseptically.

2.6.9  Biocompatibility testing

To study the effects of samples on the behavior of skin cells, 
HaCaT and 3T3 cell lines were used. Cells were maintained 
in DMEM complemented with 10% FBS and 1% PS at 37 
°C and 5%  CO2 in a humidified air incubator. The media 
was replaced every 2 days. For in vitro studies, HaCaT and 
3T3 cells from passages 3–6 were used. The samples were 
sterilized by immersion in 75% (v/v) ethanol for 1 h, fol-
lowed by rigorous washing with sterile PBS (pH 7.4) three 
times to remove the alcohol constituents. The sterile scaf-
folds were incubated in the above complete media at 37 °C 
with 5%  CO2 to prepare the extracts. After incubation for 24 
h, all scaffolds were kindly removed and the extracts were 
preserved aseptically for further assessment of their cyto-
toxicity. For the latter purpose, HaCaT and 3T3 cells were 
seeded at a density of  104 cells/cm2 in 96-well plates with 
100 µL of complete media and kept in culture for 24 h to 
form a semi-confluent monolayer. Then, the culture media 
were completely substituted with sample extracts, and the 
cells were then incubated for a further 24 h, 48 h, and 72 h. 
Regular culture medium was used as a control. At the differ-
ent time points, cell viability was determined by the CCK-8 
assay. Briefly, the CCK-8 solution was added to ongoing 
cultures with refreshed media at a ratio of 1:10. Cultures 
were returned to incubation for 1.5 h, after which WST-8 
(water-soluble tetrazolium salt contained in the CCK-8 
kit) was reduced to formazan (a yellow-colored product), 
which is soluble in the culture medium by dehydrogenases 
in viable cells. The absorbance of each tested sample at 450 
nm was then measured using a microplate reader (Multis-
kanEX, Thermo Fisher Scientific, USA). The quantity of the 
formazan dye produced by the activity of dehydrogenases in 
cells correlates with the number of viable cells. The experi-
ments were performed in triplicates. Furthermore, the cells 
cultured with the extracts were double-stained with calcein 
AM and propidium iodide (live/dead cell stains, respec-
tively) staining. The stained cells were observed under a 
confocal microscope (FV1000, Olympus, Japan).

2.6.10  Hemolitic test

Three milliliters of rat blood obtained by cardiac puncture 
(Fig. S6, Supplementary Information) were washed four 
times with 14 mL of PBS solution by centrifugation at 500 
g for 10 min at 4 ºC. Then, the supernatant was removed 
and the red blood cell (RBC) pellet was resuspended at 2% 

with PBS. The prepared hydrogels, Triton X-0.5 (positive 
control), and PBS (negative control) in the amount of 150 
μL were added (respectively) to 1350 μL of RBC solution 
in tubes. Then, different tubes were placed in incubation 
at 37 °C under shaking (40 rpm) for 6 h. Afterward, the 
suspensions were put through centrifugation at 2500 g for 
5 min. The results were analyzed macroscopically, then 
100 μL of the supernatant from each tube was placed into 
a 96-well plate. The absorbance was read at 540 nm in a 
microplate reader (MultiskanEX, Thermo Fisher Scien-
tific, USA). The percentage (%) of hemolysis was estab-
lished as:

2.7  In vivo animal experiment

The burn wound healing effectiveness of drug-free PVAMS@
PVA/SS hydrogel and VG-PVAMS@PVA/SS hydrogel was 
studied using male Sprague–Dawley (SD) rats aged 7–8 weeks 
(200–250 g). All animal experiments were performed with the 
approval of the Hubei Provincial Center for disease control and 
prevention. The rats were bred individually in standard cages 
kept at 24 ± 2 °C with 50–70% humidity and subjected to 12 
h of light/dark cycles while having access to food and water 
ad libitum. All rats were permitted to acclimatize to the labora-
tory environment for 7 days prior to the experiment. Eighteen 
rats were anesthetized by intraperitoneal injection of 10% chlo-
ral hydrate (300 mg/kg); then dorsal hairs were removed with a 
clipper before using a razor blade for the entire shaving. After 
successive sterilization of skin using iodine and 75% ethanol, 
three full-thickness burn wounds were generated on the dorsal 
side of each rat with a custom-made aluminum rod, which 
was heated to 100 ºC over an open flame for 15 s. The deep 
burn wounds affecting the three skin layers were histologically 
confirmed at days 0, 1, and 2 post-rat burning without treat-
ment. For dressing testing, the burn wounds of each test animal 
were treated with commercially available  Tegaderm™ film as 
a control, drug-free PVAMS@PVA/SS hydrogel, and VG-
PVAMS@PVA/SS hydrogel, respectively. All dressings were 
changed every two days during all the experiments. At each 
dressing change, the burn wound was debrided if necessary, 
especially after the first 48 h, and gently cleaned with sterilized 
saline. Before further examinations, the wound appearance for 
individual wounds was photographed on days 0, 2, 5, 7, 10, 14, 
and 21. The burn wound area was then measured by ImageJ 
(NIH, USA) to calculate the wound healing rate following the 
Eq. (6):

(5)

Hemolysis (%) =
(Absorbancesample − AbsorbancePBS)

(AbsorbanceTritonx−0.5 − AbsorbancePBS)
× 100

(6)WHR =
Ai − Af

Ai
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where WHR is the wound healing rate,  Ai and  Af represent 
the burn wound area at day 0 and day n, respectively.

Next, microbiological analyses of burned skin were eval-
uated on days 3, 7, 14, and 21. Bacterial counts on burn 
wound beds were performed using the moist swab technique.

2.7.1  Histopathological and immunological analyses

The rats were sacrificed at different experimental endpoints 
(days 7, 14, and 21) and their tissues were extracted, washed 
with normal saline, fixed with 4% paraformaldehyde solution, 
embedded in paraffin, sectioned, dewaxed with a series of 
xylene and ethanol, and stained with hematoxylin and eosin 
(H&E) or Masson’s trichrome reagents (Wuhan Servicebio 
Technology CO., LTD) for histopathological analysis.

Immunohistochemistry analysis was accomplished by 
first slicing paraffin-infiltrated tissue with a microtome and 
then mounting the section onto charged slides. The sections 
were dewaxed with serial xylene, ethanol, and washed with 
distilled water. Then the tissue sections were processed for 
antigen retrieval, followed by blocking endogenous peroxi-
dase activity. The treated tissue sections were incubated with 
3% BSA for 30 min at RT to avoid non-specific binding, fol-
lowed by incubation with primary antibodies (diluted with 
PBS) overnight at 4˚C in a humidity chamber to prevent 
evaporation of the antibody solution.

The used primary antibodies from Wuhan Servicebio 
Technology CO., LTD were anti-CD31 (CD31, GB113151, 
dilution 1:500), anti-CK14 (CK14, GB11803, dilution 
1:1000), and anti- α -SMA (α-SMA, GB111364, dilution 
1:200). Then, the tissues were incubated with a secondary 
antibody (HRP-labelled goat anti-rabbit, GB23303, dilution 
1:200) for 50 min at RT. Finally, the DAB (diaminoben-
zidine) substrate of HRP was used for chromogenic stain-
ing, followed by dehydration sealing with alcohol, xylene, 
and neutral gum. Observation was done under a microscope 
(XSP-C204, CIC, Germany).

By immunofluorescence, myeloperoxidase (MPO) and 
malondialdehyde (MDA) assays were also carried out. After 
tissue dewaxing, antigen retrieval, and successive incuba-
tions with BSA, primary antibodies from Wuhan Servicebio 
Technology CO., LTD (anti-MPO, GB11224, dilution 1:500; 
anti-MDA, GB111891, 1:200) and secondary antibodies 
(CY3 goat anti-rabbit, GB21303, dilution 1:300, Service-
bio), the DAPI was used to counterstain the samples for 10 
min at RT in the dark, followed by slice stamping with an 
anti-fluorescence quench seal before collection of images 
under a fluorescence microscope (Nikon Eclipse C1, USA).

