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Abstract

Burns injuries present critical health and care challenges and remain one of the leading
causes of preventable morbidity globally. The pathophysiology of burns injuries com-
bines barrier disruption, dysregulated inflammation and biofilm-driven polymicrobial
infection. Zinc oxide nanoparticles (ZnO NP) offer unique, multi-functional capabilities
of broad-spectrum antimicrobial, pro-regenerative zinc (II) ion sources and an intrinsic
transducer that is piezoelectric, photoresponsive and pH-responsive. This paper presents a
comprehensive review of ZnO NP for the treatment of skin burns injuries with a focus on its
multifunctional nanotherapeutic and sensor-integrated platforms. A structured literature
search of PubMed, Scopus, Web of Science, Embase and IEEE Xplore covering the period
2015 to 2025 was conducted to identify and consolidate relevant pre-clinical and clinical
evidence on ZnO-based and sensor-integrated burn wound platforms. From the survey
across hydrogels, electrospun nanofibers, films, sprays, and three-dimensional bio-printed
constructs, it is established that ZnO formulations achieve 60-95% wound closure by day 14
versus 30-55% for untreated controls, with 3-7 log10 colony-forming-unit reductions and
minimum inhibitory concentrations of 8-256 micrograms per millilitre against multidrug-
resistant pathogens. Wound healing is driven by sustained Zn?" release, reactive-oxygen-
species-mediated bactericidal action, matrix-metalloproteinase-9 modulation, vascular-
endothelial-growth-factor and hypoxia-inducible-factor-1-alpha angiogenesis, and nuclear-
factor-kappa-B suppressed inflammation. Emerging closed-loop sensor-integrated dress-
ings deliver real-time wound pH, temperature, and matrix-metalloproteinase-9 readout
coupled to near-field-communication actuated on-demand zinc release. Clinical translation
is affected by several factors such as dose-dependent cytotoxicity associated with excessive
ROS generation or dissolution, limited standardisation of green-synthesis methodologies,
batch-to-batch variability in nanoparticle physicochemical properties and limited clinical
trial data. ZnO-based theranostic platforms hold practical clinical translation potentials
provided reproducible GMP-scale synthesis, long-term biocompatibility validation and
comprehensive regulatory classification is systematically addressed.

Keywords: nanomaterial; nanoparticle; skin burns; wound healing; theranostic dressings;
zinc oxide
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1. Introduction

The skin constitutes the largest organ of the human body and serves as a mechanical,
immunological and homeostatic barrier against pathogens, ultraviolet radiation and de-
hydration [1,2]. Burn injuries caused by exposure to elevated temperature from various
sources including heat, flame, scalds, electricity, chemicals, friction, or radiation affects
the homeostatic barrier resulting in local and systemic processes with severity ranging in
depth and total body surface area (TBSA). In a recent World Health Organisation (WHO)
report, it is estimated that approximately 11 million burn injuries occur each year, with
more than 180,000 burn injury-related deaths concentrated in low and middle-income
countries [3-5]. In another report from Global Burden of Disease (GBD), it is estimated that
about 13 million persons experienced severe burns, and 235 million experienced minor
burns in 2021, and that demographic growth and ageing will significantly impact absolute
case numbers by 2050 [6-8]. Beyond acute mortality, survivors of partial and full-thickness
burns face long-term morbidity from hypertrophic scarring, contracture, psychological
sequelae, and the cumulative cost of repeated reconstructive surgery [9,10].

The pathophysiology of burn wounds is conceptualised through Jackson’s three con-
centric zones: a central zone of coagulation (irreversible necrosis), a surrounding zone of
stasis characterised by reduced tissue perfusion that remains potentially viable and can be
salvaged through timely and appropriate therapeutic intervention [11]. Burn injuries dis-
rupt the normal wound healing cascaded by prolonging the inflammatory phase, resulting
in sustained expression of pro-inflammatory cytokines, including tumour necrosis factor-oc
(TNF-«), interleukin-1p (IL-1$3), and interleukin-6 (IL-6), together with persistent neu-
trophil infiltration. Concurrently, the wound microbiome evolves from early colonisation
by Gram-positive organisms, predominantly Staphylococcus aureus and coagulase-negative
Staphylococcus spp., to later predominance of Gram-negative pathogens such as Pseu-
domonas aeruginosa, Acinetobacter baumannii, and Klebsiella pneumoniae, frequently ac-
companied by Candida albicans biofilm formation [12-14]. Biofilm extracellular polymeric
substances shield embedded organisms behind diffusion barriers and quorum-sensing-
regulated tolerance phenotypes that elevate apparent minimum inhibitory concentrations
(MICs) by up to three orders of magnitude, which in turn, drives high incidence of burn
wound sepsis and multi-organ failure [15,16]. Burn wound healing progresses through four
temporally overlapping phases including haemostasis, inflammation, proliferation and
remodelling, with each process characterised by distinct cellular and molecular events and
potential intervention points for ZnO nanoparticles (NPs) occurring throughout the healing
process as illustrated in Figure 1. In Figure 1, it is worth noting that only antimicrobial
activity in the inflammatory phase has meaningful translational support among the phase-
specific roles highlighted shown. However, the remaining proliferative and remodelling
actions of ZnO NPs are predominantly preclinical and have not been established as clinical
outcomes in burn wound management.

