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ABSTRACT

Background: Burn injuries remain a major global health concern, contributing significantly to morbidity, mortality, and healthcare
costs, particularly in low- and middle-income countries. The quest for an ideal wound dressing that accelerates healing, minimizes
infection, reduces pain, and restores skin integrity with minimal scarring has prompted the exploration of biological dressings.
Recently, Tilapia fish skin (TFS) has emerged as a promising xenograft material due to its collagen-rich composition,
biocompatibility, and structural similarity to human skin. Objective: This systematic review aims to evaluate the efficacy and
histopathological outcomes of Tilapia fish skin as a biological dressing for acute thermal burns, comparing its performance with
conventional and other biological dressings. Methods: A systematic search was conducted in PubMed, Scopus, Web of Science,
and Cochrane Library databases for studies published between 2015 and 2025. Eligible studies included randomized controlled
trials, cohort studies, and experimental animal models assessing TFS in acute thermal burns. Data extraction focused on wound
healing time, pain scores, infection rates, histopathological changes, collagen deposition, epithelialization, and patient
satisfaction. The risk of bias was assessed using the Cochrane Risk of Bias Tool and SYRCLE’s tool for animal studies. Results:
Twelve studies met the inclusion criteria, encompassing both clinical and preclinical evidence. Most clinical trials demonstrated
that TFS significantly reduced healing time (by 3-5 days on average) and decreased pain intensity compared with silver
sulfadiazine or hydrocolloid dressings. Infection control outcomes were comparable or superior to conventional methods due to
the natural antimicrobial peptides in TFS. Histopathological analyses across studies revealed enhanced neovascularization, denser
collagen type I and III deposition, and earlier re-epithelialization in TFS-treated wounds. Furthermore, patients reported better
comfort, fewer dressing changes, and improved cosmetic outcomes. In animal models, TFS promoted faster granulation tissue
formation and reduced inflammatory cell infiltration compared to controls. Conclusion:

Tilapia fish skin appears to be an effective and biologically safe alternative dressing for acute thermal burns, offering accelerated
healing, reduced pain, and favorable histopathological outcomes. Its low cost, wide availability, and ease of sterilization make it
a viable solution, especially in resource-limited settings.
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INTRODUCTION

Burn injuries are among the most complex and life-threatening forms of trauma, causing profound physiological, psychological,
and socioeconomic consequences across the globe. According to the World Health Organization (WHO, 2018), more than 11
million individuals suffer from burn injuries annually, with approximately 180,000 deaths recorded worldwide—most of which
occur in low- and middle-income countries (LMICs). The burden of burns extends beyond mortality; survivors often endure
prolonged hospital stays, extensive rehabilitation, emotional distress, and lifelong disfigurement that severely affect their quality
of life and productivity (Peck, 2011). Thermal burns, caused by exposure to flame, scalding liquids, hot solids, or steam, represent
the most common type of injury, accounting for nearly 85% of all burn-related hospital admissions (Nielson et al., 2017). In
regions where specialized burn care centers are limited or overburdened, finding safe, effective, and affordable methods for
wound coverage is a major clinical challenge.

Effective burn management is based on three critical objectives: (1) early wound closure to prevent infection and fluid loss, (2)
restoration of skin function and aesthetic appearance, and (3) pain control and patient comfort during healing. Traditional
approaches include the use of topical antimicrobial agents, such as silver sulfadiazine (SSD), and synthetic dressings designed to
maintain a moist environment that supports tissue regeneration (Atiyeh et al., 2007). While SSD remains one of the most widely
used topical agents, it has several drawbacks—such as delayed epithelialization, cytotoxic effects on keratinocytes and fibroblasts,
and frequent dressing changes that increase discomfort and nursing workload (Poon & Burd, 2004). Moreover, many synthetic
dressings, though technologically advanced, are expensive and not readily available in resource-limited healthcare systems, thus
limiting their routine use in developing countries (Lima-Junior et al., 2019).

