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Abstract

Background: Gold nanoparticles (GNPs) are increasingly studied for their potential to enhance
wound healing, but their overall efficacy remains uncertain.Methods: We conducted a systematic
meta-analysis (search date: May 14th, 2025) across five databases. Included were randomized animal
studies comparing GNPs to placebo, reporting wound closure percentages and relevant variance
measures. Risk of bias was assessed using Cochrane and CAMARADES tools. Cohen’s d was used to
estimate effect size under a random-effects model.Results: Thirty-one studies met the inclusion
criteria. The pooled effect size was d = 4.52 (95% CI: 3.61 to 5.43; z = 9.73; p < 0.001), indicating a
significant benefit of GNP. Although heterogeneity was moderate to high, results consistently
favored GNPs. Conclusion: GNPs significantly accelerate wound healing in animal models,
supporting their potential as therapeutic agents.

Keywords: Gold nanoparticles; wound healing; animal study; meta-analysis

1. Introduction

Wound healing restores tissue integrity and function through a complex interplay between cells,
growth factors, and the extracellular matrix [1,2]. Key aspects of wound healing include
physiological, nutritional, and management factors that are essential for optimal recovery [3-6]. The
global advanced wound care market is expected to grow significantly, reaching approximately 19
billion dollars by 2027 [7]. Despite advancements in medical research, effectively treating chronic and
acute wounds remains a major therapeutic challenge [7,8]. In recent decades, there has been a
growing interest in the use of nanoparticles in medical therapies. Gold nanoparticles (GNPs) have
received particular attention as delivery systems for therapeutic agents. Numerous studies have
demonstrated their efficacy in promoting wound closure [9,10]. GNPs have emerged as a promising
therapeutic option due to their distinct physicochemical properties and biological activity, proving
effective across various models and applications [11,12].

Chronic wounds, or non-healing wounds, present a significant global health challenge,
primarily due to infections caused by bacteria and fungi [13]. Among these, diabetic foot and leg
ulcers are particularly burdensome, with a prevalence estimated at 2.21 per 1,000 people [7,14]. These
wounds are associated with substantial morbidity and have a notable impact on both patient quality
of life and health-care systems [14]. The incidence of non-healing wounds is increasing, driven by
changing lifestyle factors and an ageing population [15,16].

Diabetic ulcers are becoming increasingly common as the population ages and diabetes
prevalence increases. These ulcers lead to significant patient disability, higher mortality rates, and
considerable economic costs [17,18]. Factors contributing to their development include neuropathy,
limited range of motion, pressure, ischemia, and infection. Approximately 15% of individuals with
diabetes may develop an ulcer at some point in their lives, with a high likelihood of recurrence [19,20].
Additionally, more than half of foot ulcers become infected, and infections are the leading cause of
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lower extremity amputations [21]. Despite all the available diagnostic and therapeutic tools, the
treatment for diabetic foot ulcers is the rate and progression of healing [22,23].

Pressure injuries, also known as pressure ulcers, are localized damage to skin and underlying
tissue, typically over a bony prominence. These injuries result from prolonged pressure or a
combination of pressure and shear forces [24]. Risk factors include advanced age, malnutrition, and
certain medical conditions [25]. Pressure injuries represent a significant global challenge in healthcare
settings, particularly in hospitals [26]. The pooled estimate of pressure injury incidence is
approximately 12%, with Europe reporting the highest prevalence and incidence rates [26,27].

Venous leg ulcers are open wounds on the lower leg, typically between the ankle and mid-calf,
that persist for over six weeks. They are caused by venous blood flow, which leads to increased
venous pressure in the attached area [28]. Venous ulcers make up approximately 70% of chronic leg
ulcers, leading to a significant economic burden due to lengthy treatment times and high recurrence
rates [29-31].

In this review we focus on covering all forms of cutaneous wounds, as they present significant
challenges in wound healing, particularly in relation to severe conditions, as mentioned above. We
address both excisional procedures, which are critical in the management and treatment of these
types of wounds. The management of full-thickness wounds, characterized by the loss of both the
epidermal and dermal layers, is critically important due to the significant impact that an impaired
skin barrier can have on overall health [32]. In contrast, superficial wounds typically involve damage
confined to the epidermis [33]. In current clinical practice for addressing severe burns and chronic
wounds, surgical intervention is often recommended as a primary treatment strategy [34].

Gold nanoparticles have been shown to inhibit transforming growth factors, inflammatory
markers, and angiogenesis markers [35,36]. Additionally, these nanoparticles exhibit antibacterial
and antioxidant effects [37,38]. These combined properties are essential for promoting wound healing
and preventing wound infection [39,40]. Recent studies indicate that gold microparticles show
promise in providing pain relief and modulating inflammation in the management of knee- and hip
osteoarthritis [41-44]. These gold nano- or microparticles appear to influence cellular signaling
pathways involved in tissue repair and regeneration [43], [45-48]. Additionally, gold nanoparticles
have been shown to enhance collagen formation and organization, leading to improved wound
closure and less scarring [49,50].

