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Introduction: Silver sulfadiazine (AgSD) is widely used in burn wound treatment due to its broad-spectrum antibacterial activity.
However, its application in wound healing is greatly hindered by the low solubility of AgSD particles and their cellular cytotoxicity.
Herein, we studied the safety and in vivo efficacy of nano-sized silver sulfadiazine loaded in poloxamer thermosensitive hydrogel (NS/
Gel).

Methods: In NS/Gel, silver sulfadiazine was prepared into silver sulfadiazine nanosuspension (NS) to improve the solubility and
enhance its antibacterial activity, whereas the poloxamer thermosensitive hydrogel was selected as a drug carrier of NS to achieve slow
drug release and reduced cytotoxicity. The acute toxicity of silver sulfadiazine nanosuspension was first evaluated in healthy mice, and
its median lethal dose (LDso) was calculated by the modified Karber method. Furthermore, in vivo antibacterial effect and wound
healing property of NS/Gel were evaluated on the infected deep second-degree burn wound mice model.

Results: The mortality ratio of mice was concentration-dependent, and the LDs for silver sulfadiazine nanosuspension was estimated
to be 252.1 mg/kg (230.8 to 275.4 mg/kg, 95% confidence limit). The in vivo dosages used for burn wound treatment (40-50 mg/kg)
were far below LDsq (252.1 mg/kg). NS/Gel significantly accelerated wound healing in the deep second wound infection mice model,
achieving > 85% wound contraction on day 14. Staphylococcus aureus in the wound region was eradicated after 7 days in NS/Gel
group, while the bacterial colony count was still measurable in the control group. Histological analysis and cytokines measurement
confirmed that the mice treated with NS/Gel exhibited well-organized epithelium and multiple keratinized cell layers compared to
control groups with the modulated expression of IL-6, VEGF, and TGF-p.

Conclusion: The combination of silver sulfadiazine nanosuspension and thermo-responsive hydrogel has great potential in clinical
burn wound treatment.
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Introduction
Burn wounds pose a serious public health problem worldwide. In 2018, World Health Organization (WHO) reported that
some 180,000 deaths were caused by burn wounds." Managing the severity of burn wound injury and associated
inflammation are significant clinical challenges.” * The healing process and severity of burn wounds are affected by
several factors, such as the degree of burn, the microbial burden, chronic diseases etc.>® For patients with > 40% of total
body surface area being burned, approximately 75% die of infection-related complications. Therefore, an effective
antibacterial agent that could prevent severe infection and accelerate wound healing is urgently needed.

The topical application of antibacterial agents has been widely accepted as an effective way to alleviate cutaneous
infections.” ' Among them, silver sulfadiazine (AgSD) is considered the “gold standard” in treating burn wound
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infections.'"'> AgSD has dual-action on bacterial growth.'? The sulfa moiety can prevent bacterial folate absorption and
DNA synthesis, while the silver ions released from AgSD can bind and disrupt the DNA structure and replication.
Besides, AgSD eradicates biofilms by killing bacteria through the co-work of sulfadiazine and silver ions.'* However, the
antibacterial activity of AgSD is commonly discounted because of its poor aqueous solubility (slightly soluble, 7.8 mg/
mL) and cellular cytotoxicity.'>'” Therefore, frequent applications of commercial AgSD cream are required to achieve
the therapeutic drug concentration at the administration site. Furthermore, secondary injury inevitably occurs during
a dressing change due to the external force applied on the wound to remove residual cream before applying new
cream.'>'® To overcome these problems, an effective method that could improve the aqueous solubility of AgSD is
urgently needed.