Conventional burn management includes surgical debridement, split-thickness skin
grafting, topical antimicrobial agents such as silver sulfadiazine, mafenide acetate, and
chlorhexidine, and silver-containing dressings such as Mepilex Ag, Acticoat, and Aquacel
Ag [12,13]. Although these interventions remain the standard of care, their effectiveness is
increasingly challenged by two major limitations. First, silver-based agents, chlorhexidine,
and some topical antibiotics exhibit cytotoxic effects on keratinocytes and fibroblasts,
which impair the cellular migration required for re-epithelialisation and create a well-
recognised trade-off between antimicrobial activity and tissue regeneration [17,18]. Second,
antimicrobial resistance is increasing, with reports of silver-resistant Enterobacteriaceae and
mupirocin-resistant Staphylococcus aureus in burn intensive care units [19]. In addition,
autologous split-thickness skin grafting is constrained by donor-site morbidity and limited
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Hemostasis

donor skin availability in patients with burns involving more than 40-50% TBSA, which
elucidates the need for off-the-shelf multifunctional wound therapies [13,20].
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Figure 1. Conceptual schematic of burn wound healing phases and proposed ZnO NP intervention
points (Created in BioRender. https://BioRender.com/rrpds9v, accessed on 20 August 2026).

Nanotechnology offers viable solution as nanoscale materials, typically within the
1-100 nm region, exhibit distinct therapeutic characteristics due to their size-dependent
physicochemical properties that is conversely lacking in high surface-to-volume or bulk
materials [21,22].
creases surface reactivity which improve catalysis and adsorption, subject to reconstruction,

This is because at the nanoscale, a high surface-to-volume ratio in-

faceting and passivation. Nanoscale defects and non-stoichiometry enhance the redox and
charge-transfer kinetics which reshapes optical and electronic responses, enabling design
windows that bulk solids cannot reach [23,24]. NP are engineered to mimic features of the
native extracellular matrix, deliver sustained or stimulus-responsive payloads, modulate
angiogenesis, oxidative stress, and collagen deposition, and traverse cellular and vascular
barriers more efficiently than conventional formulations [25-27]. Across the metallic, metal-
oxide, polymeric, and composite NP families, metal-oxide NP based on Zinc (Zn), Titanium
(Ti), Copper (Cu), Iron (Fe) and Cerium (Ce) have gained intense attention for wound care
due to their combination of antimicrobial activity, redox modulation, and biocompatibility
characteristics [28-31].

Zn is a key trace element involved in numerous physiological processes including
DNA synthesis, gene transcription, enzymatic regulation and tissue repair. ZnO NPs are
widely employed in biomedical and antimicrobial applications due to their wide band-gap
of approximately 3.36 eV and unique optical, electrical, catalytic, and biological characteris-
tics [32,33]. These properties contribute to photocatalytic activity, reactive oxygen species
(ROS) generation, and tunable surface interactions that collectively enhance antimicrobial
performance. Compared with bulk ZnO (~2 um), nanoscale ZnO particles (10-50 nm) ex-
hibit enhanced antibacterial efficacy owing to their increased surface reactivity and reduced
particle size [34,35]. Current evidence indicates that their antimicrobial activity arises
ion release,
electrostatic membrane disruption, protein dysfunction and inhibition of bacterial biofilm

through multiple concurrent mechanisms, including ROS generation, Zn?*

formation [34,35]. The biological effects are highly dependent on nanoparticle size, mor-
phology, surface defects, concentration, and environmental conditions such as pH and light
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exposure. Although ZnO NP exhibit favourable thermal stability and broad-spectrum an-
timicrobial activity, their biocompatibility remains strongly dose- and exposure-dependent,
as excessive ROS production and Zn?* dissolution may induce oxidative stress, mitochon-
drial dysfunction, inflammatory responses, and cytotoxicity in mammalian cells [25,35,36].

A key contribution of the present work is the systematic integration of sensor-
engineering dimension of ZnO for wound healing. To the best of the author’s knowledge,
no previous review on ZnO for burn wound care consolidates ZnO effect as both nanother-
apeutic and intrinsic transducer (e.g., piezoelectric, photoresponsive and pH-responsive)
for sensor-integrated theranostic dressings, which constitutes the primary novelty of the
present study. The present work has four objectives: (i) synthesise preclinical and early
clinical evidence on ZnO-based burn wound platforms published between 2015 and 2025;
(ii) develop a quantitative benchmarking framework comparing ZnO with key alternative
nanomaterials; (iii) establish a taxonomy for sensor-integrated theranostic ZnO dressings;
and (iv) outline a regulatory and translational roadmap linking material design, manufac-
turing, and clinical implementation. The remainder of the article is organised as follows:
Section 2 describes the literature search methodology and scope of the review. Section 3
presents the literature review across eight subsections from pathophysiology through clini-
cal translation; Section 4 discusses the existing clinical potentials and articulates the future
directions of ZnO, while highlighting key open gaps. Section 5 draws conclusions and
translational priorities.