GNPs come in a variety of shapes and sizes, each affecting their efficacy in wound healing
[50,51]. The most common shapes include spherical, rod-shaped, and caged nanoparticles. Spherical
GNPs are known for their excellent biocompatibility and cellular uptake, while rod-shaped GNPs
provide superior tissue penetration [52,53]. Caged GNPs have a higher drug-loading capacity,
making them advantageous for targeted delivery, particularly in photothermal ablation compared to
larger GNPs [54]. Triangular GNPs exhibit strong antibacterial properties, and star-shaped GNPs
demonstrate high photothermal conversion efficiency [55,56].

GNPs can be administered to wounds using a variety of methods. One effective approach is the
use of gold nanoparticle-infused hydrogels, which possess numerous bioactive properties and create
a microenvironment that enhances wound healing [36,48]. Injectable formulations, such as
thermosensitive hydrogels, provide improved tissue penetration [57]. Biocompatible scaffolds, like
electrospun nanofiber materials infused with GNPs, not only offer structural support but also
facilitate the distribution of nanoparticles. Electrospinning can deliver specific physical, chemical,
and biological signals that accelerate the wound healing process [58,59]. Two innovative strategies
include microneedle patches, which enhance skin penetration [60-62] and spray-based systems for
uniform distribution across large wound areas [63,64]. The choice of delivery mechanism is
determined by the wound's characteristics and the desired therapeutic outcomes.

Despite promising results with gold nanoparticles in cell culture studies and some animal trials,
there is still a significant lack of information regarding systematic evaluation of their efficacy in
wound healing. Most studies have been limited to in vitro models or short-term in vivo experiments.
This highlights the need for comprehensive meta-analyses that can aggregate data from multiple
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studies to provide a clearer understanding of the effectiveness of GNPs in wound healing [12]. To
our knowledge, there has been no systematic meta-analysis comparing the clinical efficacy of gold
nanoparticle therapy on wound healing in randomized controlled trials involving animals.

This systematic review aimed to address the central research question: “What is the overall effect
of gold nanoparticles on wound healing in animal models?”. Additionally, we aimed to discuss the
implications of our findings for clinical applications and future research. We hypothesized that gold
nanoparticles significantly enhance the wound healing process in animal models by promoting
healing.

2. Materials and Methods

Reporting and registration

This report follows the PRISMA guidelines [65]. The protocol was registered in PROSPERO, the
international register of systematic reviews (registration number: 622000), on December 3, 2024, and
approved April 9, 2025 (PROSPERO 2025 CRD420250622000). The completed PRISMA checklist is
provided in the Supplementary Materials (S1)

Information Sources and Search Strategy

This study identified randomized controlled trials that investigated the effect of gold
nanoparticles compared to a placebo control in the treatment of wound healing in animals. A
systematic search was performed in the following databases: PubMed (MEDLINE), Embase,
Cochrane, Scopus and Web of Science, without restriction on language or date of publication. Three
categories were used: wound healing, wound closure and gold nanoparticle treatment. The search
was conducted by SK and SR, on May 14th, 2025. Detailed search strategies for each database are
presented in Appendix 1 (Table Al).

Study selection

Duplicate entries were manually identified and removed by two reviewer (SK and SR) and
independently performed the screening of eligible studies in two steps based on the PRISMA
guidelines [65]. In the first step, all titles and abstracts were screened according to the predefined
inclusion and exclusion criteria. The inclusion criteria consisted of animal randomized controlled
studies that compared the effects of gold nanoparticle administration on wound healing outcomes to
a placebo, with quantifiable data (SD or SEM) required for each group. In case of conflicts, both
reviewers (SK and SR) re-evaluated the title and abstract and came to a mutual consensus after
discussion.

In the second step, the two reviewers individually read all full-text articles included in the
previous step. In addition to the formerly mentioned inclusion criteria, the final inclusion criteria
were animal studies investigating the effects of gold nanoparticle administration on wound healing,
compared to a placebo, specifically for measuring wound closure. Only studies reporting outcomes
after three days were included to ensure that the initial inflammatory response had resolved and
excluded after a maximum of 15 days to allow for a more focused evaluation of the early to mid-
stages of wound healing in the proliferative phase [3,66,67]. Reasons for exclusion were pre-specified
as the following: 1) no in-vivo experiment, 2) no extractable or available data, 3) no placebo or control,
4) incorrect randomization or wrong study design, 5) not gold nanoparticles and 6) use of non-
excisional wound models (e.g. burn, incisional, pressure ulcers, or chemically induced wounds) To
reduce heterogeneity and ensure comparability, only studies using full-thickness excisional wound
models were included. Other wound types (e.g., incisional, partial-thickness, ischemic, or infected
wounds) were excluded. For statistical purposes all data were converted into means and standard
deviations when possible. If this was not possible, the study was excluded as no available data.

Quality of assessment

The quality of the included articles was assessed for bias by the Cochrane Collaboration’s tool
[68], which includes an assessment of bias in: Random sequence generation, allocation concealment,
blinding of participants and personnel, blinding of outcome assessment, incomplete outcome data,
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selective reporting, and other biases. The quality assessment was conducted by both reviewers (SK
and SR) and any disagreements were resolved by discussion.

The Collaborative Approach to Meta-Analysis and Review of Animal Data from Experimental
Studies (CAMARADES) checklist was used to evaluate the methodological quality of each individual
study [69]. The tool includes 14 questions designed to identify potential biases in the study design.
Scores range from 0 to 14, with higher scores indicating greater methodological quality [70].