Nanotechnology is widely used for improving drug solubility, which is achieved by significantly enlarging the surface
area and the surface-volume ratio of drug particles.'>*° Therefore, we employed a high-pressure homogenization method
to prepare the AgSD coarse powders into nano-size.”' In vitro analysis demonstrated that AgSD nanosuspension (NS)
could dissolve within 3 minutes, which was significantly improved compared with coarse powder. Besides, the
poloxamer-based thermosensitive hydrogel was selected as the drug carrier for topical silver sulfadiazine nanosuspen-
sions delivery to form the silver sulfadiazine nanosuspension loaded thermos-responsive hydrogel (NS/Gel).
Furthermore, the in-situ phase transition property of the poloxamer-based hydrogel makes it a perfect choice for thorough
coverage of wounds regardless of their shape, size, and depth.*?

Since the toxicity of silver sulfadiazine is commonly ascribed to the accumulation of silver ions, it remained unclear
whether the increased solubility would aggravate the toxicity.”® To the best of our knowledge, no previous study
evaluated the toxicity of AgSD nanosuspension. Besides, the in vivo therapeutical evaluation is of essential importance
to demonstrate the efficacy of NS/Gel.

In this work, we investigated the acute toxicity of NS by calculating the LDs, and evaluating the accumulation of
silver ions in main organs. Moreover, a reliable and reproducible deep second-degree burn wound model was used to test
the antibacterial activity and wound healing properties of NS/Gel. Finally, we compared the wound healing progress of
mice treated with NS/Gel, commercial AgSD cream, and other formulations in macroscopic and microscopic views.
Overall, the present study aimed to comprehensively investigate the safety and effectivity of NS/Gel and provide
preclinical profiles for further research.

Materials and Methods
The Preparation and Characterization of Silver Sulfadiazine Nanosuspensions-Loaded
Hydrogel
Silver sulfadiazine nanosuspensions were prepared by the high-pressure homogenization method. 1.5% poloxamer 407
(W/v%) solution was prepared as a dispersion solution, after which 20 g of silver sulfadiazine coarse powder was added
to 180 mL of the previously prepared 1.5% P407 solution. To obtain a uniform system, we first pre-milled the mixture
with Ultra Turrax (T25, IKA, Germany) at 10,000 rpm for 10 min. Next, uniform suspensions were circulated at 200,
400, 600, and 800 bars for 2 cycles, followed by 20 cycles at 1200 and 1400 bars using AH100D high-pressure
homogenizer (ATS Engineering Inc., Shanghai, China). Finally, the silver sulfadiazine nanosuspension was stored at 4°C
and protected from light. Gels were prepared on a weight/weight basis using the cold method. Briefly, poloxamer 407
(P407), poloxamer 188 (P188), and glycerol (Gly) were accurately weighed to obtain a suspension with 18% P407, 2%
P188, and 10% glycerol. The solutions were preserved at 4°C for > 24 h to ensure complete dissolution. Finally, 10 mL
of silver sulfadiazine nanosuspension (100 mg/mL) was slowly added to 90 mL of hydrogel and then stirred for 10 min to
obtain AgSD/NS-loaded hydrogel (NS/Gel). The drug was accurately measured using UHPLC to ensure the homogeneity
of the mixture.

The surfaces of hydrogels within or without AgSD were measured using a scanning electron microscope (Hitachi
SU8010; Hitachi Ltd., Tokyo, Japan). In addition, the phase transition temperature (Tso_ge1) 0f NS/Gel was measured
using a Brookfield digital viscometer (model DV-III; Brookfield Engineering Laboratories, Inc., USA).
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Acute Toxicity Measurement
The acute toxicity of NS was investigated to evaluate its safety. The modulated Karber method was designed to obtain the
median lethal dose (LDs5).

Kunming mice (20-25 g) were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd, Beijing,
PR China. The protocol in this study was reviewed and approved by the ethical committee of the Academy of Military
Medical Sciences. (Approval ID: IACUC-DWZX-2021-735). The model fully conformed to the requirements in the
Ministry of Science and Technology Guide for the Care and Use of Laboratory Animals (GB/T 35892-2018). At first, the
animals were acclimatized at a temperature of 25 + 2°C and relative humidity of 70 + 5% under natural light/dark
conditions for one week. They had access to food and water ad libitum. Before burn wound creation, anesthesia was
performed with pentobarbital sodium (45 mg/kg, Biomedical, Beijing).