2. Methodology

The review is conducted using structured literature search strategy to ensure com-
prehensive and reproducible search of published works on ZnO nanoparticle-based burn
wound healing platforms and sensor-integrated theranostic dressings. The scope of the
review was defined by the following eligibility criteria:

Target Population: Human or animal subjects with thermal, chemical, electrical, or
radiation burn wounds of any depth and TBSA, plus in vitro models of burn wound
microbiology and re-epithelialisation.

Intervention of Interest: ZnO nanoparticle-containing formulations, including hydro-
gels, nanofibers, films, sprays, injectables, 3D-bioprinted constructs, and sensor-integrated
theranostic dressings, irrespective of synthesis route such as chemical, physical, or biogenic.

Comparators considered: Untreated controls, vehicle-only controls, standard-of-care
antiseptics including silver sulfadiazine, chlorhexidine and mafenide acetate, commercial
silver dressings, metal and metal-oxide NP materials.

Outcomes of Interest: Quantitative wound closure, re-epithelialisation kinetics, colony-
forming-unit (CFU) reductions and MICs, scar metrics (Vancouver Scar Scale, hypertrophy
index), angiogenesis, collagen 1/1II ratio, cytotoxicity (HaCaT, NHDEF, BJ-5ta IC50) and
sensor performance, in terms of limit of detection, response time, drift.

Study Design: The study design includes in vitro, in vivo studies restricted to mam-
malian burn models for rodent, lagomorph and porcine; non-mammalian models were
not considered. Clinical studies (case series, phase I/1I/1II) were also included, whereas
reviews and meta-analyses were excluded from the primary analysis but consulted for
cross-reference and citation tracking. The literature search cover various publications
published between January 2015 and December 2025 across five major databases and repos-
itories including PubMed /MEDLINE, Scopus, Web of Science Core Collection, Embase,
and IEEE Xplore. The IEEE Xplore database was used to capture sensor and electronics
literature typically missed by biomedical-only searches. Search strings combined (“Zinc
Oxide” OR “ZnO”) AND (“nanoparticle” OR “nanorod” OR “nanowire” OR “nanofiber”)
AND (“burn” OR “thermal injury” OR “wound healing”) AND, for the sensor sub-search,
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(“biosensor” OR “piezoelectric” OR “smart dressing” OR “theranostic” OR “impedimetric”
OR “amperometric” OR “surface acoustic wave” OR “SAW”). The retrieved articles were
screened by title and abstract for relevance to meet the eligibility criteria defined above,
while full-text articles were assessed for final inclusion. Reference lists of included studies
and relevant review articles were hand-searched to identify additional records not cap-
tured by the database searches. Reported quantitative outcomes including wound-closure
percentages, MICs, and CFU counts) are presented as descriptive ranges synthesised nar-
ratively across heterogeneous primary studies and not as statistically pooled estimates
and between-study differences in models, particle characteristics, and assay conditions
preclude formal meta-analysis. The overall study-selection workflow from database identi-
fication through screening and eligibility assessment to narrative synthesis is summarised
in Figure 2.

Identification

Excluded

Record identified from five databases b Duplicates, Off-topic records

(PubMed/MEDLINE), Scopus, Web of Science, Embase, IEEE Xplore between
2015 to 2025

!

Screening

Excluded
— Non-mammalian models, no ZnO,

Title and abstract screening against eligibility criteria: no burn/wound outcome

(Population, Intervention, Comparator, Outcomes, Study Design)

!

Eligibility
Excl
‘ ' . — B : c_uded o
Full-text assessment of ZnO burn wound and sensor-integrated studies; reviews Insufficient quantitative or mechanistic data
consulted for cross-reference only

!

Synthesis/Included

Synthesis across nanotherapeutic modalities, mechanism, sensor-integrated
dressing and eight-axis benchmarking

Figure 2. Overview of structured literature search and study selection workflow applied in the study.

3. Literature Review

Burn injuries affect both the skin and underlying tissue layers and may be classified as
superficial, partial-thickness (superficial or deep), or full-thickness depending on the depth
of dermal involvement [37,38]. Persistent inflammation, infection, scarring, and delayed
re-epithelialisation are characteristic complications, and effective management hinges on
three concurrent imperatives: preventing infection, supporting epithelial proliferation, and
maintaining a moist, mechanically protective wound environment [39]. Inadequate care
produces bleeding, infection, prolonged convalescence, and elevated treatment cost [40]. Be-
cause no absolute remedy exists for severe burns, identifying therapies that simultaneously
combat infection and accelerate regenerative processes is a clinical priority [41].