Data extraction

For each eligible study the following study characteristics was retrieved; year of publication,
number of participants, type of gold nanoparticle used, type of control used, effect of gold
nanoparticle, wound closure percentage and more than 3 days of treatment. If essential data were
missing from the original article, the corresponding author was contacted. If there were more than
two treatment groups in one study, only data from the relevant groups was extracted. In studies
where data was not clearly stated, SK used a ruler to directly measure wound closure percentages
from available images or diagrams. Wound closure was measured with a ruler in ten studies [23,71-
73], [74-79]. In studies where the wound closure percentage was not calculated, a formula (wo — wy)
/ wo x 100 was applied to convert wound healing data from absolute wound areas to percentages. We
extracted wound closure data from the time point where the gold nanoparticle intervention showed
the largest effect compared to placebo.

Statistical analysis

To perform the analyses the statistical software Stata/MP 18.0 was used. Statistical heterogeneity
was tested by including Tau-squared (t2), H-squared (H?), and I-squared (I2). This allows for a more
comprehensive understanding of the variability among the results, helping to determine whether
differences in study outcomes are likely due to true differences in study variables, rather than random
variability. Pooled standard mean difference (SMD) with 95% confidence interval (CI) was calculated.

Data presentation

Results of individual studies were summarized in structured tables or figures. Forest plots were
generated for the meta-analysis to visually display effect sizes and confidence intervals.
Heterogeneity was assessed and visually interpreted using these plots. Funnel plots were used to
assess publication bias.

3. Results

3.1. Study selection

The study selection process is illustrated in the PRISMA flow diagram (Figure 1).
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PRISMA 2020 flow diagram for new systematic reviews which included hes of datab i and other sources
[ Identification of studies via databases and registers J [ Identification of studies via other methods J
Records removed before
a Records identified from*: screening:
g
E Databases: Pubmed (n = Duplicate records removed (n = Records identified from:
5 514), Embase (n = 9), 4) Citation searching (n = 18)
= Scopus (n = 6), Web of Personal archive (n = 2)
g Science (n = 4 Records marked as ineligible by
= (n=4 automation tools (n = 0)
Records removed for other
l reasons (n = 0)
—
Records screened Records excluded™
(n=529) (n=383)
Reports sought for retrieval Reports not retrieved Reports sought for retrieval Reports not retrieved
@ (n=146) (=0 (n=20) (n=0)
£
5 ! !
Reports excluded:
Reports assessed for eligibility » Non-animal study (n =24) Reports assessed for eligibility .
(n=146) +avail n=20
(Nncg 2a;r)allable data extraction ( ) Reports excluded:
Wrong intervention (n = 34) Non-available data extraction
Use of non-excisional wound (n=6)
models (n =30)
Wrong intervention (n = 4)
(o y No placebo or control (n =2
Studies included in review (n =
g 31) Not gold nanoparticles (n = 2)
E Reports of included studies (n =
31

*Consider, if feasible to do so, reporting the number of records identified from each database or register searched (rather than the total number across all databases/registers).
**If automation tools were used, indicate how many records were excluded by a human and how many were excluded by automation tools.

From: Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al. The PRISMA 2020 statement: an updated guideline for reporting systematic reviews. BMJ 2021;372:n71
doi: 10.1136/bmj.n71]

Figure 1. PRISMA flowchart of study selection.

In the search conducted on May 14th a total of 514 studies were found after removal of
duplicates. Of these, 383 were excluded based on irrelevance from title and abstract and 31 studies
were included in the final meta-analysis after the assessment of full-text articles (1-31).

3.2 Study Characteristics

All 31 included studies used full-thickness excisional wound models. Some studies used diabetic
animal models, induced local infection, or applied antibacterial therapies, but the primary wound
type was consistently full-thickness excision. Table 1 presents the included study characteristics. The
studies were published between 2012 and 2025. The sample size of each study ranged from 3 to 18
animals (mice, rats or rabbits). GNPs were used in all wound healing studies.

A wide range of GNP formulations and delivery strategies were employed. One study utilized
a wound dressing and gel incorporating gold nanoparticles [79]. In four studies, multifunctional
wound dressings were developed, enhancing antimicrobial activity [78,80-82]. Topical
nanocomposite ointment therapy was employed in one study [83], while a multicomponent
electrospun nanofiber wound dressing therapy was introduced in another [77]. A topical
nanoantibiotic wound dressing therapy was explored in one study [75]. Antibacterial therapies were
investigated in four studies [76,84-86] and Keratinocyte Growth Factor (KGF) conjugated with gold
nanoparticles were utilized in two studies [74,87]. Photobiomodulation therapy with gold
nanoparticles was examined in one study [72]. IL-4 modified gold nanozyme therapy was explored
in two studies [88,89]. Nanocomposite wound healing therapy was emphasized for its application in
diabetic foot ulcers in another study [23]. Antioxidant gold nanoparticles were examined in two
studies [90,91], while photothermal and oxidative therapy with nanorods was investigated in four
studies [81,92-94]. Herbal gold nanoparticle therapy was explored in three studies [95-97], and
antimicrobial peptide-gold nanoparticle therapy was utilized in two studies [73,98]. Lastly, the
topical application of green synthesized gold nanoparticles was addressed in four studies
[71,96,97,99].