A total of 50 mice were randomly divided into five groups, each one including 5 male and 5 female mice. The mice
fasted for 24h before treatment. The dosage ratio was set as 0.668, and the dosages were 100, 150, 224, 335, 501, and
750 mg/kg. After intraperitoneal administration, mice fasted for the first 4 hours while they had free access to drinking
water. Changes in hair, physical condition, skin, and death were continuously observed and recorded during seven days
of treatment. Their body weight was recorded on days 0, 1, 3, 5, and 7. The day of administration was considered day 0.
The LDs, was calculated with its 95% confidence limit using modulated Karber method. Besides, the total number of
dead mice was recorded for each group. After 7 days, mice were sacrificed, and residual silver ions in organs, including
the brain, heart, spleen, liver, lung, and kidneys, were measured by inductively coupled plasma mass spectrometry (ICP-
MS).*

In vivo Wound Healing Studies
The Induction of Deep Second-Degree Burn Mice Model
Staphylococcus aureus (ATCC 25923), a gram-positive bacterium, was the bacterial strain used in the present study. The
strain was cultivated at 37°C in Luria Bertani (LB) or Luria Bertani agar medium. First, an isolated colony was picked
and inoculated in normal saline to prepare bacterial suspensions of 0.5 McFarland standard. Then, the bacterial
suspensions with a concentration of 10® colony-forming units (CFU) /mL were obtained.

The mice deep second-degree burn wound model was developed following the approach previously described by Guo

etal.®

Briefly, the mice were intraperitoneally anesthetized by pentobarbital (45 mg/kg), after which the surface of their dorsal
area was shaved with electoral clippers, and the residual hair was removed by commercial depilatory cream (VEET™; Reckitt
Benckiser, NSW, Australia). A precision temperature-controlled scald apparatus was used to create burn injuries to the dorsum
(Figure 1A and C). The 3" thermal contact head with a diameter of 1.5 cm was selected to produce a deep second-degree burn
wound. The thermal contact head was heated to 80°C and then pressed against the bare dorsum skin for 8 seconds. The
pressure exerted on the skin was 500 g. In order to create an infectious wound, 100 pL of the prepared bacterial suspensions
were subcutaneously injected in mice 15 minutes after burn induction (Figure 1A).

All these animals were randomly divided into five experimental groups. Each group has 20 mice. The specific
treatment for each group is listed in Table 1. Regardless of the treatment agent, the injection volume was 100 pL. The
uninfected group was subcutancously injected with 100 pL of physiological saline instead of the bacterial suspension.
Twenty-four hours after injury, the animals received the first treatment stipulated for each experimental group. The
wound site was treated every two days for 7 days (Figure 1B).

Measurement of Wound Healing Rate

In order to compare the wound healing properties of different formulations, a digital camera (Canon PowerShot G7
X Mark ii/iii) was used to record progressive changes in the wound area. To precisely calculate the wound area, a ruler
was placed on the side of the wound. Image J software was applied to quantify the wound area. The wound areas were
digitally photographed on 0, 1, 3, 5, 7, and 14 days post-wounding. The following equation was used to measure the

wound contraction rate:

Wound contraction rate % = [(Initial wound area — Specific day wound area)/Initial wound area)”100
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Figure | Burn wound induction and treatment. (A) Flow chart of burn wound creation. (B) Schematic illustration of burn wound treatments. (C) Diagram of the precision
temperature-controlled scald apparatus.

Moreover, the time needed for the scab to fall off from burned mice was also considered as one of the parameters for
assessing the wound healing process. Scab-off time is defined as the time the scar fell off the wound sites.

Quantification of Bacteria in Wound Sites

The antibacterial activities of different formulations were evaluated by measuring the local bacterial load reduction. The
mice were killed at 1, 2, 3, 5, and 7 days after the first treatment, and a circular piece of wound skin was immediately
excised from each mouse with an 8-mm diameter sterile biopsy punch. The tissue specimens were weighted and
homogenized with 1 mL sterile physiological saline by a tissue grinder. Then, the mixture was consecutively diluted
in sterile physiological saline. Finally, 0.1 mL of each bacterial dilution was plated onto LB agar in an incubator at 37°C.

