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ABSTRACT

Background: Thermal injuries to the skin cause intense inflammation and delayed healing, leading to considerable challenges in the field of
advanced wound healing. Stem cell-derived extracellular vesicles (EVs) have strong paracrine capacities to guide cell behaviour throughout
wound healing in the cutis. Hypothesis: Exosomes enriched-hydrogels can repair tissue, reduce systemic inflammation and promote re-
epithelialization in partial thickness thermal burn wounds when compared to the use of standard hydrogel therapy. Methods: This double blind,
parallel group randomized controlled trial involved 60 patients suffering from acute partial thickness thermal burn in 6 months study in central
Punjab. The participants were randomly assigned (1:1) to either the exosome-enriched hydrogel dressing(n=30) or the identical hydrogel dressing
(n=30) applied at intervals of 48 hours for 4 weeks. The percent of total epithelialization at week 4 was a primary outcome. Secondary outcomes
were: Visual Analog Scale (VAS) pain score, serum C-reactive protein (CRP) level, and Vancouver Scar Scale score. A total of 55 subjects were
included in the final analysis (28 intervention, 27 control). Results: At 4 weeks, the intervention group demonstrated a significantly higher mean
complete epithelialization rate compared to controls (91.2\% \pm 5.8\% vs. 71.8\% \pm 7.3\%; mean difference: 19.4\%, 95\% Cl: 14.2\% to
24.6\%; p < 0.001). There was a significant time \times group interaction for wound closure as indicated by repeated-measures ANOVA (F(1, 53)
=112.45, p < 0.001). Patients treated with exosome hydrogels experienced significantly greater reductions in VAS pain scores (1.8 \pm 0.7 vs. 3.9
\pm 0.9; p <0.001), lower serum CRP levels (6.2 \pm 1.8\text{ mg/L} vs. 14.5 \pm 3.1\text{ mg/L}; p <0.001), and lower scar scale ratings (2.4 \pm
0.8 vs. 4.8 \pm 1.1; p < 0.001). In conclusion, exosome-enriched hydrogel dressings can efficiently promote re-epithelialization and minimize
early inflammation and tissue scarring in PTBI, and this cell-free regenerative strategy is very promising. Keywords: Administration, Cutaneous;
Biomaterials; Burns; Cicatrix; Exosomes; Hydrogels; Wound Healing.

INTRODUCTION

Despite significant progress in both basic and clinical research, burn injuries remain one of the most challenging
problems in Regenerative medicine and are a major cause of severe morbidity, prolonged hospital stay and
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substantial financial burden in the world(1). Deep partial thickness and full thickness thermal injury initiate a series
of events which leads to tissue necrosis, lasting oxidative stress, and a strong inflammatory cell infiltration(2). The
traditional methods for wound management aim at preventing microbial colonization and maintaining a moist
wound bed, from non-stick materials to conventional topical antimicrobials and autologous skin grafting. But,
standard approaches may not be sufficient to actively teach or speed up the processes going on in the cell required
for best tissue repair. Delayed healing is associated with the development of secondary infections and sepsis as
well as excess myofibroblastic activity, which can result in hypertrophic scarring, contractures and functional
disability. Therefore, new advanced therapeutic platforms that can actively manipulate the physiological
microenvironment to obtain rapid epithelial renewal and functional regeneration of the skin are needed(4).

Stem cell-derived extracellular vesicles (ECs), or exosomes, are recently identified as strong paracrine factors in
tissue repair processes in recent years. These membrane-bound nanovessicles contain a copious amount of
bioactive molecules such as micro RNAs, growth factors, and requlatory proteins that directly requlate intercellular
communication(5). Exosomes derived from mesenchymal stem cells (MSCs) possess a highly pro-angiogenic,
immunomodulatory, and anti-apoptotic effects. While whole-cell therapies have their drawbacks, exosomal
therapies have clear merits like reduced immunogenicity, enhanced biochemical stability, and a lack of the
concerns of ectopic tissue development or cellular transformation. However, these promising biological properties
are not realized in the clinical setting, as free exosome suspensions are rapidly degraded by enzymes, are poorly
retained at the site, and are quickly removed from fluid-exudative burn wound sites. These nanovesicles are
extremely delicate and require an innovative delivery vehicle to maintain their integrity and enable their controlled
and long-term release(6).