Table 1. Study Characteristics of the Included Studies.
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Study Intervent | Control Wound type Animal | Day of | Study

ion group, n model peak quality

group, n effect
1. Chaoetal, 2025 |5 5 Full thickness Mice Day 7 7/14
2. Gerile et al., 2025 | 5 5 Full thickness Mice Day 7 7/14
3. Ma et al., 2025 5 5 Full thickness Mice Day 7 6/14
4. Biswal et al., 2025 | 3 3 Full thickness Rats Day 7 6/14
5. Cai et al., 2025 4 4 Full thickness Rats Day 8 8/14
6. Du et al., 2025 4 4 Full thickness Mice Day 9 7/14
7.Zhouetal., 2025 | 4 4 Full thickness Mice Day 3 5/14
8. Jiang et al.,, 2025 | 3 3 Full thickness Mice Day 13 | 7/14
9. Luo et al., 2025 3 3 Full thickness Mice Day 12 7/14
10.Salama et al., | 6 6 Full thickness Rats Day 9 7/14
2024
11. Peng et al., 2024 | 6 6 Full thickness Rats Day 12 | 7/14
12. Jiang et al., 2024 | 5 5 Full thickness Mice Day 12 | 10/14
13. Liet al., 2023 3 3 Full thickness Mice Day 14 10/14
14. Yao et al., 2023 6 6 Full thickness Mice Day 15 7/14
15. Chenetal., 2023 | 6 6 Full thickness Rats Day 13 | 8/14
16.Wang et al.,, 2022 | 7 7 Full thickness Rats Day 7 10/14
17.Azlan et al.,, 2021 | 8 8 Full thickness Rats Day 3 8/14
18.Gharehpapagh | 18 18 Full thickness Mice Day 7 9/14
et al., 2021
19.Wang et al., 2020 | 12 12 Full thickness Rats Day 10 10/14
20.Al-Musawi et | 5 5 Full thickness Rabbits | Day 7 7/14
al., 2020
21. Hu et al., 2020 5 5 Full thickness Mice Day 4 7/14
22. Lietal., 2019 6 6 Full thickness Rats Day 3 9/14
23. Sun et al., 2019 15 15 Full-thickness Mice Day 7 7/14
24. Martinez et al., | 12 12 Full thickness Mice Day 10 10/14
2019
25. Xu et al., 2018 3 3 Full thickness Rats Day 10 10/14
26. Pan et al., 2018 6 6 Full thickness Rats Day 10 10/14
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27. Raghuwanshi et | 6 6 Full thickness Rats Day 9 10/14
al., 2017
28. Comune et al., | 10 10 Full thickness Mice Day 7 10/14
2017
29.Lauetal.,, 2017 |5 5 Full thickness Rats Day 7 9/14
30. Naraginti et al., | 6 6 Full thickness Rats Day 9 10/14
2016
31. Leu et al., 2012 6 6 Full thickness Mice Day 7 10/14

Only studies reporting outcomes after three days were included to ensure that the initial
inflammatory response had resolved [16,66,100]. This provided a clearer understanding of how the
proliferative phase began without interference from acute inflammation. Measuring after this phase
offers more reliable assessments of wound healing progression and treatment effects, by reducing
variability in inflammatory responses [66,100]. Several studies observed peak differences at day 7,
indicating a common timeframe where the therapeutic effects of gold nanoparticles are most
pronounced [9], [73,77,80,83], [84,89,90,94,97,98]. Four studies noted peak differences on day 9
[71,81,95,99], while another four studies observed it at day 10 [23,74,75,92]. Three studies found the
earliest peak effect at day 3 [78,86,101] and 7 studies found the latest peak effect between day 12-15
[79], [82,85,88,91,93,102].

3.3 Study Quality and Publication Bias

All 31 studies (1-31) were quality assessed using the Cochrane Collaboration’s tool for assessing
risk of bias [68] (Table 2). All studies had a low risk of bias for random sequence generation, while
allocation concealment was unclear in every case. A high risk of bias was identified for blinding and
outcome assessment across all studies. Incomplete outcome data and selective reporting were
consistently rated as low risk of bias. No studies were rated as having other significant sources of
bias.

Table 2. Risk of Bias Assessment of the Included Studies Based on the Cochrane Collaboration’s Tool.

Id Randomizatio | Allocatio | Blindin | Assessme | Dat | Reportin | Othe
n n g nt a g r
1. Chao 2025 Low Unclear High High Low | Low Low
2. Cherile 2025 | Low Unclear High High Low | Low Low
3. Ma 2025 Low Unclear High High Low | Low Low
4. Biswal 2025 Low Unclear High High Low | Low Low
5. Cai 2025 Low Unclear High High Low | Low Low
6. Du 2025 Low Unclear High High Low | Low Low
7. Zhou 2025 Low Unclear High High Low | Low Low
8. Jiang 2025 Low Unclear | High High Low | Low Low
9. Luo 2025 Low Unclear | High High Low | Low Low
10. Salama 2024 | Low Unclear High High Low | Low Low
11. Peng 2024 Low Unclear High High Low | Low Low
12. Jiang 2024 Low Unclear High High Low | Low Low
13. Li 2024 Low Unclear High High Low | Low Low
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14. Yao 2023 Low Unclear High High Low | Low Low
15. Chen 2023 Low Unclear High High Low | Low Low
16. Wang 2022 | Low Unclear High High Low | Low Low
17. Azlan 2021 Low Unclear High High Low | Low Low
18.Gharehpapa | Low Unclear High High Low | Low Low
gh 2021
19. Wang 2020 | Low Unclear High High Low | Low Low
20.Al-Musawi Low Unclear High High Low | Low Low
2020
21. Hu 2020 Low Unclear High High Low | Low Low
22.Li 2019 Low Unclear High High Low | Low Low
23. Sun 2019 Low Unclear High High Low | Low Low
24 Martinez Low Unclear High High Low | Low Low
2019
25. Xu 2018 Low Unclear High High Low | Low Low
26. Pan 2018 Low Unclear High High Low | Low Low
27 Raghuwansh | Low Unclear High High Low | Low Low
2017
28.Comune 2017 | Low Unclear High High Low | Low Low
29. Lau 2017 Low Unclear High High Low | Low Low
30.Naraginti Low Unclear | High High Low | Low Low
2016
31. Leu 2012 Low Unclear High High Low | Low Low