Table | The Specific Treatment of Each Group

Group Burn | Bacterial Treatment
Uninfected (Blank) < - 0.9% NaCl
Control (Ctrl) N \ 0.9% NaCl
Gel J J Blank gel
NS/Gel J J AgSDI/NS gel
Cream J J AgSD Cream

Abbreviation: AgSD, silver sulfadiazine.
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After 24 h, the number of bacterial colonies was counted and multiplied by the corresponding dilution factor and reported
as a colony-forming unit (CFU) per gram of tissues.

Histopathological Analysis

The skin sections were acquired on day 28 and evaluated by light microscopy examination to assess morphological
alterations during the wound healing process. Hematoxylin and eosin stains were applied to determine the inflammation
reaction, while the Masson stain mainly focused on collagen distribution. Specifically, skin pieces from the wound area
were collected and fixed in 4% paraformaldehyde (PFA). Dehydration was achieved by a series of ethanol solutions and
finally embedded in paraffin wax. Thin paraffin sections (5 pum) were prepared and stained with Harris’s hematoxylin and
eosin and Masson’s trichrome staining dyes.

Quantification of Cytokines by Enzyme-Linked Immunosorbent Assay

Serums were collected at 12h, and 1, 3, 5, and 7 days post-treatment, and the levels of vascular endothelial growth factor
A (VEGF-A), interleukin 6 (IL-6), and transforming growth factor f (TGF-f) were measured with commercial cytokine-
specific ELISA kits (R&D systems, USA).

Data Analysis

Data were expressed as the mean + standard deviation (SD). Datasets were tested for a normal distribution using the
Shapiro—Wilk’s test, and differences between the group means were estimated by using a one-way analysis of variance
(ANOVA) with Tukey’s test. A P value < 0.05 (95%) was considered statistically significant.

Results and Discussion
In vitro Evaluation of Silver Sulfadiazine Nanosuspension and Silver Sulfadiazine

Nanosuspension Loaded Hydrogel
As illustrated in Figure 2A, AgSD coarse powder was milled and homogenized into nanoparticles. The average particle
size of AgSD nanosuspension was approximately 291.7 nm, with a polydispersity index (PDI) of 0.288. The particle size
of AgSD nanosuspension was stable during storage at 4°C for 6 months.>' Poloxamer hydrogel was chosen due to its
high biocompatibility and thermosensitive properties.'>** We speculated that the AgSD/NS was packaged into hydrogel
during the gelation process (Figure 2A). Specifically, the individual block copolymers (unimer) can self-assemble into
micelles at a concentration higher than the critical micellar concentration and temperature higher than gelation
temperature (32°C was set in the present work, Figure 2B). Likewise, by further increasing the temperature, the micelles
could form 3D networks (hydrogels) with higher viscosity.>® Skin temperature was influenced by ambient temperature
and personal physiology conditions like neurophysiology, disease, gender, and age.'**” The mean skin temperature of an
average individual exposed to a neutral environment has been reported to range from 30 to 34°C, while people with
regional infection usually have higher skin temperature.'**® The gelation temperature we used was around 32°C, which
is the temperature at which the viscosity experienced abrupt change. A typical viscosity change against the temperature
curve is shown in Figure 2C. A significant change in viscosity was observed from 2750 + 375 cP at 30°C to 37,187.5 £
437.5 cP at 35°C. This indicated that the poloxamer matrix was quickly transferred from solution to semi-solid gel when
the temperature was beyond the specific gelation temperature. The proposed drug loading mechanism was identified in
SEM images. The microstructure of NS/Gel was rougher and more irregular compared to the control gel, which indicated
that AgSD/NS might embed in the micelles’ core when phase transition occurred (Figure 2D). As shown in Figure 2E,
the thickness of NS/Gel was approximately 493.7+38.2 nm while the thickness of Gel was about 186.3+12.6 nm. Since
the diameter of AgSD nanosuspensions was approximately 290 nm, which was in accordance with the difference value of
thickness between Gel and NS/Gel, we deduced that the AgSD was evenly embedded in the gel wall when phase
transition happened.