In this context, biological dressings have gained renewed attention for their ability to mimic the structure and function of natural
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skin, providing a physiologically suitable environment for cell proliferation, collagen deposition, and tissue repair. Biological
materials—such as porcine skin, bovine pericardium, amniotic membrane, and cadaveric allografts—have demonstrated excellent
biocompatibility, moisture retention, and pain reduction compared to conventional alternatives (Costa et al., 2019). However,
their clinical use is often limited by ethical concerns, high procurement costs, risk of immunologic rejection, and potential disease
transmission, particularly from mammalian sources (Hu et al., 2017).

Over the past decade, researchers have explored alternative xenografts from non-mammalian sources, with Tilapia fish skin (TFS)
emerging as a novel and highly promising biological dressing. Derived from Oreochromis niloticus, a freshwater fish species
abundant in tropical and subtropical regions, TFS has attracted significant attention due to its unique biochemical and structural
properties. Tilapia skin is rich in type I and type III collagen, which are essential for dermal regeneration, tensile strength, and
extracellular matrix formation (Hu et al., 2017). Its dense collagenous architecture closely resembles that of human dermis,
providing a natural scaffold that facilitates fibroblast migration, angiogenesis, and epithelialization. Furthermore, TFS possesses
notable biomechanical strength, flexibility, and hydration capacity, making it particularly effective in maintaining a moist wound
environment that promotes rapid healing.

Beyond its mechanical and structural attributes, TFS also contains bioactive peptides and antimicrobial compounds that inhibit
the growth of pathogenic microorganisms, reducing the risk of infection and supporting cleaner wound beds (Lima-Junior et al.,
2019). Unlike mammalian xenografts, fish-derived dressings carry minimal risk of zoonotic disease transmission such as prion
infections or viral pathogens and are less likely to raise cultural or religious objections, which makes them highly adaptable in
diverse sociocultural contexts (Costa et al., 2020).

From an environmental and economic perspective, TFS represents a sustainable biomedical innovation. The global fish processing
industry generates millions of tons of biological waste each year, including skins, scales, and bones, which are often discarded.
Repurposing Tilapia skin for medical applications thus provides a cost-effective, eco-friendly solution, contributing to the
principles of circular economy and sustainable healthcare (Andrade et al., 2021). The material’s availability, low production cost,
and simple sterilization procedures make it an appealing choice for countries with high burn prevalence but limited access to
costly synthetic grafts or tissue banks.

Several preclinical and clinical investigations have confirmed the potential of Tilapia fish skin in promoting effective burn wound
healing. Experimental animal studies revealed that TFS-treated wounds showed accelerated re-epithelialization, enhanced
granulation tissue formation, higher collagen density, and better-organized dermal architecture compared to control groups treated
with silver sulfadiazine or conventional dressings (Hu et al., 2017; Costa et al., 2019). Clinical studies, notably those conducted
in Brazil—the pioneer in developing sterilized TFS for medical use—demonstrated shorter healing times, reduced pain scores,
and higher patient satisfaction (Lima-Junior et al., 2019; Andrade et al., 2021). Furthermore, histopathological analysis of biopsy
specimens from TFS-treated burn wounds consistently revealed increased angiogenesis, fibroblast proliferation, and reduced
inflammatory cell infiltration, highlighting its regenerative potential.

Despite these promising outcomes, research on TFS remains relatively new, and the body of evidence is still fragmented across
various study designs and experimental conditions. There is no unified consensus on the optimal preparation techniques,
sterilization protocols, or comparative clinical efficacy against other biological dressings. Thus, synthesizing and analyzing the
current literature through a systematic approach is essential to determine its therapeutic value and establish evidence-based
recommendations for its clinical use in burn care.

METHODS

This systematic review was conducted in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) 2020 guidelines, ensuring methodological transparency and reproducibility. The objective was to synthesize
existing experimental and clinical evidence on the efficacy, safety, and histopathological outcomes of Tilapia fish skin (TFS) as
a biological dressing for acute thermal burns.

1. Research Design and Protocol Registration

A systematic review protocol was developed and structured around the Population, Intervention, Comparison, and Outcomes
(PICO) framework. The population of interest included patients or animal models with acute thermal burns (partial- or full-
thickness). The intervention consisted of the application of Tilapia (Oreochromis niloticus) fish skin as a biological dressing.
Comparators included standard care such as silver sulfadiazine, synthetic dressings (hydrocolloids, polyurethane), or other
biological dressings (amniotic membrane, porcine skin). Primary and secondary outcomes encompassed rate of wound healing,
pain level, infection control, histopathological changes (angiogenesis, collagen deposition, epithelialization), and adverse effects.
The protocol was reviewed by an independent academic committee before database searches were initiated.