Risk of bias was assessed across seven domains: random sequence generation (randomization), allocation
concealment, blinding of participants and personnel, blinding of outcome assessment, incomplete outcome data,

selective reporting, and other bias.

The overall quality score based on the CAMARADES tool ranged from 5 to 10, out of 14 with a
median score of 8 (Table 3). All studies (n =31) were published in peer-reviewed journals using mice,
rats or rabbits as animal models. All studies reported randomization, though none implemented
allocation concealment or blinding of outcome assessment—two key measures often underreported
in preclinical animal research. A statement of temperature control was present in 13 studies (41.9%),
while avoidance of anesthetics with intrinsic neuroprotective properties was not explicitly addressed
in any case. Only 6 studies (19.4%) used animals with relevant comorbidities such as diabetes or
hypertension, which may limit clinical translatability. Sample size calculations were reported in 2
studies (6.5%), potentially reducing statistical power. All studies reported compliance with animal
welfare regulations, and 28 (90.3%) disclosed potential conflicts of interest. Clinically relevant animal
models were used in 19 studies (61.3%), and 17 (54.8%) addressed treatment timing in relation to the
clinical scenario. Dose-response investigations were conducted in 11 studies (35.5%), and 23 (74.2%)
described appropriate statistical methods.

Table 3. Characteristics of Included Studies.

Publication Yea (1 2 3 4 (G (6 (7 (8 (O (10 (11 (12 (13 (14 Scor
r ) ) ) ) ) ) ) ) ) ) ) ) ) ) e
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Chao 202 X X X X X X X 7
5

Cherile 202 X X X X X X X 7
5

Ma 202 X X X X X X 6
5

Biswal 202 X X X X X X 6
5

Cai 202 X X X X X X X X 8
5

Du 202 X X X X X X X 7
5

Zhou 202 X X X X X 5
5

Jiang 202 X X X X X X X 7
5

Luo 202 X X X X X X X 7
5

Salama 202 X X X X X X X 7
4

Peng 202 X X X X X X X 7
4

Jiang 202 X X X X X X X X X X 10
4

Li 22 X X X X X X X X X X 10
3

Yao 202 X X X X X X X 7
3

Chen 202 X X X X X X X X 8
3

Wang 22 X X X X X X X X X X 10
2

Azlan 202 X X X X X X X X 8
1

Gharehpapa 202 X X X X X X X X X 9

gh 1

Wang 202 X X X X X X X X X X 10
0

Al-Musawi 202 X X X X X X X 7
0

Hu 202 X X X X X X X 7
0
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Li 200 X X X X X X X X X 9
9

Sun 201 X X X X X X X 7
9

Martinez 200 X X X X X X X X X X 10
9

Xu 200 X X X X X X X X X X 10
8

Pan 200 X X X X X X X X X X 10
8

Raghuwans 201 X X X X X X X X X X 10

hi 7

Comune 200 X X X X X X X X X X 10
7

Lau 201 X X X X X X X X X 9
7

Naraginti 200 X X X X X X X X X X 10
6

Leu 200 X X X X X X X X X X 10
2

Studies fulfilling the criteria of: (1) peer-reviewed publication; (2) control of temperature; (3) random allocation
to treatment or control; (4) blinded induction of model; (5) blinded assessment of outcome; (6) use of anesthetic
without significant intrinsic neuroprotective activity; (7) use of animals with relevant comorbidities (e.g., aged,
diabetic, hypertensive); (8) sample size calculation; (9) compliance with animal welfare regulations; (10)
statement of potential conflicts of interest; (11) use of an appropriate animal model; (12) investigation of dose—
response relationship; (13) timing of treatment relevant to clinical scenario; and (14) appropriate and clearly

described statistical methods.

3.4 Dealing with Missing Data

Seven studies did not provide data on both mean and SD for each group regarding wound
closure percentage and were contacted by e-mail with no responses (22, 24, 26, 62, 69, 76, 98).

3.5 Statistical Analysis and Pooling

In total, 31 studies were included in the meta-analysis. The results are presented in a forest plot
illustrating effect size of each study and the estimated overall effect size regarding gold nanoparticle
treatment versus placebo, with wound closure percentage as the measured outcome (Figure 2). The
effect size measure used was Cohen's d and weights for the studies were calculated using the inverse-
variance method, accounting for both within- and between-study variance. Additionally, a funnel
plot was generated to assess publication bias among the studies included (Figure 3). The plot visually
represented the effect sizes (Cohen's d) on the x-axis and the standard error on the y-axis. The
resulting funnel plot exhibited some degree of asymmetry, indicating potential publication bias.