Two typical parameters, inhibition zone and minimal inhibition concentration (MIC), were selected to evaluate the
antimicrobial potency of AgSD coarse powder (Bulk), AgSD nanosuspension (NS), and AgSD nanosuspension loaded
hydrogel (NS/Gel) (Figure 2F and G). As expected, NS exhibited a higher antibacterial effect against P. aeruginosa and
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Figure 2 Preparation and characterization of NS/Gel. (A) Schematic diagram of generation of silver sulfadiazine nanosuspension loaded thermosensitive hydrogel system.
(B) Images of NS/Gel in relation to changes in temperature. NS/Gel was gelled when the temperature went up to 32°C. (C) Viscosity change of NS/Gel with temperature.
The red square indicates the gelation temperature of NS/Gel. (D) Microscopy images of silver sulfadiazine nanosuspension (NS), blank gel (Gel), and silver sulfadiazine loaded
hydrogel (NS/Gel). (E) The network wall thickness of Gel and NS/Gel. (F and G) In vitro antibacterial activity. Inhibition zone (F) and MIC (G) were selected as critical
parameters to compare the therapeutic effect. P value: #<0.05; *¥<0.001, ****<0.0001.

Abbreviations: NS, silver sulfadiazine nanosuspension; NS/Gel, silver sulfadiazine nanosuspension loaded thermosensitive hydrogel; Bulk, AgSD coarse powder; MIC,
minimum inhibition concentration.

E. coli, Gram-negative bacteria, than against Gram-positive S. aureus. According to previous studies, AgSD has an
excellent potential effect against Gram-negative bacteria compared to Gram-positive.”” The MIC value of NS against
P. aeruginosa was 8 png/mL, which revealed half reduced MIC compared with Bulk (16 pg/mL) (Figure 2G). Similarly,
the inhibition zone of NS was significantly higher than Bulk against all three strains. Despite a slight decrease in the
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inhibition zone compared with NS, the antibacterial effect of NS/Gel was considerably higher than Bulk against S. aureus
and E. coli (Figure 2F). Overall, the in vitro evaluation of effectiveness proved that NS/Gel was an ideal and potential
therapeutic agent for the healing of infected wounds.

Acute Toxicity Assessment

Few studies investigated the acute toxicity of AgSD since topical administration of AgSD has been reported to be safe
with less systematic toxicity.'> Common side effects of AgSD, such as argyria, renal toxicity, and transient leucopenia,
were found to be proportional to silver concentration.>**' To the best of our knowledge, no previous study investigated
the toxicity of silver sulfadiazine on the nanoscale. Considering the possible toxicity caused by a significant change in
diameter, we investigated the acute toxicity of NS in the present study.

According to the China Food and Drug Administration, an administration method that enables drug exposure to the
system is mandatory. Thus, the intraperitoneal injection was used to achieve systematic exposure to NS. The median
lethal dose (LDso) was calculated by the modulated Karber method while the silver ions accumulation in tissues was
measured by the previously built [CP-MS method.**

Reduced activity and weakness were observed in mice treated with high dosages (>335 mg/kg). The group treated
with a concentration of 750 mg/kg had an enlarged liver. No visible alterations were witnessed in the organs of other
groups. The mortality ratio of mice was concentration-dependent (Table 2), and LDso for NS was estimated to be
252.1 mg/kg (230.8 to 275.4 mg/kg, 95% confidence limit) (Figure 3A). The dosage we used in following wound
treatment (approximately 40—50 mg/kg) was far from LDso.