The three-dimensional polymeric network that is a feature of biocompatible hydrogels gives them the special place
as advanced wound care scaffolds in mimicking the native extracellular matrix. Hydrogels ensure an optimal
moisture condition when placed at the wound interface, absorb excess exudate, provide autolytic debridement and
protect newly formed tissue from mechanical stress. A synergistic approach is obtained by incorporating exosomes
in dynamic, bio-responsive hydrogel matrices: exosomes are encapsulated, maintaining bioactivity and bio-
retention at the wound site, which promotes tissue matrix healing and released nanovesicles regulate cell behavior
at the site by interacting with the local cells. Preliminary studies in animal models have confirmed the efficacy of
the use of exosome functionalised hydrogels, which have led to an increase in re-epithelialisation, accelerated
collagen deposition and decreased inflammation in animal models, although clinical data in humans is less robust.
There is still a solid need for extensive clinical data regarding the therapeutic efficacy, safety profile and
physiological mechanisms of action of exosome-enriched hydrogels in human thermal injuries(7).

To meet this gap between preclinical potential and clinical use, systematic clinical trials are necessary to assess the
clinical worth of exosome-enriched matrices for burns patients(8). The capacity to propionate parameters such as
the complete healing of wounds, vascular regeneration, cytokine changes in the microenvironment, and the quality
of the scar will be convenient to make the limits of the therapeutic application of this new biomaterial platform.
Therefore, it was decided to systematically evaluate the effectiveness of exosome-loaded hydrogel dressings vs
standard hydrogel dressings on re-epithelialization, excess inflammatory response and structural tissue
regeneration in partial thickness burn wounds in a randomized controlled study(9). The purpose of this trial is to
establish an evidence base for the use of exosome-hydrogel therapy as a new generation of standard in treatment
of advanced burns in controlled clinical conditions(10).

MATERIAL AND METHODS

This was a single center, prospective, double blind, parallel group, randomized controlled trial (RCT) directed at a
tertiary care burn center in Central Punjab, which was designated due to its centralized burden of the disease,
uniform hospital protocols for burns in the region and similar baseline dietary profile of its patients, thereby
minimizing the environmental confounding reasons in the treatment and wound healing of burns. The study took
place in a six-month period, from May 2025 to October 2025, including the recruitment of participants, active
interventions, and follow-up needs. A sample size calculation was used in conjunction with effect sizes reported in
previous clinical trials that evaluated bioactive hydrogels for dermal repair to determine that 60 patients (30
patients in each arm) would be sufficient for this study, with a recruitment target of 51 patients, based on the 10%
drop-out rate. Adults aged 18-50 years with acute partial thickness burns on 5-15% of their total body surface area
(TBSA) within 24 hours of burn who met the eligibility criteria were included.Participants were adults (18-50 years)
who had experienced acute partial thickness thermal burn wounds to 5-15% of their total body surface area (TBSA)
within 24 hours of the burn. To minimize systematic bias, exclusion criteria were used, including chronic metabolic
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diseases (e.g. diabetes mellitus), systemic infections in the past, suspected autoimmune diseases, and topical
therapy in the past before presentation.

Participants were allocated to groups by randomisation, through a computer-generated block sequence with
variable block sizes, in a 1:1 ratio. Allocation concealment was independently obtained by sequentially numbered,
opaque, sealed envelopes that were handled by an independent research coordinator separate from clinical care
and assessment. Group assignments were kept double-blinded by both the participants and the outcome
assessors, dressings were packaged in identical but unlabeled sterile containers, and the applications were made
by nursing staff with special skills, who were not involved in data collection. The intervention group was treated
with a standardised exosome enriched hydrogel dressing directly onto the wound bed every 48 hours for 4 weeks
of active intervention. Control group was treated with the same inert hydrogel dressing with the same application
regimen and the same hygiene routine as the experimental group but was not enriched. The degree of adherence
was checked on a daily basis by hospital admission records and daily clinical charts and analyzed with the intention
to treat principle, so as to consider the possible non-compliance or loss to follow-up.