3.6 Meta-Analysis Results

A total of 31 studies reporting wound closure percentages were included in a meta-analysis
using a random-effects model. The forest plot (Figure 2) illustrates the individual and pooled effect
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sizes. The pooled standardized mean difference (Cohen’s d) was 4.52 (95% CI: 3.61 to 5.43), indicating
a large effect size. The overall test of effect was statistically significant (p <0.001).

AuNP Control Cohen's d Weight

Study N Mean SD N Mean SD with 95% CI (%)
Chao 2025 5 9513 31 5 5887 42 —— 9.82[ 5.34, 14.30] 2.13
Cherile 2025 5 70 55 5 38 6 — 556[ 2.83, 8.29] 3.14
Ma 2025 5 82 5 5 58 6 —- 435[ 2.07, 6.62] 3.44
Biswal 2025 3 7% 45 3 58 5 —l— 3.57[ 1.00, 6.15] 3.24
Cai 2025 4 9 45 4 65 65 —Ml— 447 1.88, 7.06] 3.23
Du 2025 4 6275 52 4 4268 45 —W— 4.13[ 1.68, 6.58] 3.32
Zhou 2025 4 548 85 4 314 174 W 1.71[ 0.09, 3.33] 3.85
Jiang 2025 3 100 35 3 73 5 —— 6.26 [ 2.37, 10.14] 2.44
Luo 2025 3 65 4 3 53 4 —— 3.00[ 0.67, 5.33] 3.40
Salama 2024 6 96.17 168 6 715 243 —— 11.81[ 6.95, 16.67] 1.95
Peng 2024 6 82.84 5 6 209 65 v 10.68 [ 6.26, 15.10] 2.15
Jiang 2024 5 9% 35 5 81 45 - 3.72[ 1.67, 5.77] 3.59
Li 2023 3 7% 45 3 65 45 2.22[ 0.19, 4.26] 3.59
Yao 2023 6 322 2 6 923 16 2.01[ 0.63, 3.40] 3.98
Chen 2023 6 90 245 6 66 245 —— 9.80[ 5.72, 13.88] 2.33
Wang 2022 7 655 159 7 49 795 W 1.31[ 0.16, 2.47] 4.09
Azlan 2021 8 9267 223 8 7486 133 W 1.87[ 0.69, 3.04] 4.08
Gharehpapagh 2021 18 474 24 18 359 3.39 B 3.92[ 2.80, 5.03] 4.1
Wang 2020 12 98 3 12 94 3 B 1.33[ 045, 222] 4.21
Al-Musawi 2020 5 80 224 5 55 224 —— 11.16 [ 6.11, 16.21] 1.87
Hu 2020 5 80 224 5 40 448 —— 11.29[ 6.19, 16.40] 1.84
Li 2019 6 80 5 6 60 5 —- 4.00[ 2.04, 596] 3.64
Sun 2019 15 50 5 15 135 6 - 6.61[ 4.79, 8.43] 3.73
Martinez 2019 12 753 228 12 54.05 1.5 — 11.01[ 7.80, 14.23] 2.83
Xu 2018 3 89 8 3 70 19 - 1.30[-0.46, 3.07] 3.76
Pan 2018 6 95 8 6 80 8 1 1.88[ 0.52, 3.23] 3.99
Raghuwanshi 2017 6 73.15 .76 6 60.98 .95 —®— 14.15[ 8.38, 19.92] 1.59
Comune 2017 10 87 31.62 10 60 31.62 0.85[-0.06, 1.77] 4.20
Lau 2017 5 75 1267 5 58 16 1.18[-0.16, 2.52] 4.00
Naraginti 2016 6 97 245 6 77 49 —— 5.16[ 2.81, 7.52] 3.39
Leu 2012 6 50 367 6 30 1.22 —— 7.31[ 4.18, 10.45] 2.88
Overall & 452[ 3.61, 543]

Heterogeneity: ° = 4.92, I* = 85.28%, H* = 6.79
Test of theta=0:z=9.73

o4
[$)]

10 15 20

Figure 2. Forest plot of pooled effect sizes for wound closure.

The funnel plot (Figure 3) displays effect sizes (Cohen's d) on the x-axis and standard errors on
the y-axis for the studies included in the meta-analysis. The plot shows visual asymmetry, with a
noticeable lack of studies in the bottom left quadrant, suggesting potential publication bias due to
small studies with low precision and smaller effect sizes.
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Figure 3. Funnel plot assessing publication bias.

4. Discussion

This is the first systematic review to evaluate the effect of gold nanoparticle on wound healing
outcomes in animal trials. The meta-analysis showed a significant effect of gold nanoparticles on
wound closure in animals compared to placebo.