The content of silver ions in six organs was measured. The residual silver ions in tissues were concentration-
dependent. The liver had the highest level of silver ions, followed by the spleen, kidney, lung, heart, and brain
(Figure 3B). These results were consistent with the distribution of silver nanoparticles in organs, including the liver,
spleen, lung, kidney, and brain.*** No silver was measured in mice organs treated with NS < 150 mg/kg. The obtained
results indicated that the dosage we used was safe. In their study, Wasef LG measured the deposition of silver after daily
administration of AgSD in burn wound mice model over 28 days of treatment, finding that the liver was the most critical
organ for silver kinetics, which was consistent with our research.>* Limited data are available on the residual silver ions
in organs after silver sulfadiazine administration. Despite no visible abnormalities in organs, further studies are needed to
evaluate the long-term toxicity of silver sulfadiazine nanosuspensions to provide more information for clinical use.

In vivo Wound Healing Efficacy of Silver Sulfadiazine Nanosuspension Loaded

Thermosensitive Hydrogel

In the present study, we created a uniform and reproducible deep second-degree burn wound model with precision
temperature-control apparatus (Figure 2C). The burn temperature on the mice’s dorsum, the burn time, and the pressure
exerted on the mice’s skin were all controllable by this apparatus.®> A 100 pL bacterial suspension was injected into the
burn site to obtain an infected wound, thus inducing an ideal deep second burn wound combined infection mice model.
Commercial silver sulfadiazine cream was used as a positive control to demonstrate the enhanced antibacterial activity of

Table 2 Mortality Ratio of Silver Sulfadiazine Nanosu
spensions. (n=10)

Group n Dosage (mg/kg) | Mortality (%)
| 10 100 0

2 10 150 20

3 10 224 40

4 10 335 70

5 10 501 90

6 10 750 100
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the prepared NS/Gel. The NS/Gel was found to have enhanced antimicrobial activity against Staphylococcus aureus and
accelerated wound healing properties.

Wound Contraction Rate Analysis
Representative images of deep second-degree burn wounds in mice are illustrated in Figure 4A. Healing happens instantly
after wound creation, followed by edema and tissue fluid secreting. The wound areas became enlarged in the Ctrl group and
Gel group on day 3, while groups treated with antibacterial agents gradually contracted towards the wound center. The death
rates of mice from the five groups are recorded in Figure 4B. As indicated in Figure 4B, 30% percent of mice in the Control
group died on day 5, while only 20% percent died in the Gel group. Since the application of poloxamer on deep second-degree
burn wounds at the early stage was reported to alleviate wound deepening, we speculated that the hydrogel alone also
contributed to wound healing.’ Lower death rates were measured in the Cream and NS/Gel groups compared to the Control
group, indicating that the application of an antibacterial agent might influence the death rate in the early stage. The wound
contraction rates of different groups are illustrated in Figure 4D, and all groups were compared with NS/Gel on other days. The
contraction rate of NS/Gel was significantly higher than Ctrl, especially in the early stage (<7 days). This might be due to the
antibacterial activity of NS, which has an important role in wound healing by inhibiting bacterial growth.** After seven days,
the NS/Gel was the only formulation that achieved > 85% wound contraction rate in mice and was significantly better than
commercial cream on day 14 (87%+6% vs 74%+8%) (P<0.01). The average weight of all groups slightly decreased on day 3
because of the inflammation reaction following continuous increase until day 28 (Figure 4C). No significant difference was
found among all groups.

As shown in Figure 4A, scars in NS/Gel and Cream group formed on day 3, which was earlier than in other groups. On day
7, scars began to slough. The time needed for scars to fall off from the burned wound is shown in Figure 4E. There was no
significant difference in the time needed for the scab to fall off between the NS/Gel and Cream group. The slightly shorter
scab-off time in the Cream group might be due to the silver sulfadiazine and the formulation additives.'” As expected, an
accelerated wound-healing process was observed in mice from the Gel group. Poloxamer was reported to be able to early
alleviate wound deepening, indicating that blank gel can be used as a potential wound dressing for uninfected wound sites.”**¢
Overall, the wound healing property of NS/Gel was much better than that of commercial AgSD cream.