Outcome measures were assessed at the start of the intervention (baseline) and at the end of the 4-week
intervention. Complete epithelialization was the primary outcome with the percentage of wound closure
determined by planimetric digital photography and analysed with Imaged software. Secondary outcomes were
subjective wound pain (VAS), local inflammation (serum C-reactive protein)and scar quality (Vancouver Scar Scale).
The Shapiro-Wilk test was used to test the normality of the data. Paired t-tests were used to assess for within group
changes from baseline to post-intervention with continuous variables, and independent t-tests were used for
between group comparisons. A repeated-measures analysis of variance (ANOVA) was used to assess group-by-time
interaction effects for all time points. To assess correlations between reduction in inflammatory markers with the
rate of wound closure, Pearson correlation analysis was used. The level of statistical significance was defined as p
value < 0.05.

RESULTS

A quantity 78 patients with acute partial thickness thermal burn injuries screened for inclusion in the study over a
6-month period (May 2025 - October 2025). Of these, 18 (12 not suitable and 6 refused particular patient) were
removed leaving a baseline randomized sample of N=60 participants. The participants were randomly divided into
an intervention group (exosome-enriched hydrogel dressing, n=30) and a control group (plain hydrogel dressing,
n=30). Of the 5 participants who were lost to follow-up during the 4-week intervention period, 2 were from the
intervention group (1 who withdrew voluntary and 1 who was transferred to facility) and 3 were from the control
group (2 not adherent to protocol and 1lost to contact). Thus, the final ITT (intention to treat) analysis population
consisted of 55 study subjects (28 in the intervention group and 27 in the control group).

Baseline demographic and clinical features assessed in the entire randomized sample (N=60) showed good
comparability between the two arms. Overall, the mean age was 33.4 + 8.2 years and 38 (63.3%) were males. The
mean % of the total body surface area was 9.8% +2.8%. There were no statistically significant differences between
the intervention and control groups in terms of age, sex distribution, burn severity or baseline clinical parameters
(all p>0.05).

Table 1. Baseline demographic and clinical characteristics of the randomized participants

Characteristic Total (N=60) Exosome-enriched hydrogel (n=30) Plain hydrogel (n=30) Between-group difference (95% CI) p-value
Age, years 334 +82 331+79 337+ 86 -0.6 (-4.91t03.7) 0.779
Male sex, n (%) 38 (63.3) 19 (63.3) 19 (63.3) — 1.000
Burn TBSA, % 98+28 96 +27 10.0 + 29 -04 (-1.8t0 1.0) 0.582
VAS pain score,0-10 7.8 +1.1 79+1.0 77+12 0.2 (-0.4 to 0.8) 0.486
Serum CRP, mg/L 425 + 84 431+ 8.1 419 + 8.8 1.2 (-3.2t0 5.6) 0.585

The mean percentage of wound closure at the primary endpoint after 4 weeks of intervention was significantly
higher in the intervention group (n=55) than in the control group. Independent t-test showed a mean difference of
19.4% (95% CI, 14.2% to 24.6%) was statistically significant from the exosome-enriched hydrogel, p < 0.001.
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Table 2. Primary and secondary clinical outcomes for 4 weeks

Outcome Exosome-enriched hydrogel Plain hydrogel Between-group difference (95%  Hedgesg p-value
(n=28) (n=27) CD

‘Wound closure, % 91.2+58 71.8+73 19.4 (15.8 to 23.0) 291 <0.001

VAS pain score, 0-10 1.8+0.7 39+09 -21(-25t0-1.7) -2.57 <0.001

Serum CRP, mg/L 6.2+18 145+ 31 -8.3(-9.7t0-6.9) -3.24 <0.001

Vancouver Scar Scale score 2.4 + 0.8 48 +1.1 -24 (-29t0-1.9) -2.47 <0.001

We got the Values, which are mean + SD. Between-group differences are intervention minus control and were
calculated from the reported means, SDs, and group sizes using independent-samples comparisons. Hedges g
represents the standardized between-group difference; its sign follows the direction of the reported mean
difference. Cl, confidence interval; CRP, C-reactive protein; VAS, Visual Analog Scale.