The meta-analysis showed substantial heterogeneity, which may reflect differences in
measurement time points, GNP formulations, and animal models. Although biological differences
between wound models—such as excisional, incisional, or infected wounds—can influence healing
outcomes[2,103], all included studies in this review employed full-thickness excisional wounds.
Other wound types (e.g., incisional, partial-thickness, ischemic, or infected wounds) were excluded
due to potential differences in healing mechanisms and outcome trajectories, which could confound
the interpretation of pooled treatment effects. Some studies included animals with infection or
diabetes, or evaluated antibacterial therapies, but the underlying model remained a full-thickness
excisional wound. To account for variation in follow-up times across studies, we extracted wound
closure data from the time point where the GNP intervention showed the largest effect compared to
placebo. This approach was chosen to capture the peak efficacy of the treatment within each study
and to avoid underestimation due to differing healing timelines. Peak effects were identified at
various time points across studies, ranging from day 3 to 15. Despite minor variations in treatment
protocols and formulations, the consistently positive outcomes suggest that GNPs may be an effective
strategy for enhancing wound healing in full-thickness excisional injuries [79].

Most studies included in the meta-analysis reported the largest differences in wound closure
between days 7 and 10. This likely reflects the transition from early-phase variability, driven by
inflammation, into the proliferative phase characterized by re-epithelialization, angiogenesis, and
collagen deposition [2,104]. By this time, acute inflammation has typically subsided, offering a more
stable baseline to observe treatment effects [67,105].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202507.1053.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 July 2025 d0i:10.20944/preprints202507.1053.v1

13 of 26

All included studies used GNPs as a core component of their wound-healing strategy. Notably,
most studies showing peak effects between days 7 and 10 involved topical application of GNP
formulations. This highlights a potential advantage of GNP-based therapies, as topical delivery can
reduce systemic side effects compared to systemic administration [106]. Despite differences in
specific formulations and mechanisms, nearly all studies reported effects on cell proliferation,
migration, and/or angiogenesis. This convergence suggests that GNPs may broadly modulate key
biological processes involved in wound repair [41,106].

All included studies reported improved wound healing with GNP-based treatments compared
to controls. However, nanoparticle shapes and sizes varied widely—a critical factor, as these
properties strongly influence biological activity [41,43,44] . These variations in nanoparticle shapes
and sizes across the studies underscore the crucial role of these parameters in determining biological
activity. While spherical nanoparticles seem to be the most common, several of the included studies
utilized GNPs with less defined morphologies (rods, prisms, irregular shapes) [77,84,90]. This lack of
standardization limits conclusions about structure-activity relationships. Exploring how size, shape,
and dose influence efficacy remains an important direction for future research.

The preclinical exploration of GNPs exhibits promising potential in enhancing wound healing
therapies [80,105]. However, several challenges must be addressed to translate these findings into
effective clinical applications. Critical factors such as size, shape, and surface chemistry significantly
influence the biocompatibility of GNPs, and their long-term safety is not fully understood [51,52,107].
These physical attributes affect cellular uptake, biodistribution, and toxicity, all of which are crucial
parameters in wound healing [100,108]. Variations in synthesis methods lead to differences in
biological activity and potential clinical efficacy [12]. Regulatory agencies require extensive safety
and efficacy data, which are currently lacking for GNPs. The use of nanomaterials in humans raises
ethical concerns regarding long-term exposure, environmental impact, and unforeseen adverse
effects [109]. However, a factor to consider is the size of nanoparticles, which can be optimized to
facilitate their recognition and clearance by the body's immune system, specifically by macrophages
[41,42]. While their small size facilitates systemic circulation, achieving targeted delivery to inflamed
tissues or immune cells remains challenging [41]. Further research is needed to compare the efficacy
and safety of GNPs under standardized experimental conditions, including long-term studies to
assess chronic exposure effects, accumulation risks, and biodegradation over time [110].
Additionally, exploring encapsulation and controlled release through the integration GNPs with
hydrogel matrices or liposomes may enhance drug delivery strategies [111]. The development of
targeted therapies utilizing stimuli-responsive particles that activate specifically in diseased tissues
could further improve therapeutic outcomes. Collaborative translational research among academia,
industry, and regulatory bodies is essential to accelerate clinical development and establish safety
standards by defining acceptable dosages, exposure limits, and safety protocols [41].

Gold nanoparticles show great potential for the treatment of chronic wounds, but their use in
clinical settings is still developing. It is crucial to tackle issues related to biocompatibility, delivery
methods, and regulatory approval through dedicated research and innovation to bring these
therapies into practice. Future efforts should concentrate on optimizing particle design, performing
comparative studies, and creating clear regulations to support safe and effective clinical applications
[41].

5. Conclusions

Gold nanoparticles significantly improved wound healing outcomes in animal models
compared to controls, with a large pooled effect size and strong statistical support. Despite
substantial heterogeneity, the use of a random-effects model allowed for a meaningful synthesis of
results. These findings support the therapeutic potential of gold nanoparticles and underscore the
need for further clinical investigation.
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The following abbreviations are used in this manuscript:

GNPs — Gold Nanoparticles

ROS — Reactive Oxygen Species

IL-4 - Interleukin 4

SD - Standard Deviation

SE - Standard Error

CI - Confidence Interval

PRISMA - Preferred Reporting Items for Systematic Reviews and Meta-Analyses

CAMARADES - Collaborative Approach to Meta-Analysis and Review of Animal Data from Experimental
Studies

Appendix A
Appendix A.1. Search Strategy

Table Al shows the detailed search strategies used for each database included in this systematic
review and meta-analysis.

Table A1. Search strategies used for the included databases.