Bacterial Growth Inhibition

As burn wounds are susceptible to infections, it is of vital importance to eradicate the bacteria from the infectious sites
for rapid wound healing.® Staphylococcus aureus is one of the most common bacterial strains affecting the skin of burn
patients.®” The bacteria in the wound areas were collected and counted at different time intervals after treatment,
according to the approach previously reported by Saymen et al.*® The CFUs were calculated on days 1, 2, 3, 5, and 7.
The Blank group was used to exclude the possible environmental contamination during the experiment. The change in
bacterial burden reduction in the wound area is summarized in Figure SA.
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Mice treated with formulations containing antibacterial agents showed lower bacterial counts compared to the control group.
The bacterial colony count in the Cream group revealed a slight increase on day 2, decreasing furthermore to 3.8x10% CFU/g
on day 7. Conversely, bacterial growth in NS/Gel group steadily decreased during 7 days from 9.8x10® to 0 CFU/g. Taking
advantage of the higher solubility and nano-size scale, bacterial count in NS/Gel mice group significantly decreased compared to
the Cream group on days 2, 3, and 7. As illustrated in Figure 5B, the residual silver ion in the blood of NS/Gel was higher than
Cream in the first 7 days, which is reasonable because of the higher solubility of NS. The silver subsequently decreased to <200
ng/mL and was similar to the residual silver of AgSD cream. NS/Gel eradicated S. aureus infection at day 7, demonstrating its
ability to reduce infection after prolonged treatment.

Histopathology Analysis
On day 28, the skin in the wound site was collected from the surviving animals for light microscopic examination. The samples
were longitudinally cross-sectioned and stained with hematoxylin and eosin (H&E) and Masson trichrome (Figure 6).
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Figure 5 (A) Bacterial colony count in wound area was measured for Blank, Control, Cream, and NS/Gel groups. (B) Content of silver ions in mice blood treated by Cream
and NS/Gel group on different days.
Abbreviations: NS, silver sulfadiazine nanosuspension; NS/Gel, silver sulfadiazine nanosuspension loaded thermosensitive hydrogel.

The new epidermis was found in all groups, especially in the NS/Gel group. A well-organized epithelium and multiple
keratinized cell layers, like those found in normal skin, were observed in the NS/Gel group, while in the Control group,
many neutrophils (blue arrow) remained at wound sites with fewer typical skin structures (Figure 6A). Besides, the
epidermis was well differentiated in NS/Gel group, as was confirmed by more hair follicles (yellow triangle) and sweat
glands (blue triangle). Few skin appendages were observed in the Cream group.

Furthermore, the neat arrangement of collagen fibers (yellow arrow) could be seen in the NS/Gel group dermis, which
was cluttered or missing in other groups. Although mice treated with AgSD cream had the shortest scab-off time, they
showed thin epidermal layers with immature collagen fibers arranged in parallel on day 28 (Figure 6A). Surprisingly, the
Gel group demonstrated more accelerated wound healing compared to the control group, which is consistent with
previous research.***° The collagen volume fraction (CVF) was also calculated according to the Masson staining images
by Image J software. The results are illustrated in Figure 6B. The application of wound dressings accelerated collagen
formation. No significant difference was observed between Cream and NS/Gel. Overall, skin samples from the NS/Gel-
treated group showed a well-organized epidermis, complete restoration of epidermal layers, and basal, granular, and
cornfield layers.

Quantification of Cytokines

Severe wound burn often cause the dysregulation of various cytokines, which has a critical role in multiple stages of the
wound healing process, including inflammation reaction, reconstruction of blood vessels, and fibroblast proliferation.”’
IL-6, VEGF-A, and TGF-B1 are mainly evolved in three stages of wound healing: the inflammatory stage, granulation
tissue formation, and production of collagen fiber.** As a result, IL-6, VEGF-A, and TGF-B1 were selected to compare
the healing process after different treatments.