Table 3. Within-group changes from baseline to week 4

Outcome Group Baseline, mean + SD Week 4, mean + SD Mean change
‘Wound closure, % Exosome-enriched hydrogel 00:00 912+58 91.2

Wound closure, % Plain hydrogel 0.0:0.0 718+73 71.8

VAS pain score, 0-10 Exosome-enriched hydrogel 79+1.0 1.8+0.7 -6.1

VAS pain score, 0-10 Plain hydrogel 77+12 39+09 3.8

Serum CRP, mg/L Exosome-enriched hydrogel 43181 6.2+1.8 -36.9

Serum CRP, mg/L Plain hydrogel 419 + 8.8 145+ 31 274

CRP, C-reactive protein; SD, standard deviation; VAS, Visual Analog Scale. Mean change was calculated as week 4
minus baseline. Confidence intervals for within-group change are not presented because SDs of paired changes or
participant-level data were not reported.

Table 4. Group-by-time interaction and correlation analyses

Analysis Estimate df Effect size 95% CI p-value
Wound closure: group x time interaction, F 112.45 1,53 0.680 — <0.001
VAS pain: group x time interaction, F 84.12 1,53 0613 — <0.001
Serum CRP: group x time interaction, F 96.38 1,53 0.645 — <0.001
‘Week-4 CRP vs wound closure, Pearson r -0.74 53 — -0.84 to -0.59 <0.001

Those effect sizes in repeated-measures analyses are partial n) values, based on the F statistic and degrees of
freedom reported. Fisher's z-transformation was used to obtain the 95% CI for the Pearson r. CRP: C-reactive
protein, df: degrees of freedom, VAS: Visual Analog Scale.

Wound closure on the exosome-enriched hydrogel group and plain hydrogel group was 91.2 +5.8% and 71.8 + 7.3%,
respectively, at week 4. This difference between groups was 19.4 percentage points (95% Cl, 15.8 to 23.0; p<0.001)
with a standardized effect size of Hedges g=2.91. Mean VAS pain scores were also lower in the intervention group by
2.1points (95% Cl, -2.5 to -1.7; p<0.001; g=-2.57). Serum CRP concentrations differed by -8.3 mg/L (95% CI, -9.7 to -
6.9; p<0.001; g=-3.24), while Vancouver Scar Scale scores differed by -2.4 points (95% Cl, -2.9 to -1.9; p<0.001; g=-
2.47) at week 4.

The mean wound closure increased by 91.2 percentage points in the intervention group and 71.8 in the control group
from baseline to week 4. Means of VAS decreased by -6.1 and -3.8 points, respectively, and mean of serum CRP
decreased by -36.9 mg/L and -27.4 mg/L. Uncertainty intervals of paired change scores could not be computed
using the reported aggregate data because SDs of the change scores within groups were not reported.

The reported repeated-measures analyses proven group-by-time interactions for wound closure (F[1,53]=112.45,
p<0.001), pain scores (F[1,53]=84.12, p<0.001), and serum CRP (F[1,53]=96.38, p<0.001). These statistics yielded
partialn?values of 0.680, 0.613, and 0.645, respectively, telling us a high levels of partingin change of forms between
groups across the two assessment times. At week 4, serum CRP was inversely correlated with % of wound closure
(r=-0.74, 95% CI -0.84 to -0.59; p<0.001).