Source Thesaurus headings/free text and truncation | Results Date of
search
Pubmed "gold nanoparticle*'[Text Word] 39,136 14-05-2025

"gold nanoparticles"[Text Word]

"gold nanorod*"[Text Word]
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"gold nanoshell*"[Text Word]

"AuNPs"[Text Word]

"GNPs"[Text Word]

"gold nanostructure"[Text Word]

"gold nanomaterials"[Text Word]

"wound*"[Text Word]

"wound healing"[Text Word]

"wound repair"[Text Word]

"wound treatment"[Text Word]

"tissue regeneration"[Text Word]

"tissue repair"[Text Word]

"skin regeneration"[Text Word]

"skin repair"[Text Word]

"Wound Healing/drug effects"[MeSH]

"Re-Epithelialization/drug effects"[MeSH]

514,331

"randomized controlled trial"[Text Word]
"randomised controlled trial"[Text Word]
"RCT"[Text Word]

"randomized clinical trial"[Text Word]

723,707

(("gold  nanoparticle*"  OR  "gold

nanoparticles” OR "gold nanorod*" OR "gold

519
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nanoshell*" OR "AuNPs" OR "GNPs" OR

"gold nanostructure” OR "gold

nanomaterials") AND (wound* OR "wound

healing” OR "wound repair" OR "wound

treatment" OR "tissue regeneration" OR

"tissue repair’ OR "skin regeneration” OR

"skin repair' OR "Wound Healing/drug

effects”" OR "Re-Epithelialization/drug effects"

OR '"randomized controlled trial" OR

"randomised controlled trial" OR "RCT" OR

"randomized clinical trial"))

Embase (gold nanoparticle* OR gold nanorod* OR | 15,897 14-05-2025

gold nanoshell* OR "AuNPs" OR "GNPs")

(randomized controlled trial* OR randomised | 2,431,698

controlled trial* OR random allocation OR

random* OR "RCT")

(wound healing OR wound repair OR | 614,077

wound* OR tissue regeneration OR tissue

repair OR skin regeneration OR skin repair)
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(gold nanoparticle* OR gold nanorod* OR

gold nanoshell* OR "AuNPs" OR "GNPs")

AND (randomized controlled trial* OR

randomised controlled trial* OR random

allocation OR random* OR "RCT") AND

(wound healing OR wound repair OR

wound* OR tissue regeneration OR tissue

repair OR skin regeneration OR skin repair)

Cochrane

(("gold" NEXT nanoparticle*) OR ("gold"

NEXT nanorod*) OR ("gold" NEXT

nanoshell*) OR "AuNPs" OR "GNPs")

35

14-05-2025

(randomized controlled trial OR randomised

controlled trial OR randomized OR

randomised OR RCT)

8942

(wound NEXT healing OR wound NEXT

repair OR wound* OR tissue NEXT

regeneration OR tissue NEXT repair OR skin

NEXT regeneration OR skin NEXT repair)

494

(("gold" NEXT nanoparticle*) OR ("gold"

NEXT nanorod*) OR ("gold" NEXT

nanoshell*) OR "AuNPs" OR "GNPs") AND

(randomized controlled trial OR randomised
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controlled trial OR randomized OR

randomised OR RCT) AND (wound NEXT

healing OR wound NEXT repair OR wound*

OR tissue NEXT regeneration OR tissue NEXT

repair OR skin NEXT regeneration OR skin

NEXT repair)

Scopus (TITLE-ABS-KEY("gold nanoparticle*" OR | 101,410 14-05-2025

"gold nanorod*" OR "gold nanoshell*" OR

"AuNPs" OR "GNPs"))

(TITLE-ABS-KEY("randomized controlled | 1,465,658

trial" OR "randomised controlled trial" OR

"randomized" OR "randomised" OR "RCT"))

(TITLE-ABS-KEY("wound  healing”  OR | 750,089

"wound repair" OR "wound*' OR "tissue

regeneration” OR "tissue repair" OR "skin

regeneration" OR "skin repair"))

(TITLE-ABS-KEY("gold nanoparticle*" OR

"gold nanorod*" OR "gold nanoshell*" OR

"AuNPs" OR "GNPs")) AND (TITLE-ABS-

KEY("randomized controlled trial® OR
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"randomised controlled trial" OR

"randomized" OR "randomised" OR "RCT"))

AND (TITLE-ABS-KEY("wound healing" OR

"wound repair" OR "wound*' OR "tissue

regeneration” OR "tissue repair" OR "skin

regeneration”" OR "skin repair"))

Web of Science TS=("gold nanoparticle*" OR "gold nanorod*" | 127,319 14-05-2025

OR "gold nanoshell*" OR "AuNPs" OR

HGNPS")

(TS=("randomized controlled trial" OR | 1,153,119

"randomised controlled trial" OR

"randomized" OR "randomised"” OR "RCT"))

TS=("wound healing" OR "wound repair" OR | 341,754

"wound*" OR "tissue regeneration" OR "tissue

repair’ OR '"skin regeneration” OR "skin

repair")

(TS=("gold nanoparticle*" OR "gold nanorod*" | 5

OR "gold nanoshell* OR "AuNPs" OR

"GNPs")) AND (TS=("randomized controlled
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trial" OR "randomised controlled trial" OR

"randomized" OR "randomised" OR "RCT"))

AND (TS=("wound healing” OR "wound

repair” OR "wound*" OR "tissue regeneration”

OR "tissue repair" OR "skin regeneration" OR

"skin repair"))
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