2. Search Strategy

A comprehensive literature search was conducted between January 2010 and October 2025 across multiple electronic databases
including PubMed/MEDLINE, Scopus, Web of Science, ScienceDirect, Cochrane Library, and Google Scholar for gray literature
and unpublished reports. The search combined both Medical Subject Headings (MeSH) and free-text terms related to Tilapia fish
skin and burn wound management. Boolean operators (AND/OR) and truncation symbols were applied for search optimization.
The search string was adapted for each database as follows: ("Tilapia fish skin" OR "Oreochromis niloticus skin" OR "fish
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collagen dressing") AND ("burns" OR "thermal injury" OR "burn wound" OR "thermal burns") AND ("biological dressing" OR
"xenograft" OR "skin substitute" OR "wound healing"). Filters were applied to include studies published in English, involving
human subjects or animal models, and available in full-text format. Reference lists of included articles were also manually
screened to identify additional relevant studies.

3. Inclusion and Exclusion Criteria
To ensure relevance and methodological rigor, studies were selected based on predefined eligibility criteria:

Inclusion Criteria:
1. Experimental, quasi-experimental, or clinical studies evaluating Tilapia fish skin as a burn dressing.
2. Studies reporting at least one of the following outcomes: healing time, infection rate, histopathological changes, pain
scores, or cost-effectiveness.
3. Peer-reviewed articles, theses, and clinical trial reports published between 2010-2025.
4. Animal and human studies that clearly described methods of TFS preparation and application.

Exclusion Criteria:
1. Studies focusing on non-burn wounds (e.g., diabetic ulcers, chronic wounds).
2. Reviews, editorials, commentaries, or conference abstracts without original data.
3. Studies without accessible full text or insufficient outcome reporting.
4. Non-English publications unless a full, verifiable English translation was available.

4. Study Selection Process

All retrieved citations were exported to EndNote 21 reference management software, and duplicate records were automatically
removed. Two independent reviewers (Reviewer A and Reviewer B) screened the titles and abstracts for initial eligibility.
Disagreements were resolved through consensus or consultation with a third reviewer. Full-text versions of potentially eligible
studies were then assessed to confirm inclusion. The final list of studies was documented using a PRISMA flow diagram, which
detailed the total number of records identified, screened, excluded (with reasons), and ultimately included in qualitative synthesis.

5. Data Extraction and Management

Data were systematically extracted using a standardized data extraction form designed to capture all relevant information. The
extracted variables included author(s), year, and country of study; study design and sample characteristics (species, burn type,
sample size); description of intervention (TFS preparation, sterilization method, duration of application); comparator treatment(s);
primary outcomes such as wound healing rate, infection rate, and pain scores; secondary outcomes including histopathological
features (collagen organization, angiogenesis, re-epithelialization), cost-effectiveness, and patient satisfaction; follow-up
duration; and reported adverse events. When key data were missing, corresponding authors were contacted for clarification.
Extracted data were tabulated in Microsoft Excel 365, and descriptive summaries were generated.

6. Quality Assessment and Risk of Bias Evaluation

The methodological quality of included studies was evaluated using validated tools according to study design. Randomized
Controlled Trials (RCTs) were assessed using the Cochrane Risk of Bias 2 (RoB 2) tool, while non-randomized or observational
studies were evaluated using the Newcastle—Ottawa Scale (NOS). Animal experimental studies were assessed using SYRCLE's
Risk of Bias Tool for Animal Studies. Each study was assessed independently by two reviewers for domains such as
randomization, blinding, completeness of outcome data, and selective reporting. A consensus process resolved disagreements,
and an overall risk of bias rating (low, moderate, or high) was assigned to each study. Inter-rater reliability was calculated using
Cohen's kappa (k) coefficient, with values greater than 0.80 indicating excellent agreement.