2.8  Statistical analysis

For means comparison among groups, one-way analy-
sis of variance (ANOVA) was used with Tukey's multiple 

comparison test for the post-hoc pairwise comparisons, in 
Origin Pro 8 software. All experiments were done in tripli-
cates. Statistical significance level was set at P < 0.05 with 
NS indicating no significance, *indicating P < 0.05, ** indi-
cating P < 0. 01, and *** indicating P < 0.001.

3  Results and discussion

3.1  Physical and chemical properties of vancomycin 
and gentamicin

VA and GEN sulfate were chosen for the fabrication of our 
drug-loaded injectable microspheres hydrogel because they 
have antimicrobial potential against both Gram-positive 
and Gram-negative bacteria, particularly strains of MRSA 
and VISA for VA, and for GEN, Streptococcus, Proteus, 
MDR Pseudomonas, and Staphylococcus (including strains 
resistant to colistin, tetracycline, kanamycin, and chloram-
phenicol) [34–37]. The drugs were identified by confirming 
their known physical and chemical properties. Moreover, the 
ninhydrin test revealed the presence of primary or secondary 
amine groups able to crosslink with SS and PVA and form 
a stable microsphere hydrogel (Table S1 and Fig. S1, Sup-
plementary Information).

3.2  In vitro interaction between vancomycin 
and gentamicin

The continuous increase in the occurrence of antimicrobial 
resistance has jeopardized the effective treatment of infec-
tions related to burn wounds, emphasizing the necessity for 
substitute therapies. Drug combination, such as that of VA 
and GEN in the present study, is a potential alternative. To 
study the potential interaction between VA and GEN for 
the different strains considered herein, a standard time-kill 
method was utilized. MICs (Table S2, Supplementary Infor-
mation) were chosen as test concentrations. Findings from 
the time-kill analyses are shown in Fig. 2. In Fig. 2A, the 
time-kill curve showed that GEN reduced the number of 
colonies of MRSA from 7log10 CFU/mL to 5.9log10 CFU/
mL after 9 h of incubation, which then increased to 8log10 
CFU/ml after 24 h of incubation, remaining significantly 
lower than the bacteria number in the control (8log10 CFU/
mL). This low killing efficiency can be justified by the fact 
that the concentration used was the MIC and not the MBC. 
What is more, GEN is known not to be the first choice drug 
for MRSA eradication due to its somewhat poor perfor-
mance against this species [39]. As for VA, it decreased the 
number of colonies of MRSA from 7 log10 CFU/mL to 4 
log10 CFU/mL after 24 h of incubation, thanks to the high 
specificity of its action against Gram-positive bacteria such 
as MRSA [34]. The combination of VA and GEN reduced 
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the number of MRSA colonies from 7 log10 CFU/mL down 
to 2 log10 CFU/mL (Fig. 2A). In Fig. 2B, the time-kill curve 
showed that GEN reduced the number of E. coli colonies 
from 7 log10 CFU/mL to 5 log10 CFU/mL. In the presence 
of VA, however, E. coli kept growing, although slower than 
the control, with numbers increasing from 7 log10 CFU/mL 
to 8.3 log10 CFU/mL after 24 h of incubation, confirming 
the inefficiency, with a few exceptions, of this drug against 
Gram-negative bacteria such as E. coli. In fact, the resist-
ance of Gram-negative bacteria to VA is explained by the 
large molecular size (1200–1600 Da) of the drug, which 
prevents its penetration into the bacterial cell through the 
porin proteins of its complex outer membrane. Indeed, only 
hydrophilic molecules that are less than 600 Da are allowed 
through porins by passive diffusion [40]. Hence, the action 
spectrum of VA is limited to Gram-positive germs. When 
it was combined with GEN, however, the number of E. coli 

colonies could be reduced from 7 log10 CFU/mL to 5.2 
log10 CFU/mL.

In Fig. 2C, the curve illustrates the decrease in the num-
ber of colonies of P. aeruginosa as GEN was used, from 7  
to 5.6 log10 CFU/mL. In the presence of VA, the number 
of P. aeruginosa colonies reduced from 7 log10 CFU/mL 
to 6.8 log10 CFU/ml after 9 h of incubation, before start-
ing to increase to 7.1 log10 CFU/mL after 24 h. The drug 
combination (VA + GEN) then helped reduce the number 
of colonies from 7 log10 CFU/mL to 5.4 log10 CFU/mL. 
Overall, the results of the time-kill experiment demon-
strated that VA can act synergistically with GEN against 
MRSA more strongly than against P. aeruginosa, prob-
ably by increasing the intracellular penetration of GEN. For 
Gram-positive bacteria such as MRSA, VA acts on pep-
tidoglycans, thus altering membrane permeability, which  
is probably a natural barrier to GEN; this would allow 

Fig. 2  Killing rates induced by gentamicin (GEN), vancomycin (VA), 
and gentamicin + vancomycin (VA + GEN) over 24 h. (A) MRSA, 
(B) E. coli (C), P. aeruginosa, and (D) Antibiofilm activity of VA, 

GEN, and VA + GEN. N = 3 per group. NS: no significance, *P < 
0.05, **P < 0. 01, *** P < 0.001. n = 3 per group
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the GEN to penetrate in higher quantities in the bacteria 
(Fig. 7K-L). Antibiotics with a high molecular weight, such 
as VA, can use several strategies to affect Gram-negative 
bacteria. Thus, they can presumably diffuse passively 
through the outer membrane or be uptaken by the cells 
independently of the porins (Fig. 7L). Furthermore, the 
positively charged hydrophilic molecules can interact elec-
trostatically with the negatively charged phosphate groups 
of lipid A and thus destabilize the structure of lipopoly-
saccharide and then facilitate the penetration of VA into 
the periplasm [29]. Once in the periplasm, it can diffuse 
through the inner membrane or be inadvertently taken up 
by membrane transporters [41]. This explains why the VA 
inhibits RNA synthesis in some strains of P. aeruginosa 
sensitive to the drug [42], which is reflected as growth inhi-
bition in our findings. The same trends in the results of VA 
association with Trimethoprim and Nitrofurantoin against 
Gram-negative bacteria were reported by Zhou et al. [43]. 
Thus, this study confirms the findings of enhanced activ-
ity of the VA + GEN association against MRSA. The low 
enhanced activity of this drug combination was found 
against P. aeruginosa, and no synergistic effect against E. 
coli was highlighted. The drug combination (VA + GEN) 
holds the advantage of having a broader spectrum of anti-
microbial activity against microorganisms involved in burn 
wound infections than a single drug.

3.3  Antibiofilm inhibition

Biofilms are composite populations of surface-attached 
collectives of pathogens fixed in a self-secreted extracel-
lular polysaccharide matrix [44]. The biofilm operates as 
a solid barrier to antimicrobials and the immune system, 
making microbes more resistant to conventional drugs and 
disinfectants [44]. Typical antimicrobials and disinfect-
ants frequently fail to eliminate infections because they 
do not penetrate biofilms completely to reach the hidden 
microbes or are unable to harm microbes of all species 
and metabolic states in the films [44]. The potential of VA, 
GEN, and (VA + GEN) against biofilm development from 
isolated E. coli, P. aeruginosa, and MRSA was investi-
gated using crystal violet staining (Fig. 2D). In the biofilm 
inhibition assay, drug combinations yielded the highest 
inhibition rates of 97 ± 2.5% for E. coli, 94 ± 2% for P. 
aeruginosa, and 98 ± 2.2% for MRSA. VA led to 58 ± 3% 
inhibition for MRSA, 35 ± 2% for P. aeruginosa, and 17 
± 1.5% for E. coli. With GEN, 92 ± 3% biofilm inhibition 
was obtained for E. coli, 47 ± 2.8% for MRSA, and 73 ± 
3% for P. aeruginosa. In sum, it appears that with the drug 
combination, a synergistic inhibitory effect was obtained 
against the studied microorganism, namely MRSA, in 
terms of biofilm development.