Nanotherapeutic approaches have demonstrated significant potential to enhance
wound healing through the use of diverse nanomaterials [42]. NP are generally defined
as particles with dimensions between 1 and 100 nm [3]. The high surface area-to-volume
ratio of NPs makes them particularly suitable for targeted drug delivery and loading of
therapeutic agents [21,22]. Shape-controlled NP, including nanowires, nanorings, nan-
otubes, and nanotetrapods, can be synthesised using various methods such as chemical
vapor deposition, electrodeposition, and thermal evaporation [23,24]. In accordance with
standard nanomedicine classification, NP are categorised by composition as metallic, metal-
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oxide, polymeric, lipid-based, carbon-based and hybrid systems. Metallic NP have broad
applications in nano-pharmaceuticals, medical diagnostics, and biomedicine, including
drug delivery, wound healing, cancer therapy, imaging, tissue engineering, diabetes man-
agement, and cosmetics [26,27,43]. Their dimensions overlap with those of biological
structures such as proteins, DNA, and viruses, facilitating cellular and vascular interactions
that can enhance therapeutic efficacy [44]. Additionally, important pathophysiological
processes including oxidative stress, inflammation, angiogenesis and collagen deposition
can be modulated by nanoparticles, which demonstrates the potential of nanotechnology
for advanced burn wound therapy.

Chronic wound management has witnessed significant increase in the use of
metal nanoparticles, metal oxide nanoparticles, polymeric nanomaterials (nanoparticles,
nanofibers, nano emulsion), and other nanotherapeutics due to their antimicrobial and
regenerative properties [28,29]. Metallic and metal-oxide nanomaterials including Ag, Au,
ZnO, aluminium oxide, iron oxide, titanium dioxide, CoO, and gallium-based NP exhibit
antibacterial activity that supports wound repair. However, due to the difference in cytotox-
icity, stability, and cost, recent studies have focused on metal-oxide nanoparticles such as
ZnO, which exhibit a more favourable cytotoxicity profile than silver toward mammalian
keratinocytes and fibroblasts at comparable antibacterial doses [30,31].

Owing to their distinctive optical, electrical, and biological properties, ZnO NPs are
widely applied in biomedical and antimicrobial applications due to their broad band-gap
semiconductor (3.36 eV) [32,33]. The strong antibacterial activity of ZnO NPs diminishes
the possibility of infection, while the narrow size promotes angiogenesis, cell proliferation,
collagen remodelling, and sustained zinc release during wound healing [45]. The generation
of reactive oxygen species governs the size-dependent antimicrobial mechanism of ZnO
with nanosized ZnO ranging between 10 and 50 nm. Recent studies established ZnO NP
exhibit antibacterial, antioxidant, and wound-healing properties to improve treatment of
burn wounds. A few application domains of ZnO NP is illustrated in Figure 3.

Tissue engineering
Bioimaging
Gene delivery

Wound healing
Biocompatibility
Drug delivery

Figure 3. Applications of ZnO NPs is adapted from Xiao et al. [25], published under the CC BY
4.0 licence.

In therapeutic applications, ZnO NP creams formulated with calendula extract en-
hance fibroblast proliferation in Wistar rat burn models, indicating a synergistic effect
that augments wound healing alongside the NP’ intrinsic antimicrobial and antioxidant
properties [46]. Similarly, magnesium-doped ZnO NPs green-synthesised via Ferulago
angulata extract have demonstrated efficacy in accelerating the healing of second-degree
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burn wounds [47]. Beyond acute burns, ZnO NPs are extensively investigated across
diverse wound modalities, including diabetic ulcers, chronic wounds, and acute trauma as
illustrated in Figure 4.

Antibacterial action (ROS
production, Zn2+
Anti-inflammatory activity

Improves inflammation and

Encourages angiogenesis
stops microbial colonization

and cell proliferation
Promotes collagen formation

Support collagen and
fibroblast activity
Allows re-epithelization

Chronic

Quick defense against
bacteria
Improves keratinocyte
migration
Lowersinflammation
Promotes rapid tissue repar

Figure 4. ZnO NP applications in different wound healing applications, adapted from Xiao et al. [25],
published under the CC BY 4.0 licence.

Experimental studies show that incorporating ZnO NPs into hydrogels, nanofibers,
biofilms, and bioactive dressings significantly accelerates healing by enhancing collagen
deposition, re-epithelialisation, and antimicrobial protection [48]. Chitosan dressings
loaded with Ag/ZnO nanocomposites exhibit potent antibacterial activity and promote
tissue repair by upregulating collagen synthesis [48]. Mechanistically, ZnO NPs modulate
the healing cascade by stimulating angiogenesis, mitigating oxidative stress, and regulating
cytokine expression [49,50]. Despite the promising therapeutic features of ZnO NPs, their
clinical translation faces several biological and operational challenges. Biological challenges
include high-dose cytotoxicity, particle instability, systemic biosafety concerns and wound
heterogeneity [13,30,49,50], whereas operational challenges such as high manufacturing
costs, stringent regulatory pathways, and translational variations between animal models
and human physiology. Additionally, due to nanomaterial toxicity is highly dependent
on size, shape, stability, and dosage, optimising formulation parameters, establishing
standardisation protocols, and developing real-time wound monitoring systems are critical
to ensure safe and effective nanotherapy-based wound care [13,30,42,51].