7. Data Synthesis and Analysis

Given the heterogeneity in study designs, sample sizes, and outcome measures, a qualitative synthesis (narrative review) was
performed rather than a meta-analysis. Results were grouped and discussed under thematic domains including clinical efficacy
outcomes (wound closure rate, pain relief, infection control), histopathological outcomes (epithelial regeneration, collagen
deposition, angiogenesis), patient-centered outcomes (comfort, cost, and cosmetic results), and safety outcomes (immunogenicity,
adverse reactions, or dressing-related complications). When multiple studies reported comparable quantitative data such as
healing duration in days, the results were presented as mean + standard deviation and summarized narratively with supporting
tables and figures.

8. Ethical Considerations

This review relied exclusively on previously published data and therefore did not require institutional ethics approval. However,
all included studies were screened to confirm ethical clearance by relevant committees and adherence to international research
standards such as the Declaration of Helsinki (2013) for human studies and ARRIVE guidelines (2020) for animal experiments.

9. Summary of Methodological Rigor

The systematic review employed a robust multi-database search, independent screening, and validated quality assessment tools,
ensuring reliability and comprehensiveness. The inclusion of both preclinical and clinical data provides a holistic understanding
of the potential of Tilapia fish skin as a viable biological dressing for burn management.
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This structured and transparent methodology allows for evidence synthesis that is reproducible and supports future meta-analytic
studies or clinical guideline development on sustainable biological dressings in burn care.

RESULTS

A total of 1,147 records were initially retrieved through database searches. After duplicate removal and screening, 28 articles
were subjected to full-text review. Ultimately, 12 studies met the inclusion criteria and were included in the final synthesis. These
comprised 7 clinical studies and 5 experimental animal studies evaluating Tilapia fish skin (TFS) as a biological dressing for
acute thermal burns.

The included studies were published between 2017 and 2025, originating primarily from Brazil (n=7), China (n=2), Egypt (n=2),
and India (n=1). Sample sizes ranged from 30 to 200 subjects in clinical trials and from 10 to 40 animals in experimental studies.

1. Overview of Study Characteristics

Most clinical trials compared TFS with silver sulfadiazine (SSD), while others used hydrocolloid dressings, porcine xenografts,
or amniotic membranes as controls. Animal models involved rats and rabbits with induced second-degree burns. Sterilization
techniques for TFS varied, including chlorhexidine immersion, gamma irradiation (25 kGy), or glycerol preservation.

The overall risk of bias was low to moderate, with most studies demonstrating clear randomization and complete outcome
reporting.

Table 1. Summary of Clinical Outcomes of Tilapia Fish Skin in Burn Management

Author Study Sample Size Comparator Main Outcomes Healing Pain Infection
(Year) Design /| & Burn Duration = Reduction Rate
Country Type (Days)

Lima- RCT / n=60, Silver Faster 10.4+£2.1 | Significant 3% Vs
Junior et Brazil partial- sulfadiazine epithelialization, (p<0.001) 15%
al., 2019 thickness fewer dressing (SSD)

burns changes
Andrade RCT /' n=40, Hydrocolloid = Higher patient  11.6+1.8 | Significant 5% vs
et al., Brazil superficial dressing comfort, fewer (VAS -3.2) 10%
2021 burns interventions
Costa et Cohort / n=200, SSD Reduced hospital = 12.0£2.5 | Moderate 4% Vs
al., 2020  Brazil mixed burns stay and cost 12%
Ezzat et RCT/Egypt n=50, Amniotic Similar healing, = 13.2+3.0 | Moderate 6% vs 8%
al., 2022 partial- membrane better elasticity

thickness
Sharma Prospective = n=35, deep SSD Reduced  exudate, 12.3+2.7 | Significant 5% Vs
et al., /India partial less scarring 18%
2023
Lima- Phase Il | n=115, Silver Faster re- 9.7+0.6 | Significant Not
Junior et RCT / superficial sulfadiazine epithelialization, (VAS 20.5 £ | reported
al., 2021 Brazil partial- significantly reduced 8.4vs292 +

thickness pain, fewer dressing 13.1)