The effects of different treatments on IL-6 expression levels are illustrated in Figure 6C. All groups experienced
increased expressions of IL-6 on the first day, which then decreased in the following days. The increased IL-6 expression
of all groups indicated the inflammation reaction after wound induction, which was consistent with the advance in the
wound healing process.® The concentration of IL-6 treated by NS/Gel on day 1 was 182.4 pg/mL, which was far less than
the Control group (279.6 pg/mL). Meanwhile, the group treated with Cream was 219 pg/mL. At 3 days post cutaneous
injury, the Control group still had high serum levels of IL-6, a cytokine released by inflammatory cells in excessive
inflammation.

Considering its vital role in vasculogenesis, which can support metabolic activity for cell proliferation and collagen
synthesis, we used VEGF-A.*** The average serum concentrations of VEGF are illustrated in Figure 6D. The
concentration of VEGF treated by NS/Gel was 155.3 pg/mL on day 3, which was significantly different from all other
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Figure 6 Histopathology analysis. (A) Hematoxylin and eosin (H&E) staining and Masson trichrome dye staining of mice dorsum biopsies. Cross-sections through the
longitudinal aspect of the scarred areas were made. Magnification: upper: 10x; down: 15x. Blue arrow: neutrophil; yellow triangle: hair follicle; blue triangle: sweat gland;
yellow arrow: collagen fiber. (B-D) Expression of cytokines in mice serum. (E) The percent fraction of collagen volume fraction (CFV) was calculated using Masson images.
Scale bars: 250 um. P value: *¥<0.01; ***<0.001.

Abbreviations: NS, silver sulfadiazine nanosuspension; NS/Gel, silver sulfadiazine nanosuspension loaded thermosensitive hydrogel.

groups (p < 0.5). The elevated expression of VEGF in the NS/Gel group might be ascribed to the AgSD nanoparticles
and poloxamer hydrogel.

TGF-B1 can increase the expression of type I collagen and has a determining effect on wound healing and fibrosis.>**
The serum concentration of TGF-B1 is shown in Figure 6E. The secretion of TGF-B1 fluctuated for 7 days for all groups.
The expression of TGF-B1 in the NS/Gel group increased from 113.5 ng/mL on Day 3 to 149.3 ng/mL on Day 5.
Interestingly, the gel group also showed high expression of TGF-p1 on day 1 (132.1 ng/mL) and day 5 (155.6 ng/mL),
which could be due to the healing promotion activity of poloxamer.>® Since TGF-B1 can simulate the fibroblast to
produce dense collagen networks, the increased expression of TGF-B1 in the Gel group and NS/Gel group might
contribute to the wound healing process on day 5. Correspondingly, the wound contraction rates of the Gel group and
NS/Gel group also slightly increased from day 3 to day 5. (Figure 4D) Afterwards, the TGF-f levels in the infected
wounds decreased to the same level as Blank. No visible scar formation was observed in NS/Gel group according to
Figure 4A, which indicated that the increased expression of TGF-B1 in the early stage did not induce fibrosis in the
wound site.

Conclusion
The present study thoroughly evaluated the effectiveness and safety of silver sulfadiazine nanosuspension-loaded
thermosensitive hydrogel. In vitro characterization demonstrated that the NS/Gel was feasible upon critical gelling
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temperature. Meanwhile, compared with coarse powder, enhanced antibacterial activity was measured against
P aeruginosa, E. coli, and S. aureus. A designed acute toxicity test calculated the LDs, value of silver sulfadiazine
nanosuspension for the first time, confirming the safety of the dosage used in wound healing.

A reproducible and reliable infectious deep second wound mice model was built to compare the in vivo activity of
NS/Gel with other formulations in this work. A combination of silver sulfadiazine nanosuspension and thermosensitive
hydrogel exhibited an accelerated wound healing process more effectively than commercial silver sulfadiazine cream
while significantly decreasing the bacterial burden in mice. Overall, NS/Gel resulted as a promising antibacterial
formulation for the treatment of infected burn wounds.
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