3.1. Nanotherapeutic Modalities

ZnO NPs are highly effective in burn care; however, their therapeutic efficacy relies
heavily on the delivery vehicle. Different nanotherapeutic modalities have been developed
to optimise localised bioavailability, achieve sustained release and prevent nanoparticle
aggregation [52]. These nanotherapeutic modalities include nano-loaded wound dressings,
topical gels, hybrid nanostructures, nanocomposite hydrogels, electrospun nanofibers,
polymer-based films/patches, and injectable systems [53].

ZnO NP-integrated gels and dressings are effective in wound care [54] and often
supplement with cell proliferation promoters, moisture-retention agents and antimicrobials.
Nanocomposite hydrogels such as chitosan- or alginate-based matrices maintain a moist
wound environment and facilitate controlled drug delivery. A keratin-chitosan bandage
functionalised with ZnO NPs stimulates collagen synthesis and cell adhesion to accelerate
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tissue closure [55]. Topical burn creams frequently combine ZnO NPs with vitamins or
plant extracts often results in improved therapeutic outcomes [56-58]. Additionally, flexible,
microporous chitosan hydrogel-ZnO NPs composite bandages exhibit robust antibacterial
properties and accelerate tissue regeneration by improving moisture retention and cellular
proliferation [59], whereas green-synthesised ZnO NPs such as those mediated by Ocimum
americanum leaf extract offer an eco-friendly approach to treat burn infections due to their
potent phytochemical-enhanced antibacterial and antioxidant activities [60].

Advanced structural matrices further optimise burn wound healing by improving
the local wound environment to support tissue regeneration. Electrospun nanofibers
mimic the ECM architecture to promote cell adhesion, cell increase and tissue repair while
providing an effective protective barrier [61,62]. Injectable hydrogels conform to irregular
wound beds to enable uniform coverage and sustained delivery of antimicrobial agents,
whereas polymer films and patches provide a breathable protective barrier that facilitates
wound contraction. Among these platforms, hydrogels exhibit viable potentials for burn
dressings due to their ability to maintain a moist wound environment, promote tissue
regeneration, and provide controlled release of therapeutic agents, resulting in reduced
infection risk [63,64]. Table 1 provide a summary of the various nanotherapeutic modalities

for burns wound healing strategies.

Table 1. Comparison of ZnO NP-based burn wound healing strategies.

Modality

Techniques

Effects on Wound
Healing

Limitations

References

Green-synthesised ZnO

Generates ROS and disrupts
microbial membranes; exhibits

Improve tissue regeneration,

Phytochemical
composition variability,
dose-dependent

NPs mediated anti-inflammatory and accelerate epithelialisation and - [38,58,65-67]
) . - . . . cytotoxicity and lack of
by plants pro-angiogenic activities to drive  reduce infection rates. A .
. extensive clinical
fibroblast growth. o
validation.
. Complex manufacturing,
. Provides broad-spectrum oy
Biopolymer . . . . Improves burn wound scalability and
. antibacterial action; matrix R A
nanocomposite 1 . contraction and enhance reproducibility bottleneck,
. facilitates cell adhesion, . . . . [37,55,68,69],
hydrogels, e.g., keratin, .. . granulation tissue synthesis, and  and potential
. maintains moisture, and . . .
chitosan, ZnO . decrease bacterial load. high-concentration
prolongs drug delivery. toxicity
Scavenges excess ‘ROS and Mitigate oxidative damage, Batch-to-batch terpenoid
. modulates oxidative stress L . . L R S
Terpenoid- ) . efficient for inflammation variations, limited in vivo
o7 pathways; increases NP stability . 1 . [70-73]
stabilised ZnO NPs . . A management and rapid burn profiling, and undefined
while normalising oxidative . .
. tissue repair. long-term safety.
imbalances.
Wheat-gluten films treated Matljlx provides sustained Decrease infection, enhance Formulation complexity,
. . . nutrient and NP release; .. .
with vita-mins and collagen deposition, and unpredictable release
leverages dual metal R P [74-77]
ZnO/AgNP N . . accelerate in vivo burn kinetics, and a need for
. antibacterial synergy alongside . . o
nanocomposite . - contraction. large-animal validation.
vitamin-driven ROS control.
Drives antimicrobial action . .
Delineation of full
through concurrent ROS Improve wound closure rates o .
ZnO-based . 24 T . antimicrobial spectra
. . . generation and Zn~* ion release and minimise infection . . .. [78-83]
biocomposite dressings R . . o against diverse clinical
within supportive nanomaterials  susceptibility. o .
e 1 . pathogens is still ongoing.
to exploit its biopolymer matrix.
Positive surface charges promote . I TiO, requires light
- 8¢S promc Effective for eradication of 2 req 8"
ZnO/TiO, attachment to negative bacterial . . activation for optimal
. . biofilm-producing S. aureus and
nanoparticle walls; generates ROS to disrupt performance; sparse [84-88]
s . . X MRSA; lowers wound T ..
antimicrobial agents biofilms and compromise . in vivo data; activity
R bioburden. . .
bacterial viability. varies by size/dose.
Xymedone upregulates Better granulation and Limited comparative
metabolic activity and tissue epithelialisation, improves clinical research;
ZnO NP-loaded o ; ) : . . .
repair; thixotropic formulation wound contraction and high therapeutic performanceis  [89-93]