3.4  Characterization of PVA microspheres

Four types of microspheres were prepared, including 
drug-free PVAMS, GEN-PVAMS, VA-PVAMS, and VG-
PVAMS. The microspheres were characterized by exami-
nation of their FTIR and XRD spectra, drug encapsulation 
efficiency, morphology, antimicrobial activity, and biocom-
patibility. The infrared (IR) spectra (Fig. 3A) of drug-free 
PVAMS showed the feature peaks of PVA at 3261  cm−1 
(O–H stretching), 2929  cm−1 (C-H stretching), 1718  cm−1 
(-CO stretching), and 1470  cm−1  (CH2 deformation) [45, 46]. 
GEN sulfate exhibited its characteristic absorption peaks 
of amide I at 1653  cm−1, amide II at 1535  cm−1 and O–H 
stretching at 3408  cm−1. The FTIR spectra of GEN-PVAMS 
contains bands characterizing both individual components, 
suggesting their successful and optimal blending, but the 
amide I shifted from 1653  cm−1 to 1644  cm−1, whereas 
the amide II decreased in intensity and the O–H stretch-
ing shifted from 3349 to 3399  cm−1, indicating that GEN 
slightly modified the inherently ordered structure of PVA in 
microspheres. In the spectrum of VA-PVAMS, characteristic 
peaks were observed at 3392  cm−1 (stretching vibration of 
N–H), 1652  cm−1 (stretching vibration of C-H and C-N), 
1503  cm−1 (bending vibration of N–H and C = O), 1064 
 cm−1 (stretching vibration of C-O) and 1021  cm−1 (stretch-
ing vibration of C-N). The absorption bands in VA-PVAMS 
at 3398  cm−1, 1644  cm−1, and 1054  cm−1 then confirmed 
the presence of VA in PVAMS. VG-PVAMS exhibited the 
characteristic bands of all components at 3370  cm−1, 2922 
 cm−1, 1713  cm−1,1643  cm−1 and 1433  cm−1.

The XRD (Fig. 3B) of PVA powder showed a strong dif-
fraction peak at 19.4°, equivalent to its crystal planes [47]. 
Due to their amorphous nature, the GEN and VA pow-
ders did not show any crystalline peak. Compared to PVA 
powder, the strong diffraction peak characteristic of PVA 
remained but decreased in intensity and shifted at 18° in 
the drug-free PVAMS as in the drug- PVAMS, suggesting 
the addition of drugs and the microsphere fabrication pro-
cess did not affect the crystallinity of PVA. Microsphere 
morphology was evaluated using FESEM (Fig. 4A-H) and 
optical microscopy (Fig. S3, Supplementary Information). 
All microsphere formulations produced spherically shaped 
particles (Figs. S2 and S3, Supplementary Information) with 
an average size diameter and standard deviation of 31.41 ± 
6.04 μm for drug-free PVAMS (Fig. 4I), 29.11 ± 4.27 μm for 
GEN-PVAMS (Fig. 4J), 32.78 ± 5.64 μm for VA-PVAMS 
(Fig. 4K), and 29.53 ± 3.31 μm for VG-PVAMS (Fig. 4L), 
within the acceptable values of polydispersity index (≤ 0.2) 
(Fig. 4E-H) [48] and choice of adequate size diameter (< 50 
μm) for parenteral injection [49].

The results of the analysis of encapsulation efficiency 
and drug loading capacity are shown in Table  1. The 
encapsulation efficiency (EE) was studied by UV/visible 
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spectrophotometry and was found to be 68 ± 1.54% and 65 
± 1.7% for GEN-PVAMS and VA-PVAMS, respectively, 
and no significant difference in EE values was found with 
VG-PVAMS (Table  1). Subsequently, the drug loading 
capacity of VA and GEN was calculated and was found to 
be 8.2 ± 0.31% and 8.7 ± 0.47% for GEN-PVAMS and VA-
PVAMS, respectively; reduced drug loading capacity was 
found for VG-PVAMS (Table 1). These results are consistent 
with the general assumption that a high drug load suggests 
that the polymer/drug ratio will be low and that the polymer 
incorporated will not be sufficient to completely trap the 
drug, which would result in lower encapsulation efficiency.

For antimicrobial studies, the concentrations of micro-
spheres were controlled at 25 mg/mL, 50 mg/mL, 75 mg/
mL, and 100 mg/mL. The antimicrobial activity was directly 
proportional to the concentration of microspheres, suggest-
ing that 100 mg/mL of microspheres exhibited strong anti-
microbial activity (Fig. 3D-F). To analyze the biocompat-
ibility of microspheres at different concentrations (Fig. 3C), 
NIH-3T3 fibroblast cell lines were used. Sample extracts 
were obtained by submerging the microspheres in the growth 
media for 7 days and were applied for cell culture. No sig-
nificant difference was observed in the cytotoxicity of the 
different microspheres samples compared to the control, 

suggesting that all samples were biocompatible and the drug 
concentration did not affect the cell viability.

3.5  Physical appearance of the injectable 
microsphere hydrogel and rheological 
properties

Four types of injectable microsphere-loaded hydrogels 
were prepared, including drug-free PVAMS@PVA/
SS hydrogel, GEN-PVAMS@PVA/SS hydrogel, VA-
PVAMS@PVA/SS hydrogel, and VG-PVAMS@PVA/SS 
hydrogel, using the freeze–thaw method (Fig. S4). More-
over, to study the influence of embedded microspheres, 
PVA/SS hydrogel without microspheres was used as a 
control. One hundred mg/mL of microspheres in PVA/SS 
solution was the concentration (10%) used for each micro-
sphere type to prepare the injectable hydrogel since it pre-
sented the best antimicrobial activity among the tested 
concentrations with no cytotoxicity behavior. The final 
microsphere concentration in the reconstituted suspen-
sion normally does not exceed 20% w/v due to viscosity-
related issues in syringeability and injectability [49]. The 
most suitable concentrations of polymers for forming an 
injectable hydrogel after optimization were 2% for PVA 

Fig. 3  Characterization of drug-free PVAMS, GEN-PVAMS, VA-
PVAMS, and VG-PVAMS. (A) FTIR spectra, (B) XRD spectra, (C) 
In vitro biocompatibility of microspheres at 100 mg/ml as concentra-
tion: viability of fibroblasts cultured in sample extract. Antibacterial 
activity against E. coli, MRSA, and P. aeruginosa obtained by the 

disc diffusion method and expressed as diameters of the inhibition 
zones (mm) of (D) GEN-PVAMS, (E) VA-PVAMS, and (F) VA-
PVAMS at different concentrations (25, 50, 75, and 100 mg/mL). n = 
3 per group, NS: no significance
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and 2% for SS, with a 6:4 as a ratio (data not shown). Such 
a formulation formed optimal and homogeneous hydro-
gels after 2 consecutive freeze-thawing cycles. Rheologi-
cal studies on varied strains were conducted (Fig. 5). For 
all hydrogels, the elastic modulus (G’) predominated over 
the viscous modulus (G’’) in the lower and median strain 
range, indicating the linear viscoelastic region (Fig. 5A). 
Hence, the microsphere-loaded hydrogels remained longer 
in the linear viscoelastic domain. However, the increase 
in strain over 100% was directly proportional to the pre-
dominance of the viscous modulus (G"), leading to the 
intersection between G′ and G" (G' = G"), which indicates 

the sol–gel transition or gel point [50]. Thus, overall, high 
critical strain values were required before the rheograms 
showed nonlinear responses indicative of a structural 
breakdown of the hydrogels. This is because of the homo-
geneous entanglement of the different polymer chains 
within the materials, reinforcing the hydrogels’ networks 
and enhancing their resistance to deformation before their 
transition to liquid form (G’’ > G’).