DISCUSSION

We saw in this randomized controlled trial that exosome-enriched hydrogel dressing significantly fast-tracked the
re-epithelialization, condensed systemic inflammation, and improved basic scar outcomes, compared to the
control hydrogel dressing, in acute partial-thickness thermal burn wounds(11). The exosome-enriched group had a
mean thorough epithelialization rate of 91.2% over the 4-week periodic duration of the active intervention, as
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compared with 71.8% for the control group, it was seen statistically significant(12). meaningful secondary clinical
improvement was seen in this trajectory of enhanced tissue closure, including a more swift decline in patient-
reported pain scores and a large drop in serum C-reactive protein levels(13). The negative relationship between
inflammatory resolution and wound closure rates suggests that the incorporation of exosomes is able to effectively
resolve the inflammatory cascade in the wound microenvironment and shift it from an inflammatory condition to
an active one involving matrix remodeling(14).

Extracellular vesicles are known to exhibit regenerative properties during dermis wound healing as reported in
previous preclinical and emerging clinical studies, which are in line with the findings of this study. The findings of
this study were in good correlation to the previous preclinical and emerging clinical literature that have focused on
the regenerative properties of EVs on dermal wound healing process. The role of stem cell-derived exosomal
signaling and targeted regulation of endothelial cell proliferation, migration and angiogenesis through microRNA
and protein cargo in these nanovesicles had been investigated previously(15). The speedy tissue closure detected
in the present trial is in vision with the theoretical notion that hydrogels are an ideal bio-interactive matrix that
keeps good the fragile integrity of exosomes and local holding throughout the fluid-exudative burn bed(16). In
addition, the parallel cut in scores on the Vancouver Scar Scale in the intervention group confirms previous
biological models that exosomal modulation inhibits aberrant myofibroblast differentiation, heavy collagen cross-
linking and thus leads to a more planned dermal structure(17).

The translation of this would have big clinical implications for burn care algorithms. Secondary wound infection,
prolonged hospitalization, and hypertrophic scarring are direct consequences of the critical clinical window for
treatment of many thermal injuries in which epithelialization is directly related to the risk of the injury. A non-
invasive, cell-free, bioactive scaffold for exosome delivery is a biological intervention that could facilitate
physiological wound closure with minimal logistics, immunologic and tumorigenicity concerns of live stem cell
transplantation(18). The obvious decrease in pain intensity at the early time frame also indicates that local
inflammatory cytokines can be suppressed, providing local analgesia, without the need for dependence on systemic
analgesics for normal dressing changes(19).

The results are encouraging, but the study has a number of methodological weaknesses which caution the
interpretation of the results. First, the number of participants analyzed (n = 55) was adequate to determine
differences at the primary endpoints, but is still relatively small and from a single tertiary care center. Second, the
study included only acute, partial-thickness thermal burns, whereas it did not include full thickness burns or burns
in older age groups or those in the diabetic population. Third, the evaluation of the outcomes was restricted to 4
weeks after the intervention, which prevents firm conclusions to be drawn on long-term improvements in tensile
scar strength, normalization of pigmentation and delayed scar contracture over multi-year periods. In addition,
since systemic C-reactive protein was monitored as a surrogate inflammatory marker of systemic inflammation,
local wound tissue cytokine profiling was not done because of protocol limitations(20).

The treatment outcomes need to be investigated further in multi-center clinical trials with larger patient sample
sizes in order to confirm the therapeutic effects in more heterogeneous patient populations such as high risk
diabetic patients and geriatric patients. Dose-responses for exosome concentrations in hydrogels will further be
investigated as a way to optimize clinical protocol guidelines. Further long-term follow-up studies up to 6 and 12
months after injury are needed to fully understand the maturation process of scars and the functional range of
motion results. Future designs incorporating localized tissue RNA sequencing and histological sampling would
reveal detailed molecular signaling networks responsible for the exosome-induced dermal regeneration of human
skin.

CONCLUSION

In partial-thickness thermal burn wounds, exosome-enriched hydrogel dressings can be shown to make a
significant difference in re-epithelialization, systemic inflammation, and scar quality when compared to the same
dressings used to treat thermal burns with only hydrogel. This bioactive scaffold delivers a long-term supply of
bioactive nanovesicles, ensuring early repair of tissues and minimizing post-burn issues. Exosome-loaded hydrogel
therapy provides a safe, cell-free advanced wound care platform with optimized healing velocity and aesthetic
results, laying the groundwork for advanced burn management in the future.
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