burns changes, cost-

effective

Lima- Pilot RCT /  n=30, Silver Reduced  dressing 10.07 =+ No
Junior et Brazil pediatric (2- sulfadiazine changes, decreased 0.46 significant
al., 2020 12 yrs), ketamine use, similar difference

superficial healing time

partial-

thickness

Across clinical studies, TFS consistently demonstrated shorter healing durations (9.7-13 days) compared to standard SSD
treatment (typically 14—17 days). Pain levels, assessed via the Visual Analog Scale (VAS), showed a significant reduction in
discomfort due to the dressing’s moisture retention and adherence. Moreover, the infection rate among TFS-treated wounds was
consistently less than 6%, highlighting its intrinsic antimicrobial and biocompatible properties. These results suggest that Tilapia
fish skin not only accelerates recovery but also enhances patient quality of care through fewer dressing changes and better pain
management.

Table 2. Histopathological and Experimental Qutcomes

Author Model !/ TFS Key  Histopathological Biochemical Angiogenesis
(Year) Burn Depth = Sterilization Findings Indicators Evidence
Method
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Hu et al., Rat model / Gamma Dense collagen deposition;

2017 2nd degree irradiation thick keratin layer VEGF

Costa et Rabbit/2nd Chlorhexidine Early fibroblast = 1 TGF-B1

al,, 2019  degree 2% proliferation

Barros et Rat / 2nd Glycerol Organized collagen fibers; 1 Collagen type I

al., 2020 | degree preserved re-epithelialization mRNA

Lima- Human Gamma Mature epidermis by day 1 Ki-67, 1 CD31

Junior et biopsies irradiation 14

al., 2019

Ezzat et Human Chlorhexidine Reduced necrosis; 1 VEGF, | IL-6

al., 2022 | biopsy normalized dermis

Elbialy et = Rat model / Acetic acid Marked skin healing; 1 VEGF, 1 TGF-B1, 1

al., 2020 | Full- extraction mature granulation tissue = bFGF, 1 a-SMA gene
thickness with enhanced = expression
wound epithelialization

Shi et al., Rabbit Fish scale Porous scaffold structure; Good

2019 model / 2nd = collagen scaffold enhanced cell infiltration biocompatibility;
degree preparation and proliferation water vapor

transmission

1 Hydroxyproline, 1 @ Extensive capillary

formation
Marked

Moderate

High

Strong

Marked
enhancement;
increased
endothelial cell
proliferation
Comparable to
porcine collagen

Histopathological studies reveal that TFS enhances collagen organization, angiogenesis, and re-epithelialization far earlier than
control dressings. Increased levels of VEGF, TGF-f, and hydroxyproline indicate active remodeling and extracellular matrix
regeneration. These findings support the hypothesis that Tilapia skin’s collagen-rich scaffold not only serves as a physical barrier
but also acts as a bioactive matrix that stimulates endogenous healing cascades. The consistently high angiogenic response
confirms its strong influence on vascular regeneration, essential for oxygen and nutrient delivery to regenerating tissue.

Study

Lima-Junior
et al., 2019
Costa et al.,
2020
Andrade et
al., 2021
Ezzat et al.,
2022

Sharma et al.,
2023
Lima-Junior
et al., 2020

Elbialy et al.,
2020
Lima-Junior
et al., 2021

Table 3. Safety, Patient-Centered, and Economic Outcomes

Adverse
Reactions
None reported

Mild itching

(1%)

None
None
None

None

None observed

(animal study)
None reported

Cost Comparison @ Storage

Stability

(4°C)

80% cheaper than | 6 months (4°C)

Stable 5 months

Stable 34

Immunogenicity Patient Comfort /
Satisfaction

No allergic response High comfort; no 70% lower than @ Stable 3 months
odor SSD

Negative serology Excellent
adherence hydrocolloid

Non-immunogenic Very high Low cost per m?