The loss tangent (tan delta = G "/G’) was calculated for 
all tested hydrogels (Fig. 5B). For all hydrogels, the G′ was 
significantly greater than the G′′ at the start of strain oscil-
lation up to the critical value, resulting in lower values (< 
1) of tan δ. The tan δ values of the VG-PVAMS@PVA/SS 
hydrogel before the gel point (tan δ = 1) were the lowest 
among all tested samples, illustrating the predominant elas-
tic (as opposed to viscous) nature of the hydrogel. Hence, the 
smaller the tan δ, i.e., much lower than 1, the better suited 
the VG-PVAMS@PVA/SS hydrogel is for deeper injection. 
The viscosity of the gels declined with a rising shear rate, 
revealing their shear thinning behavior, which would facili-
tate extrusion-based injection processes (Fig. 5C). From a 
lower shear rate up to γ ≈ 750  s−1, the hydrogels without 
microspheres (PVA/SS hydrogel) had a higher viscosity than 
those with microspheres, in accordance with other studies 
that showed that microspheres decrease hydrogel viscosity 

Fig. 4  Morphological characteristics of the microspheres. FESEM 
micrographs of (A-B) drug-free PVAMS, (C-D) GEN-PVAMS, (E–
F) VA-PVAMS, and (G-H) VG-PVAMS. Magnification 100X (A, 
C, E, G) and 1500X (B, D, F, H). Size distribution and polydisper-

sity index (PI) of (I) drug-free PVAMS, (J) GEN-PVAMS, (K) VA-
PVAMS, and (L) VG-PVAMS. The polydispersity was calculated as 
the standard deviation divided by the average MS size

Table 1  Encapsulation efficiency and drug loading capacity of micro-
spheres

Microspheres Encapsulation efficiency 
(mean ± SD)
(%)

Drug loading capacity 
(mean ± SD)
(%)

Gentamicin Vancomycin Gentamicin Vancomycin

PVAMS 0 0 0 0
GEN-

PVAMS
68 ± 1.54 0 8.7 ± 0.47 0

VA-PVAMS 0 65 ± 1.7 0 8.2 ± 0.38
VG-PVAMS 63 ± 2.01 66 ± 1.49 3.52 ± 0.24 3.94 ± 0.28
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[51]. What is more, the hydrogels with drug-loaded micro-
spheres exhibited lower viscosity than those with drug-free 
microspheres, suggesting that the drugs (VA + GEN) also 
decreased the viscosity slightly at a lower shear rate up to γ 
≈ 250  s−1. However, at higher shear rates, the viscosity of 
all hydrogels remains nearly constant (γ > 1000  s−1) due to 
polymer chain alignment in the direction of gel flow.

The recoverability behaviors of the samples under high 
strains were assessed by alternate strain sweep (Fig. 5D-F). 
It was observed that before application of high shear strain, 
the drug-free PVAMS@PVA/SS hydrogel (Fig. 5E) and 
VG-PVAMS@PVA/SS hydrogel (Fig. 5F) held G′ at ≈145 
Pa and G’ at ~150 Pa; at high shear strain, it appeared the 
networks within these gels were impeded, with G’ drop-
ping to ~ 32 Pa and G’’ ≈ 36 Pa at 200% strain (9 Pa and 
10 Pa at 800% strain, respectively) (Fig. 5E-F). When the 
high shear strain was discontinued and replaced by a low 
shear strain (1%), the gels recovered more than 90% within 
seconds, suggesting that the microspheres did not affect the 
recoverability of hydrogels after the discontinuation of high 
shear compared to PVA/SS hydrogel (Fig. 5D).

Hydrogel syringeability and injectability through a nar-
row 20 G needle were further tested (Fig. S3, Supplemen-
tary Information). Syringeability, defined as the capability 
of the hydrogel to pass across a hypodermic needle from 
the bowl of the syringe, was determined by the ease of gel 
removal and the absence of clogging. Increased viscosity, 

concentration and solid size (microspheres) all adversely 
affect the syringeability [52]. The hydrogel used in this study 
was more elastic than viscous, and the polymer concentra-
tions used were syringeable; in fact, the average microsphere 
diameter ranged from 26.22 to 32.42 μm, as required for par-
enteral injection and drug delivery systems [49]. Commonly, 
small microsphere size (≤ 3 µm) improves syringeability 
and necessitates a reduced needle diameter, up to a certain 
limit under which the microspheres are more disposed to 
phagocytosis [53, 54]. Therefore, it is essential to balance 
reducing needle caliber with preventing phagocytosis when 
choosing the microsphere size.

Overall, all the above findings indicated that the VG-
PVAMS@PVA/SS hydrogel was more elastic than viscous, 
with a recoverability behavior under oscillatory strain; such 
attributes render the gel suitable for the deep injection cor-
responding to full-thickness burn wound treatment.

3.6  Morphology of the hydrogels

All microsphere hydrogels exhibited homogeneous morphol-
ogy, a porous structure with connected porosity but diverse 
pore arrangements (Fig. 6A-D). Porosity is a very significant 
parameter for the application of hydrogels in burn wound 
healing, with highly porous hydrogels resembling the native 
extracellular matrix (ECM). During application, cells should 
be able to attach and migrate inside the hydrogel, which 

Fig. 5  Rheological properties of the hydrogels. (A) Strain sweep, (B) loss tangent, and (C) Viscosity measurements of hydrogels. Alternate 
strain sweep at 1 Hz of (D) PVA/SS hydrogel, (E) drug-free PVAMS@PVA/SS hydrogel, and (F) VG- PVAMS@PVA/SS hydrogel
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requires high porosity. Furthermore, porous structures facili-
tate gas interchangeability and simple intake of burn wound 
exudates, both of which are necessary for cell growth and 
tissue regeneration. Porous structures also allow access of 
nutrients to cells and cellular products out of cells, provide 
a suitable environment for cell growth, proliferation, and 
survival and serve as a microhabitat for moisture holding, 
preservation, and release of biomolecules [55]. Mainly, the 
favored porosity should be in the choice of 60–90% [55]. 
Herein, the porosity was evaluated by the liquid displace-
ment method, and the results are shown in Fig. 6E. The 
porosities of all prepared injectable hydrogels were more 
than 60% (Fig. 6E), with a pore size (14–22 µm) (Fig. 6F) 
that meets the requirements for tissue regeneration (optimal 
pore size for skin: 20–125 µm) and wound healing [56].

3.7  Physicochemical properties

The FTIR spectra of SS exhibit characteristic peaks such 
as amide I (C = O at 1630  cm−1), amide II (N–H at 1515 
 cm−1), and amide III (C-N at 1242  cm−1) [38] (Fig. 6G). 
The PVA/SS hydrogel exhibits the characteristic peaks of SS 
and PVA (-OH and -CO stretching), suggesting a successful 
blending between SS and PVA, but the amide I shifted from 
1630  cm−1 to 1645  cm−1 and the amide II from 1515  cm−1 

to 1530  cm−1. All microsphere-loaded hydrogels exhibited 
the feature peaks of all components, suggesting a success-
ful blending between PVA, SS, and drugs (Fig. 6G). XRD 
spectra were recorded to describe the crystalline structure of 
the preparations (Fig. 6H). The drugs (GEN and VA) appear 
not to alter the diffraction peak of PVA, suggesting that the 
crystallinity was maintained.