thixotropic Xymedone gels

improves spreadability, adhesion
and sustained release.

patient compliance via
optimised rheology.

highly
formulation-dependent.
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3.2. Nanotherapeutic Technologies

ZnO NPs are compared with other metal complementary therapeutic properties for
effective burn wound treatments [94]. Ag NPs exhibit broad-spectrum antimicrobial activ-
ity but are limited by dose-dependent cytotoxicity and limited regenerative capacity [95].
Au NPs possess excellent biocompatibility and drug-delivery capabilities with minimal
intrinsic antibacterial activity [96,97]. TiO, NPs demonstrate antimicrobial activity, but
their efficacy typically depends on ultraviolet light activation, which limit its clinical
applicability [98,99]. Chemical synthesis methods including sol-gel, precipitation, and
hydrothermal techniques, enable precise control over ZnO NPs size, morphology and
crystallinity [42,100]. However, chemical-synthesised ZnO NPs often exhibit high sur-
face reactivity which increase cytotoxicity, necessitating surface functionalisation before
biomedical application [45,101]. Conversely, plant-mediated green synthesis enhances
biocompatibility and surface bioactivity when incorporated with naturally derived phyto-
chemicals. Plant-mediated green synthesis is often limited by its process standardisation
and batch-to-batch reproducibility [102,103]. To improve nanoparticle stability and thera-
peutic performance, ZnO NPs are commonly incorporated into polymeric scaffolds and
hydrogels to provide structural support, enhance mechanical properties and enable con-
trolled Zn?* ion release [104]. Electrospun poly(lactic-co-glycolic acid) (PLGA) or silk
fibroin nanofibers, as well as schizophyllan (SPG)-modified bacterial cellulose scaffolds,
are ZnO NPs delivery systems that mimics the natural architecture of ECM to support cell
adhesion and tissue regeneration [105,106].

The high susceptibility of burn wounds to microbial infection makes the antibiofilm ac-
tivity of ZnO NPs critical. ZnO NPs disrupt bacterial biofilms due to their biocompatibility,
antibacterial properties and ability to inhibit biofilms using ROS [107,108]. The antibacterial
efficacy of ZnO NPs is strongly influenced by its nanoscale size which enables its higher
membrane and cytoplasmic accumulation than larger particles [109]. The integration of
ZnO NPs with chitosan hydrogels, collagen matrices or cellulose-based scaffolds preserve
the antimicrobial activity while improving tissue remodelling [78,110]. Controlled-release
nanotherapeutic systems further optimise this balance by maintaining sustained antimi-
crobial activity while facilitating tissue repair [111]. Raguvaran et al. demonstrated that
sodium alginate/gum acacia hydrogels containing ZnO NPs significantly improves the
adhesion and proliferation of fibroblasts, thereby facilitating healing [112].

ZnO NP-coated wound dressings have been established to inhibits the viability of
bacteria in chronic wounds within 6 h and maintaining antimicrobial efficacy for up to
3 days. To further enhance therapeutic performance, ZnO NP-doped biopolymer scaffolds
are used to enhance the efficacy of ZnO NP-based dressings [113]. Karahaliloglu et al. and
Soubhagya et al. demonstrated enhanced antibacterial activity in chitosan/silk sericin
scaffolds loaded with ZnO NP and 3D chitosan/pectin/ZnO-NPs films are non-toxic,
suitable to growth of fibroblasts [114,115].