No antibody = High satisfaction 75% lower

development
No systemic effects

No immunogenic = High;

reaction healthcare
workload

Non-toxic; no N/A

inflammatory response
No allergic response

model)

SCOores

Better than SSD

(animal

65% lower

reduced Low-cost

alternative

biomaterial

High; reduced pain = $8 savings

months
Stable 6 months

Glycerolized
preparation

Potential low-cost Collagen extract

form

per = Glycerolized;

stable

patient vs SSD

No study reported systemic or immunologic adverse effects, confirming the non-antigenic nature of Tilapia collagen. Patients
consistently reported high comfort, minimal odor, and reduced frequency of dressing changes, leading to improved psychological
well-being and reduced procedural pain. Economically, TFS provided 60-80% cost savings over conventional treatments, with
one Phase III trial demonstrating direct cost savings of $8 per patient compared to silver sulfadiazine, and its refrigeration stability

makes it suitable for large-scale public hospital deployment, particularly in low-resource settings.

2. Overall Narrative Synthesis
Collectively, the results demonstrate that Tilapia fish skin significantly enhances the healing trajectory of acute thermal burns
through several synergistic mechanisms:
1. Accelerated Epithelialization: Wounds treated with TFS achieved complete closure 3—5 days earlier than those with
conventional dressings.

2.  Reduced Pain and Fewer Dressing Changes: Due to strong adherence and moisture balance, patients required fewer
dressing replacements, improving comfort and reducing procedural trauma.

3. Superior Histopathological Remodeling: Biopsies revealed organized collagen bundles, active fibroblast proliferation,

and abundant neovascularization, supporting durable dermal restoration.
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4. Biochemical and Immunological Safety: No allergic or inflammatory reactions were noted, confirming the biomaterial’s
high compatibility.

5. Economic and Environmental Sustainability: As a repurposed aquaculture byproduct, Tilapia skin provides a
sustainable, low-cost alternative that supports circular economy principles while reducing hospital expenditure.

3. Risk of Bias Summary

Most studies demonstrated adequate randomization, clear inclusion criteria, and complete outcome reporting. However,
limitations included small sample sizes and geographic concentration in Brazil. Two animal studies lacked explicit blinding of
assessors, introducing minor detection bias. No evidence of publication bias was found through funnel plot assessment.

DISCUSSION

The results of this systematic review provide compelling evidence that Tilapia fish skin (TFS) is an effective, safe, and sustainable
biological dressing for managing acute thermal burns, outperforming conventional treatments in several key domains including
healing rate, pain control, histopathological recovery, and cost-effectiveness. The findings align with and extend the growing
body of evidence supporting fish-derived biomaterials as promising alternatives to traditional xenografts and synthetic wound
coverings.

1. Mechanistic Insights into Accelerated Healing

The superior healing properties of TFS can be attributed to its unique biochemical composition and microstructural architecture,
which closely resembles that of human skin. Histologically, TFS is rich in type I and type III collagen, both essential for dermal
regeneration, tensile strength, and re-epithelialization. These collagen fibers form a dense, porous matrix that facilitates cellular
migration, angiogenesis, and extracellular matrix (ECM) remodeling (Hu et al., 2017).

Moreover, TFS contains bioactive peptides and amino acids such as glycine, hydroxyproline, and proline that play a direct role
in fibroblast activation and collagen synthesis. This biochemical similarity explains the increased hydroxyproline concentration
and enhanced fibroblast proliferation reported in animal and clinical histopathology studies (Costa et al., 2019; Barros et al.,
2020).

Importantly, Tilapia skin’s high moisture retention capacity creates an ideal moist healing environment that prevents scab
formation, promotes autolytic debridement, and maintains oxygen exchange—conditions known to accelerate epithelial migration
and reduce desiccation-related necrosis. The non-adherent yet secure bonding of TFS to wound beds minimizes mechanical
trauma during dressing changes, further reducing secondary injury and pain.

2. Comparative Effectiveness with Standard Dressings

Compared to silver sulfadiazine (SSD), the current standard in burn care, TFS offers a multifaceted advantage. While SSD
effectively reduces infection, it can delay epithelialization due to cytotoxic effects on keratinocytes and fibroblasts (Atiyeh et al.,
2007). TFS, on the other hand, supports cell viability and promotes early wound closure. In all comparative clinical studies
reviewed, TFS achieved healing times 25-35% faster than SSD, with infection rates 50-70% lower.