Heating at a high temperature is necessary for the steri-
lization of biomaterials for use in biomedical applications. 
Furthermore, for wound dressing application in burn patients 
who frequently develop hyperthermia owing to the pro-
longed inflammatory phase and given the variation in body 
temperature, wound dressings should be thermally stable 
[57]. The TGA spectra of microsphere hydrogels are shown 
in Fig. 6I. TGA curves illustrated the proportion of the lost 
weight of the hydrogels upon heating from RT to 600 °C. 
The initial weight loss from RT to about 300 °C refers to 
the removal of the remaining water trapped in the hydrogel 
networks. At the initial weight loss, VA-PVAMS@PVA/SS 
offered the maximum water loss, followed by VG-PVAMS@
PVA/SS, GEN-PVAMS@PVA/SS, and drug-free PVAMS@
PVA/SS hydrogel, demonstrating its higher aptitude to cap-
tivate moisture from the ambient environment. In burn 
wound dressing treatments, this would restrain the dehy-
drating of burn wounds, indicating that VG-PVAMS@PVA/

Fig. 6  Characterization of microsphere hydrogels. FESEM micro-
graphs of (A) drug-free PVAMS@PVA/SS hydrogel, (B) GEN-
PVAMS@PVA/SS hydrogel, (C) VA-PVAMS@PVA/SS hydrogel, 
and (D) VG-PVAMS@PVA/SS hydrogel. (E) Porosity, (F) pore size, 

(G) FT-IR spectra, (H) XRD spectra, (I) TGA curves, (J) swelling 
behavior of different hydrogels. The release profile of (K) silk sericin, 
(L) vancomycin and gentamicin from VG-PVAMS@PVA/SS hydro-
gel. N = 3 per group
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Fig. 7  Antimicrobial activity evaluation of microsphere hydrogels. 
Disk diffusion method for (a) drug-free PVAMS@PVA/SS hydro-
gel and (b) VG-PVAMS@PVA/SS hydrogel against (A) MRSA, (B) 
P. aeruginosa, and E. coli (C), and their diameters of the inhibition 
zones (D). Structure of the biofilm formed on agar (E) MRSA, (F) 

P. aeruginosa, and (G) E. coli. Biofilms of (H) MRSA, (I) P. aer-
uginosa, and (J) E. coli treated with VG-PVAMS@PVA/SS hydrogel. 
Schematic illustration of the antibacterial mechanism of vancomycin 
and gentamicin against (K) Gram-positive bacteria and (L) Gram-
negative bacteria
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SS hydrogel can preserve a moist setting over burn wounds, 
avoiding dehydration scab development. The second most 
important thermal degradation took place in the temperature 
range of 300–480 °C due to the de-polymerization of chain 
components and decomposition of hydrogel networks. The 
presence of drugs in the network positively affected thermal 
stability.

3.8  Dynamic swelling behavior and degradation 
rate of hydrogels

A chronic wound such as deep burn wounds usually fails 
to heal because of the production of high amounts of exu-
dates, which can induce maceration of the tissues surround-
ing the burn wound. Therefore, the injectable hydrogels were 
analyzed for their aptitude to absorb burn wound exudates 
through monitoring of their swelling behavior. We exam-
ined the swelling property in deionized water compared 
to the PVA/SS hydrogel without microspheres (Fig. 6J). 
Material swelling ratio (SR) shows its capacity to absorb 
water, which is indispensable because it influences numer-
ous features of the hydrogel, such as the diffusion of loaded 
drugs and cell bioactivity [58]. The PVA/SS hydrogel with-
out microspheres displayed higher water uptake within the 
first 24 h compared to those with microspheres. After this 
initial water uptake on the first day, the hydrogel without 
microspheres decreased its water uptake after ten days due 
to the decrease in weight. PVA-based hydrogels have been 
applied as biomaterials; thus, the short period swelling 
feature of PVA hydrogels has been systematically studied 
[59]. They typically reach their maximum swelling in one 
hour, similar to the findings described here for the PVA/
SS hydrogel [60]. The hydrogel with microspheres contin-
ued to absorb water after day 1 and reached a maximum 
after 5 days before decreasing during the rest of the test-
ing period. The VA-PVAMS@PVA/SS hydrogel exhibited 
a higher swelling ratio than that with GEN owing to the 
large number of hydrophilic hydroxyl groups in VA, which 
also increased the SR in the VG-PVAMS@PVA/SS hydrogel 
compared to GEN alone. The long-term swelling behavior of 
the VG-PVAMS@PVA/SS hydrogel has not been previously 
described. Our study shows that, contrary to the unloaded 
gels, all microsphere-loaded hydrogels displayed a long-
term water uptake, indicating that the microspheres were 
the determining factors in the long-term water absorption.

To examine the degradation of different hydrogels, they 
were soaked in PBS (PH 7.4) for different predetermined 
time points. The incorporation of drug-free PVAMS and 
drug-PVAMS in PVA/SS hydrogel decreased the degrada-
tion rate compared to PVA/SS hydrogel (Fig. S5D, Sup-
plementary Information). Besides, the type of drug did 
not affect the degradation rate. All microsphere hydrogels 

showed a degradation rate of about 70% after 7 weeks, sug-
gesting a sustainable release of bioactive molecules while 
still offering sufficient time for full-thickness burn wound 
healing.

3.9  In vitro release profiles of silk sericin, 
gentamicin, and vancomycin

To confirm the physical integrity of the microsphere-loaded 
hydrogels and to predict their performance in a physiological 
environment, the release profiles of SS, GEN, and VA from 
the samples were controlled in PBS (pH 7.4) by the BCA 
protein assay for SS and UV-spectrophotometer for GEN 
and VA. The results arranged in Fig. 6K showed a burst 
release of SS from the VG-PVAMS@PVA/SS hydrogel in 
the first 16 h because of the hydrophilicity of SS. The burst 
release was followed by a regular release of SS with an equi-
librium phase due to reversible hydrogen bonds within the 
polymeric hydrogels, which disintegrated progressively in 
aqueous solutions. The concentration of the accumulated 
released SS increased without linearity during the testing 
period, with a correlation coefficient of 0.6712 indicating 
that the hydrogels released SS at a non-constant rate. There-
fore, under physiological conditions, the soluble SS could be 
released from the microsphere-loaded hydrogels and reach 
the surrounding cells and tissues by diffusion. This would 
allow SS to exert its beneficial effects on accelerating burn 
wound healing by inducing cell proliferation and migration.

Silk sericin encloses positive and negative charges, while 
PVA is neutral and GEN and VA are positively charged. 
Thus, the electrostatic force between the opposite charges 
could favor the interactions of GEN and VA microspheres 
with PVA/SS hydrogels. To investigate the antibiotic release, 
we established the correlation between VA and GEN by 
UV-spectrophotometry. The result revealed that optical 
density was closely correlated with VA and GEN concen-
tration (Fig. S5A-B, Supplementary Information), showing 
it could be utilized for the establishment of drug release 
from microsphere hydrogels. To better understand the role 
of the PVA/SS hydrogel in the release of VA and GEN, the 
antibiotic release profile was determined from two kinds of 
systems over 21 days, namely the VG-PVAMS (Fig. S5C, 
Supplementary Information) and VG-PVAMS@PVA/SS 
hydrogel systems (Fig. 6J). As examined, the two systems 
varied in antibiotic release kinetics so that the integration of 
VG-PVAMS into PVA/SS hydrogel resulted in a zero-order 
release without bursting (See  R2 values). The accumulated 
released concentration of the drugs increased linearly with 
time, with a correlation coefficient of 0.9284 for GEN and 
0.9378 for VA. The result indicates that microspheres alone 
(VG-PVAMS) and microspheres in hydrogel matrix (VG-
PVAMS@PVA/SS hydrogel) release GEN and VA at a con-
stant rate. This result could be accredited to the sequential 
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GEN and VA release from microsphere hydrogel, in which 
the drugs should first diffuse throughout the microspheres 
and then throughout the microporous PVA/SS hydrogel.

The incorporation of drug-loaded microspheres into the 
PVA/SS hydrogel reduced the release of GEN and VA. From 
the free microspheres, maximum drug release was achieved 
after 21 days, at 95.3% and 89.59%, respectively. When the 
microspheres were embedded in PVA/SS hydrogel, how-
ever, the maximum amount of drug released within the same 
period was reduced to 79.8% for GEN and 75.5% for VA. 
Nevertheless, despite this reduction in drug release, the 
levels of solubilized drugs remained above the MIC val-
ues (> 8 mg/l for GEN, > 2 mg/l for VA), which keeps the 
released drugs within the active concentrations (Fig. 7A-
D). Therefore, the hybrid hydrogel could be used for slower 
and longer drug delivery, given the long lead times. The 
analysis revealed continuous drug release and no significant 
burst effect was observed, demonstrating that the drugs were 
homogeneously distributed in the PVA matrix and that there 
was no important quantity of drugs adsorbed onto the sur-
face of the microspheres. The cumulative release percentage 
did not reach 100%, as some constitutive amount remained 
bound in the structure of the microspheres, which did not 
collapse to release their different constituents but kept their 
original shape until the experiment was concluded (21 days), 
emphasizing their stability and structural integrity. A model 
chronic wound dressing should have a prolonged release of 
antimicrobials to avoid recurrent dressing changes, reduc-
ing the risk of overexposure of the wound to microorgan-
isms [30]. Referring to the drug release profile, the prepared 
microsphere-loaded hydrogels have confirmed their capabil-
ity of constituting efficient drug reservoirs with controlled 
drug release, adapted to achieve and maintain optimal levels 
of therapeutics for burn dressing applications.

3.10  Antimicrobial activity of prepared 
microsphere hydrogels

For optimal wound healing, it is extremely important to pro-
tect wounds against pathogens that could cause extra dam-
age and delay the healing progression, especially when the 
wound is chronic, large, or when the patient is particularly 
at risk, such as in full-thickness burns, for example [61]. 
Considering the reported antimicrobial property of the GEN 
and VA combination against both Gram-positive and nega-
tive bacteria, the prepared VG-PVAMS@PVA/SS hydrogel 
was assessed for such bioactivities with drug-free PVAMS@
PVA/SS hydrogel as a control. By the agar diffusion method, 
their antimicrobial potency against Gram-negative (E. coli, 
P. aeruginosa) and Gram-positive (MRSA) was examined, 
respectively. Widely spread in the environment, the selected 
microbes are responsible for many burn wound infections. 
The results indicated that the control demonstrates no 

inhibition on the growth of the studied bacteria; however, 
VG-PVAMS@PVA/SS hydrogel impaired the growth of cul-
tured tested bacteria as evidenced by the presence of inhibi-
tion zones (Fig. 7A-D), suggesting an inhibitory effect due 
to the presence of GEN and VA. Hence, as demonstrated in 
the release assays presented in the section above, GEN and 
VA are released from the VG-PVAMS@PVA/SS hydrogel, 
which exerts antibacterial effects, including biofilm eradica-
tion (Fig. 7H-J) via multiple mechanisms (Fig. 7E-F).

3.11  Cytocompatibility

To analyze the cytocompatibility of the injectable hydrogels, 
NIH-3T3 fibroblast and HaCaT cells were used. Fibroblasts 
and keratinocytes play a significant role in wound healing, 
including the synthesis of extracellular matrix proteins 
and cytokines, leading to wound closure [62, 63]. Sample 
extracts were acquired by immersing the injectable hydro-
gels in the growth media for 7 days and were applied for 
cell culture. No significant difference was evidenced in the 
cytotoxicity of the different experimental samples and the 
control (Fig. 8A, C-D), indicating the biocompatibility of the 
hydrogels. Actually, the injectable hydrogels containing SS 
significantly increased the cell viability when compared to 
the control at days 2 and 3, underlining the bioactive nature 
of SS and its cell proliferative effect. Interestingly, there was 
no significant difference in cell viability between the drug-
containing hydrogels and those without, suggesting that VA 
and GEN did not affect cell viability (Fig. 8C-D).

Hemocompatibility tests were also done to assess the 
hemolysis effect of the materials on RBC. The results 
observed macroscopically and spectrometrically showed no 
hemolysis in all the used samples (Fig. 8B and E), support-
ing the application of the samples as biomaterials for burn 
wound healing.

3.12  Potential for burn wound healing

The performance in burn wound healing of the drug-free 
PVAMS-PVA/SS and VG-PVAMS-PVA/SS hydrogels was 
investigated in vivo for the treatment of full-thickness burn 
wounds in rats, using  Tegaderm™ dressing as a control.

3.12.1  Depth of the burn wounds

Burn wounds can be classified into first-degree, second-
degree superficial partial-thickness, second-degree deep 
partial-thickness, third-degree full-thickness, or fourth-
degree full-thickness burns [6, 61]. In a first-degree burn, 
only the epidermis is affected, without blistering. Superficial 
second-degree and deep partial-thickness burns concern the 
papillary dermis and reticular dermis, respectively, and are 
characterized by blisters that appear either immediately or 
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within hours post-burning [6, 61]. Unlike the superficial sec-
ond degree, blood vessels and nerve endings are destroyed 
during the deep partial-thickness burn. In a third-degree 
burn, the skin is burned deeply by reaching the dermis and 
subdermal tissues [6, 61]. Blood vessels and nerve endings 
are destroyed. Finally, a fourth-degree burn affects all layers 
of the skin, even the muscles. Herein, to confirm the third-
degree full-thickness, SD rats were sacrificed at 30 min, 24 
h, and 48 h post-burning, and histological analysis of burned 
tissue was carried out in order to evaluate the burn depth. 
The results (Fig. 9A) show similar morphological aspects 
at 30 min and 24 h post-injury, which confirms that burning 
affected the three skin layers, including the epidermis, der-
mis, and hypodermis. Additionally, inflammatory cells were 
observed at 48 h post-burning. All layers of the epidermis 
were destroyed. Moreover, the dermis, including the papil-
lary dermis and the reticular dermis, as well as their blood 
vessels, nerve endings, and collagen content, were destroyed. 
The hypodermis was marked by the presence of damaged 
adipocytes without nuclei, confirming the full-thickness of 
the burn wound. However, muscles whose destruction cor-
responds to the fourth-degree burn remained and did not 
show any microscopic changes.

3.12.2  Morphology and burn wound closure

The evaluation of burn wound appearance was performed 
at different time intervals: 0, 2, 5, 7, 10, 14, and 21 days. 
The morphologic aspects examined were color, border, and 
consistency. Afterward, the wound healing rate (WHR) was 
calculated at various time points (Fig. 9C). In each group, 
the burn wounds were round-shaped and predominantly 
uniform, with an evident edge separating the wound from 
unburned skin tissue. The burn wounds were characterized 
by blisters that appeared within hours post-burning and were 
examined on day 2. They were filled with a transparent liq-
uid surrounded by a red area (erythema). The treatment of 
blisters is more or less controversial. Some clinicians report 
that the blisters act as a protective shield for the burn [64]. 
Others support the idea that the fluid in the blisters can 
become infected [64].