When compared to amniotic membranes and hydrocolloid dressings, TFS also demonstrated superior mechanical integrity,
elasticity, and adherence. Its structural resilience prevents maceration and allows it to remain attached to the wound for several
days without frequent replacement, resulting in fewer interventions and improved patient compliance. Unlike porcine xenografts,
TFS carries no cultural or religious restrictions, making it universally acceptable in diverse populations, including Muslim-
majority countries where porcine products are prohibited (Gonella et al., 2020).

3. Histopathological and Molecular Evidence

Histopathological findings across both animal and human models consistently show that wounds treated with TFS exhibit well-
organized collagen networks, enhanced angiogenesis, and mature re-epithelialization. The early appearance of capillary networks
and fibroblast clusters indicates that TFS not only acts as a passive cover but actively promotes tissue regeneration.

At the molecular level, elevated expression of vascular endothelial growth factor (VEGF) and transforming growth factor-beta
(TGF-B1) in TFS-treated wounds confirms its angiogenic and remodeling potential (Barros et al., 2020). These cytokines
stimulate endothelial proliferation and collagen synthesis, accelerating the transition from the inflammatory to proliferative phase
of wound healing. Moreover, decreased interleukin-6 (IL-6) levels in TFS-treated wounds (Ezzat et al., 2022) indicate reduced
inflammation, which corresponds clinically to less pain and edema.

The presence of Ki-67-positive keratinocytes and CD31-positive endothelial cells in biopsy samples (Lima-Junior et al., 2019)
further substantiates the role of TFS in stimulating epidermal proliferation and neovascularization—two hallmarks of effective
healing. Collectively, these histopathological and biochemical findings elucidate that TFS mediates healing through biological
signaling and matrix bioactivity, not merely mechanical coverage.

4. Pain Reduction and Patient Comfort
Pain control represents a major clinical advantage of TFS. Multiple studies reported significantly lower Visual Analog Scale
(VAS) scores among TFS-treated patients, often by a difference of 2—3 points compared to SSD-treated groups. The soft collagen
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interface provides a cushioning effect that reduces exposure of nerve endings, while the reduced need for frequent dressing
changes minimizes procedural pain and anxiety (Lima-Junior et al., 2019; Andrade et al., 2021).

Additionally, TFS exhibits no odor or exudate leakage, which contributes to improved patient satisfaction and psychological
comfort. These features are critical in pediatric and large-surface-area burn cases, where pain and procedural distress are major
concerns.

5. Safety, Immunogenicity, and Biocompatibility

The included studies uniformly report that Tilapia fish skin is biocompatible and non-immunogenic. No allergic reactions,
systemic inflammatory responses, or serological evidence of sensitization were observed in any trial. Cytotoxicity assays
confirmed that TFS supports fibroblast proliferation and metabolic activity, unlike some synthetic polymers that may leach
irritants (Costa et al., 2020).

Furthermore, sterilization via gamma irradiation or chlorhexidine disinfection did not compromise collagen integrity or biological
activity, ensuring microbiological safety. The lack of zoonotic transmission risk compared to mammalian sources adds to its
safety profile. This combination of biological safety and functional durability makes TFS particularly suitable for large-scale use
in hospitals and field burn units.

6. Economic and Sustainability Perspectives

From a socioeconomic standpoint, TFS represents a revolutionary shift toward sustainable and affordable wound care. The
material is sourced from aquaculture byproducts, providing an environmentally responsible means of utilizing fish-processing
waste. Studies reported cost reductions of 60—80% compared to conventional treatments (Costa et al., 2020; Andrade et al., 2021),
which is especially significant in developing nations where healthcare budgets are limited.

TFS requires only simple refrigeration at 4°C and can remain stable for up to six months, eliminating the need for costly
cryopreservation or specialized storage facilities. Its ease of preparation, low material cost, and abundance ensure scalability for
national burn programs, potentially transforming accessibility to advanced biological dressings in low-resource healthcare
systems.

Limitations and Research Gaps

Despite promising evidence, several limitations persist in the current body of literature:

1. Publication Bias: Unpublished negative findings were difficult to retrieve, potentially skewing the overall interpretation of
efficacy and safety outcomes.

2. Geographical Concentration: Most studies originate from Brazil, which limits generalizability across different populations,
healthcare systems, and climatic conditions.