Herein, after blister formation, the burn wound was 
debrided to remove the fluid and extract dead tissue in 
order to prevent infection (one of the most damning com-
plications in burn victims) by covering the burn wound 
with the hydrogel with antimicrobial-loaded microsphere. 
On day 2, there was no significant difference in WHRs 

Fig. 8  Biocompatibility of the hydrogels. (A) Live/dead fluorescence 
results of HaCaT cells cultured in drug-free PVAMS@PVA/SS and 
VG-PVAMS@PVA/SS hydrogels for 3 days. Scale bar 200 µm. (B) 
Photo image of Eppendorf tubes showing the results from hemoly-

sis rate assay of RBC treated with different samples, viability of (C) 
fibroblasts and (D) keratinocytes cultured in sample extracts, (E) 
hemolysis rate. NS: no significance, * P < 0.05
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between dressings; relative to initial wound areas, no sub-
stantial change was noticeable within the same groups at 
this point (P < 0.01). At days 5 and 7, respectively, the 
WHR in the drug-free PVAMS-PVA/SS hydrogel (20.6 
± 2.1%, 37.7 ± 2.5%) and VG- PVAMS-PVA/SS (22.2 ± 
2.4%, 38.5 ± 2.3%) groups was significantly higher than 
that in the  Tegaderm™ group (15.5 ± 1%, 22.1 ± 1.2%), 
which could be attributed to the efficient wound healing 
properties of prepared hydrogels that relied on burst-
released SS in the initial stage. On day 10, yellow pus was 
perceived only in the burn wound bed in the  Tegaderm™ 
group, suggesting the presence of coagulase-negative 
staphylococci infection confirmed by culturing the pus 
on an agar plate (Fig. S7A, Supplementary Information) 
associated with positive catalase (Fig. S7B, Supplemen-
tary Information) and negative coagulase (Fig. S7C, Sup-
plementary Information) results. Burns treated with an 
antimicrobial-free dressing are susceptible to microbial 
colonization which leads to a prolonged inflammatory 

phase and the amplified appearance of metalloproteases, 
causing degeneration of extracellular matrix constituents, 
slowing the development of new granulation tissue, and 
consequently reducing the WHR. On day 14, the yellow 
pus has been reduced, suggesting the effectiveness of the 
immune system in controlling or reducing the infection.

Interestingly, the WHRs on days 10 and 14 in VG-
PVAMS-PVA/SS-treated wounds (70.2 ± 3%, 97.5 ± 
2.3%,) were significantly higher than in drug-free PVAMS-
PVA/SS (58.2 ± 1.9%, 88.1 ± 3.2%) and  Tegaderm™ film 
(31.2 ± 2%, 53.2 ± 1.4%) groups. Afterward, there was 
no significant difference between days 14 and 21 in the 
VG-PVAMS@PVA/SS group, suggesting complete wound 
closure at day 14, while the drug-free PVAMS@PVA/
SS group reached complete wound closure at day 21; at 
day 21, the  Tegaderm™ film only attained 90.9 ± 3.2% 
wound closure. Generally, from the macroscopic evalu-
ation, it was noticeable that the VG-PVAMS@PVA/SS 
hydrogel exhibited a more robust capability to accelerate 

Fig. 9  Burn depth and wound closure analysis. (A) Microscopic eval-
uation of the burn depth on days 0, 1, and 2. (a) and (b) Burn depth 
on day 0; (c) and (d) burn depth on day 1; (f) and (g) burn depth on 
day 2 showing neutrophil infiltration. H&E; Magnification: (a), (c), 
and (e): × 4; (b), (d), and (f): × 40. E: epidermis, D: dermis, H: hypo-
dermis, M: muscle, B: bone, AT: adipose tissue. (B) Photographs of 

burn wounds with different treatment groups on days 0, 2, 5, 7, 10, 
14, and 21. (C) Burn wound healing rate in different treatment groups 
at different time points. (D) Photocapture of a rat with the different 
positions of dressing application. NS: no significance, * P < 0.05, ** 
P < 0.01
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burn wound healing and prevent bacterial infection than 
the drug-free PVAMS@PVA/SS hydrogel and  Tegaderm™ 
film.

3.12.3  Histological analysis of burn wounds

Tissue samples were analyzed by histopathological staining 
(H&E and trichrome), immunohistochemistry (CK14, CD31, 
and α-SMA), and immunofluorescence (MPO and MDA) in 
order to evaluate the therapeutic effect of PVAMS@PVA/
SS hydrogel with or without GEN and VA. Inflammatory 
cells including white blood cells (neutrophils, mastocytes, 
macrophages, and lymphocytes) were examined to assess the 
inflammatory phase, blood vessels to assess angiogenesis, 
and fibroblasts to investigate collagen synthesis.

To evaluate the inflammatory phase, inflammatory 
cells such as neutrophils in H&E staining (Fig. 10A) and 
MPO (Fig. 11A) analysis were observed in all groups on 
day 7, indicating an inflammatory reaction. Neutrophils 
may increase in response to certain conditions, including 
burn wounds [65]. When an injury or infectious problem is 
detected in a tissue, the resident cells secrete chemotactic 
substances that attract not only the efficient immune cells 
that circulate in the vessels to supply the damaged tissues, 
but also control the type of leukocytes recruited accord-
ing to the chemotactic agents released [65]. Thus, during 
the inflammatory phase, there is sequential recruitment of 
the various immune cells. The first cells to be recruited are 
neutrophils (Fig. 9A), which are attracted by IL-8 produced 
by endothelial cells and tissue macrophages during the 24 
or 48 h following injury or infection. Their early recruit-
ment ensures the arrival of phagocytes immediately after 
detection of a problem in order to effectively fight against 
bacterial penetration [65]. The monocytes are recruited in 
a second step and differentiate into macrophages, which 
complement the phagocytic action of the neutrophils and 
also phagocyte the apoptotic bodies derived from the neu-
trophilic granulocytes. Monocytes can also differentiate 
into dendritic cells, which take up antigens and migrate to 
secondary lymphoid organs to present them to lymphocytes 

and thus trigger an adaptive immune response. Thus, during 
the inflammatory phase, there is sequential recruitment of 
the various immune cells. The first cells to be recruited are 
neutrophils (Fig. 9A), which are attracted by IL-8 produced 
by endothelial cells and tissue macrophages during the 24 
or 48 h following injury or infection. Their early recruitment 
ensures the arrival of phagocytes immediately after detection 
of a problem in order to effectively fight against bacterial 
penetration [65]. The monocytes are recruited in a second 
step and differentiate into macrophages, which complement 
the phagocytic action of the neutrophils and also phagocyte 
the apoptotic bodies derived from the neutrophilic granulo-
cytes. Monocytes can also differentiate into dendritic cells, 
which take up antigens and migrate to secondary lymphoid 
organs to present them to lymphocytes and thus trigger an 
adaptive immune response [66]. The recruitment of inflam-
matory T cells often indicates the transition from an acute to 
a chronic inflammatory response [66]. On day 14, there was 
still the presence of inflammatory cells in the  Tegaderm™ 
film group and in the drug-free PVAMS@PVA/SS hydrogel 
group, indicating the extension of the inflammatory phase, 
which further extended the burn healing time. In contrast, 
no inflammatory cells in H&E and MPO expression were 
observed on day 14 in the VG-PVAMS@PVA/SS hydrogel 
group, suggesting good healing performance by shortening 
the inflammatory phase. On day 21, the number of neutro-
phils in H&E staining decreased considerably in drug-free 
PVAMS@PVA/SS and  Tegaderm™ film groups, which cor-
responds to the weak expression of MPO on day 21.