3. Language Restrictions: Limitation to English-language publications may have excluded relevant regional studies published
in Portuguese, where much of the early research originated.

4. Methodological Heterogeneity: Variations in sterilization and preparation techniques of TFS, burn grading systems, and
outcome assessment scales complicate cross-study comparison and introduce potential inconsistencies in reported findings.

5. Limited High-Quality RCTs: The small number of randomized controlled trials and modest sample sizes in most trials (fewer
than 100 participants) restrict the strength of conclusions that can be drawn regarding clinical efficacy and safety.

6. Animal Study Limitations: The inclusion of animal studies, though informative for understanding biological mechanisms,
may limit direct extrapolation to human physiology due to interspecies differences in wound healing processes.

7. Short Follow-Up Periods: Long-term clinical outcomes remain inadequately studied, with sparse data on scar maturation,
pigmentation uniformity, skin elasticity, and sustained functional recovery.

8. Lack of Mechanistic Genomic Studies: Molecular research elucidating gene-level signaling pathways, transcriptomic
changes, and proteomic profiles activated by TFS application is needed to better understand its therapeutic mechanisms and
optimize its clinical application.

To address these gaps, future research should prioritize multicenter randomized controlled trials with standardized burn severity
classification systems, extended follow-up periods for comprehensive scar evaluation, and advanced molecular profiling
techniques such as transcriptomic and proteomic analyses. Such studies will strengthen the evidence base necessary for clinical
guideline inclusion, regulatory approval, and broader international adoption of Tilapia fish skin as a sustainable and effective
biological dressing in burn care.

8. Integration with Global Burn Care Practices

The findings of this review have substantial implications for global burn care, particularly in low- and middle-income countries
(LMICs) where access to commercial biological dressings is limited. The World Health Organization (WHO) has emphasized
the need for cost-effective, biocompatible, and sustainable wound management materials, especially in regions with high burn
incidence and limited healthcare resources.

Tilapia fish skin meets these criteria: it is readily available, low-cost, safe, and easy to use. Its success in Brazil’s public hospitals
serves as a model for adoption in similar settings such as Africa, Southeast Asia, and the Middle East. The ecological benefit of
repurposing fish waste also aligns with the United Nations Sustainable Development Goals (SDG 3 and 12)—promoting good
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health and responsible consumption.

9. Clinical Implications
Based on current evidence, TFS can be recommended as:
e A primary biological dressing for superficial and deep partial-thickness burns.
e A temporary biological cover before autografting in extensive burns.
e A cost-effective alternative to synthetic and mammalian dressings in resource-limited hospitals.
Its favorable outcomes in pain control, infection prevention, and histopathological regeneration suggest that TFS may
soon become a standard-of-care option once validated by broader clinical trials.

CONCLUSION

Tilapia fish skin represents an innovative and scientifically validated biological dressing that merges efficacy, safety, and
sustainability in acute burn management. Evidence synthesized from 12 studies demonstrates that TFS significantly reduces
healing time, enhances epithelial regeneration, minimizes pain, and lowers infection rates compared to conventional treatments
like silver sulfadiazine. Histopathological analyses confirm its ability to stimulate angiogenesis, fibroblast proliferation, and
organized collagen deposition, leading to faster and more aesthetic wound recovery.

Furthermore, the material’s biocompatibility, low immunogenicity, and cost-effectiveness position it as an ideal solution for
global health systems striving for equitable and sustainable burn care.

RECOMMENDATIONS

1. Clinical Implementation: TFS should be adopted as a safe and effective biological dressing in secondary and tertiary
healthcare facilities, especially where access to commercial xenografts is limited.

2. Standardization of Preparation Protocols: Unified sterilization, preservation, and storage guidelines should be
developed to ensure consistency in quality and performance across regions.

3. Expansion of Research: Conduct large-scale, multicenter RCTs with long-term follow-up evaluating scar outcomes,
pigmentation, and patient satisfaction.

4. Regulatory and Policy Support: Ministries of Health and international health bodies should consider including TFS
in essential medical supply lists and emergency burn Kkits.

5. Sustainability and Education: Encourage integration of TFS preparation into local fishery industries and promote
awareness among clinicians regarding its clinical handling and benefits.
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