In fact, MPO, which is a reliable indicator of inflam-
mation, participates in the oxidative explosion of certain 
phagocytes of the immune system, such as neutrophils, and 
estimates their recruitment and accumulation in burn wound 
tissue [67]. Furthermore, the results of MDA (Fig. 11A) 
were in accordance with the results of MPO. In fact, MDA 
occurs naturally in tissues where it is a manifestation of 
oxidative cellular stress. It results in particular from the 
mechanism of action of reactive oxygen derivatives on 
polyunsaturated fatty acids. MDA has great value in burn 
wound healing since its high expression delays the heal-
ing time. Elevated proinflammatory cytokines released by 
inflammatory cells are associated with increased reactive 
oxygen species, resulting in cellular stress [68]. This leads 
to the vicious cycle where cytokines induce oxidative stress 
after the stimulation of reduced nicotinamide adenine dinu-
cleotide phosphate (NADPH) through mitochondria, which 
in turn damages cellular macromolecules and consequently 
induces inflammation [68]. Therefore, this study demon-
strated that controlling the inflammation reaction results in 
controlling oxidative stress in burn wound healing.

Angiogenesis evaluation was done by H&E staining and 
the vascular endothelial-specific marker CD31 (Fig. 10B). 
CD31 is actually staining the central lining of the blood 

Fig. 10  Histological analysis of skin wounds. (A) H&E and Masson 
stained sections of skin tissues from treated burn wounds at days 7, 
14, and 21. Insert: higher magnification view of the inflammatory 
cells such as (a) neutrophils and (b) blood vessels. [H&E; main, × 
4; inset, × 30 (a); inset, × 80 (b)]. (B) Images of immunohistochemi-
cal staining of CD31 and α-SMA at the burn wound healing sites on 
days 7, 14, and 21 for the different treatment groups. Scale bar, 50 
µm. (C) granulation tissue thickness, (D) quantification of CD31, and 
(E) α-SMA positive structures/mm2 on days 7, 14, and 21. Blood ves-
sel (orange arrow), neutrophil (dark red arrow), fibroblast (light blue 
arrow), collagen (red arrow), keratinocytes (green arrow), adipocytes 
(dark blue), hair follicle (purple arrow), blood vessel (orange arrow), 
α-SMA (dark black arrow). NS indicating no significance, *indicating 
P < 0.05, ** indicating P < 0. 01, and *** indicating P < 0.001

◂
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vessel, the lining of the lumen, which is made of endothe-
lial cells, but the muscle wall on the outside is completely 
negative for CD31 staining [69]. Furthermore, it stains both 
lymphatics and arteries. Blood vessels were observed in the 
burn wound site of all groups on day 7, with a higher quan-
tity of blood vessels in VG-PVAMS@PVA/SS (Fig. 10D), 
suggesting the formation of new blood vessels able to supply 
nutrients and oxygen, essential for cell proliferation. It was 
observed that the density of blood vessels decreased with 
increasing collagen deposition and healing time. The vas-
cular smooth muscle cells’ marker α-SMA expression was 
analogous to that of CD31 (Fig. 10E). In the skin, α-SMA 
is either in the blood vessel walls or in the arrector pili 

muscles. α-SMA correlates with the activation of fibroblasts 
for scar-producing myofibroblasts.

Collagen synthesized by fibroblasts on day 7 was detected 
by Masson trichrome staining in all groups (Fig. 10A). 
The collagen deposition was progressively increased with 
increasing burn healing time for all groups. The arrangement 
of collagen fibers performs a crucial function throughout the 
remodeling phase and, therefore, on the final scar formation 
after burn wound closure [70]. Herein, the burn wound heals 
without scarring, suggesting a good orientation and arrange-
ment of collagen fibers. Additionally, the thickness of the 
granulation tissue decreased with increasing wound healing 
time in all groups (Fig. 10C).

Fig. 11  Immunological analysis of skin wounds. (A) Immunofluores-
cence analysis of MPO and MDA on days 7, 14, and 21. The cells 
were stained with MPO and MDA in red, and the nuclei were coun-
terstained with DAPI in blue. Scale bar, 20 µm. (B) Images of immu-

nohistochemically stained skin tissue for CK14 on days 7, 14, and 21. 
Scale bar, 50 µm. (C) Epidermal thickness of burn skin on days 7, 14, 
and 21 for the different treated groups
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Furthermore, Cytokeratin, an intermediate filament-
building protein that fills up epithelial cells of all sorts, was 
evaluated [71]. So the dark brown color in Fig. 11B high-
lights the epidermis, whereas the dermis, which is made 
of collagen, is totally negative for keratin, but the hair fol-
licles and sweat glands, also made of epithelium, are also 
keratin-positive. On day 14, more CK14 expression in the 
VG-PVAMS@PVA/SS hydrogel group highlighted the 
complete re-epithelization, while the drug-free PVAMS@
PVA/SS group achieved high expression of CK14 on day 21. 
However, the expression of CK14 in the burn wound site was 
impaired due to the lower healing ability in the  Tegaderm™ 
film group. In addition, we quantified the epidermal thick-
ness in different groups at various time points. As illustrated 
in Fig. 11C, the epidermal thickness decreased with rising 
burn healing time for all treatment groups. On day 14, the 
VG-PVAMS@PVA/SS group displayed thinner epidermal 
thickness than other groups, signifying its rapid wound heal-
ing effects.

Taking all of the above findings into account, we deduce 
that the VG-PVAMS@PVA/SS hydrogel provided an excel-
lent sterile scaffold for promoting infected burn wound 
healing.

4  Conclusion

Multidrug resistance (MDR) is considered a problem that 
impairs burn wound healing. The combination of antibiot-
ics exhibiting synergistic effects proved to be very efficient 
against MDR bacteria involved in burn wound infections. 
In the present study, PVA microspheres containing VA and 
GEN prepared by inverse emulsion crosslinking were incor-
porated into a PVA/SS pre-gel which was further freeze-
thawed to obtain bioactive hydrogel embedding micro-
spheres. High GEN and VA concentrations above MIC were 
released from the constructs with zero-order kinetics without 
an initial burst release, leading to bacterial growth inhibition 
(MRSA, P. aeruginosa, and E. coli) without the occurrence 
of tolerance. Moreover, the samples displayed long-term 
swelling behavior and thermal stability, with the average 
diameter of microspheres, the pore size, and the porosity 
required for parenteral injection as well as skin regenera-
tion. Rheological analysis showed that the loaded hydrogel 
showed injectability with the potential for recoverability 
when undergoing discontinued shear strain, which makes it 
suitable for deep burn wound management. The addition of 
drugs to the hydrogel did not affect the biocompatibility of 
PVA and SS. Additionally, SS released at a non-constant rate 
enhanced cell viability, supporting the extracellular matrix-
like behavior of the samples as to cell growth. Furthermore, 
the in vitro hemolysis test showed that the hydrogels did not 
show any drug-induced hemolysis. In vivo results showed 

that the release of SS, VA, and GEN from PVAMS embed-
ded in the microporous hybrid hydrogel accelerated the 
burn wound healing and prevented scar formation. Thus, 
VG-PVAMS@PVA/SS hydrogel is a very promising and 
advanced topical injectable gel for the treatment of infected 
burn wounds, which further has the advantage of parental 
drug delivery. This study opens novel avenues for the treat-
ment of burn wound infection by local injection of antibiotic 
combination-loaded hydrogel or antibiotic hybrid-loaded 
hydrogel. Nevertheless, further clinical investigations are 
suggested to support the effectiveness allegations in humans.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s42114- 022- 00467-6.
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