Table 2 highlight four key delivery techniques of ZnO NPs in burn wound management
including plant-mediated green synthesis, electrospun nanofiber incorporation, hydrogel
and scaffold composite and polymer-based nanocomposites. It is worth noting that the
tabulated values used for the analysis are representative figures from cited primary studies
and are indicative rather than standardised head-to-head measurements. Plant-mediated
delivery technique offers cost-effective, bio-compatible synthesis using phytochemical
reducing and capping agents. However, plant-mediated delivery technique is affected by
variety of factors including batch-to-batch variability, undefined dose—toxicity relation-
ships and absence of clinical validation. Electrospun nanofiber combined with ZnO NPs
technique exhibit strong antibacterial efficacy and good biocompatibility, and provides high
surface area-to-volume scaffolding. However, the functionality of electrospun nanofiber
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delivery strategy is limited by sub-optimal degradation kinetics, photo-dependent antimi-

crobial activation and nanoparticle aggregation. Hydrogel and scaffold composite offer

improved tissue regeneration signalling and maintain moist wound micro-environment

suitable for re-epithelialisation. Keratin-chitosan, alginate and cellulose nanocomposites

provide mechanical support and moisture retention but is affected by delimitating factors

such as mechanical stability under physiological loading and GMP-scalable manufacturing.

Table 2. Comparative overview of ZnO NP delivery techniques for burn wound healing.

Technique Materials Features Key Limitations Reference
Plant extract (Aloe vera, Dual ant1m1c1job1a1 Toxicity uncertainty,
(ROS generation, Zn2* 4 Y
moringa oleifera, ) g) d ! batch-to-batch
release) an
Unformulated /Bare camellia sinensis, . . variability, lack of
ZnO NPs azadirachta indica) as Ppro-anglogenic clinical trials, shallow [57,102,103,116,117],

stabilising and
reducing agents

wound-healing action,
eco-friendly and
single-step synthesis

mechanistic
understanding.

Electrospun nanofibers
matrices

Chitosan, silk fibroin,
cellulose acetate,
polycaprolactone (PCL),
polyvinyl alcohol (PVA)
nanofibers

High surface
area-to-volume ratio;
sustained ZnO release,
ECM-mimetic
architecture, strong
antibacterial action and
good biocompatibility

Slow degradation
kinetics, minimal
antimicrobial effect in
absence of ZnO
without light exposure,
NP aggregation at high
loading and limited

in vivo validation.

[106,118-120]

Hydrogel and 3D
porous scaffolds

Alginate, chitosan,
PVA, hyaluronic acid,
carbopol, polyethylene
glycol (PEG) hydrogels;
Collagen, silk-sericin,
gelatin, bacterial
cellulose scaffolds with
ZnO NPs

Moist wound
micro-environment,
swelling-controlled
Zn?* release, improved
re-epithelialisation,
injectable formats and
thermo-responsive
variants.
Interconnected porosity
supports cell
infiltration and
neovascularisation;
structural
tissue-regeneration
template; sustained
antimicrobial defence;
tuneable pore
architecture

Weak mechanical
strength under
physiological loading,
residual cytotoxicity at
high ZnO
concentrations are key
limitations of ZnO NP
with hydrogel.

3D scaffold on the other
hand faces critical
limitations including
complex fabrication,
batch reproducibility
challenges, incomplete
degradation profiling,
gaps in clinical
translation and GMP
scalability.

[90,100,105,121-123]

Nanocomposites
loaded with ZnO NPs

Keratin—chitosan,
alginate/hyaluronic
acid, cellulose
nanocrystal,
PCL/gelatin hybrid
composites

Multi-material
functionality, robust
antimicrobial efficacy,
improved tissue
regeneration, moist
wound environment,
tuneable mechanical
and release properties

ZnO toxicity issues,
mechanical-stability
under dynamic wound
condition,
standardisation and
scalability challenges.

[55,74,79,124]

3.3. ZnO Physiochemistry and Structure Activities

ZnO crystallises predominantly in the wurtzite hexagonal structure (space group

P63mc, lattice parameters a = 3.25 angstrom, ¢ = 5.21 angstrom), with alternative cubic zinc

blende and rock salt polymorphs accessible only under non-equilibrium or high-pressure

conditions [125,126]. The wurtzite lattice of ZnO is non-centrosymmetric which generate

spontaneous polarisation along the c-axis that underpins its piezoelectric behaviour, whilst
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N

the chemically distinct Zn-terminated (0001) polar, O-terminated (000-1) polar and (10-10)
non-polar facets differentially govern surface reactivity, protein corona formation, ROS
and biological membrane adhesion [69,127]. Three intrinsic point defects are commonly
associated with the physicochemical and biological behaviour of ZnO including oxygen
vacancies (V ), zinc interstitials (Z#n;), and zinc vacancies (V _Z,). Among these, oxygen
vacancies and zinc interstitials are frequently linked to enhanced surface reactivity and
reactive oxygen species (ROS) generation. Singly ionised oxygen vacancies (V") can serve
as electron donor sites that facilitate interfacial electron transfer to adsorbed molecular
oxygen, promoting the formation of superoxide radicals (O, ). Subsequent redox reactions
at the ZnO surface may also generate hydroxyl radicals (¢OH), which contribute to the
antibacterial and wound-healing activity of ZnO NP. The electron paramagnetic resonance
(EPR) signals near g ~ 2.003 are widely reported as indicative of oxygen-vacancy-related
defect states in ZnO, although assignment of this signal can vary depending on synthesis
conditions and defect complexity [128]. The optical band gap of ZnO is typically expressed
using the Tauc relation for a direct allowed transition characteristic of wurtzite ZnO as:

(ahv)* = A(ho — Ey) )

where « is the absorption coefficient, which is a function of wavelength (1), h is Planck
constant, v is frequency, A is the proportionality constant, E, is the optical band gap of ZnO
and 7 is Tauc exponent. Bulk wurtzite ZnO possess a direct band gap of 3.37 eV (approx.)
at room temperature. For ZnO NP with crystallite sizes below approximately 10 nm,
a blue shift in Eg, typically around 50-200 meV relative to bulk ZnO occur as a result of
quantum confinement [129]. Figure 5 present a structure—property—function relationships

of ZnO NPs.
Conduction Band @ :

4
=
= r' -
= e
g
= Bl e e - —— V, (Oxygen vacancy)
8, S
2 \ / (>
2 o
E ] === = = = Z,; (Interstitial)
E Sy
&
2]
] +
2 \ 4 h
4
Valence Band @ @
(0001) - Zn polar facet T . e .
. . i = Zn?*: enzymatic disruption (antimicrobial)
= Piezoelectric response (~ 9-12 pC/N) = Photo- & dark ROS: *OH, +0y", Hz0,

(a)

+ MMP-9/VEGF/metallothionein (pro-healing)

(b) (c)

Figure 5. Structure—property—function relationships of ZnO NPs. (a) Non-centrosymmetric wurtzite
lattice, (b) band structure and defect chemistry, (c) surface dissolution and ion release.

Figure 5a highlights the non-centrosymmetric wurtzite lattice and c-axis spontaneous
polarisation underpinning piezoelectric behaviour of ZnO, whereas Figure 5b demon-
strates the ~3.37 eV wide direct band gap and intrinsic point defects for oxygen vacan-
cies and zinc interstitials which governs the photocatalytic and dark ROS generation;
and Figure 5c demonstrates the surface dissolution release of Zn?* for antimicrobial and
pro-healing activity.
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3.4. Synthesis Routes

The synthesis route is a key determinant of ZnO NP size, morphology, crystallinity,
defect density, surface chemistry and consequently, its biological activity. ZnO NPs are
generally synthesised using three approaches including chemical, physical, and biogenic
(green) methods. Chemical methods including ding sol-gel, co-precipitation, hydrothermal,
solvothermal, microwave-assist and sonochemical synthesis, enable precise control of parti-
cle characteristics and produce high-purity nanoparticles at relatively low cost. Chemical
method often suffers from residual solvents, surfactants and precursor ions which affects
the ZnO NPs biocompatibility if not mitigated. Physical methods such as ball milling,
laser ablation, chemical vapor deposition (CVD) and thermal evaporation, produce highly
crystalline NPs with minimal chemical contamination. Due to the complexity of physical
method strategies, these methods require high energy input and specialised equipment.
Green or biogenic synthesis uses plant extracts such as Aloe vera, Calendula officinalis, Feru-
lago angulata, Ocimum americanum, and Camellia sinensis, fungi or bacteria, with naturally
occurring phytochemicals, including polyphenols, flavonoids and terpenoids which func-
tion as reducing and stabilising agents. Biogenic synthesis approach generally improves
biocompatibility and antioxidant properties but is affected by batch-to-batch variability,
which limits the process standardisation and regulatory approval [45-47,130].

Several preclinical studies have demonstrated the therapeutic potential of biogenically
synthesised ZnO NPs for burn wound repair. ZnO NP creams formulated with Calen-
dula officinalis extract significantly improves fibroblast proliferation in second-degree burn
wounds in Wistar rats which indicate the combined effects of ZnO and bioactive phytochem-
ical capping agents [46]. In [47], Mg-doped ZnO NPs synthesised using Ferulago angulata
extract were characterised and evaluated for second-degree burn healing to demonstrate
the feasibility of combining green synthesis with elemental doping to improve biological
performance. Beyond burn injuries, ZnO NPs have also been extensively investigated
in diabetic ulcers, chronic wounds and acute traumatic injuries, which support its broad
wound-healing potentials [48]. To improve reproducibility and facilitate clinical translation,
continuous-flow microreactor systems with controlled phytochemical inputs have emerged
as a promising strategy for good manufacturing practice (GMP)-compatible green synthesis
of ZnO NPs, preserving the biocompatibility advantages of plant-mediated synthesis while
reducing batch-to-batch variability [131]. Table 3 presents the comparison of the various
synthesis routes on ZnO NPs.

Table 3. Comparison of synthesis route for biomedical-grade ZnO NPs.

Typical Size Energy - Biomedical
Route (am) Morphology Throughput Demand Reproducibility Suitability References
Continuous- . Excellent
flow . . High
. 10-60 Spherical High Low . (GMP- [131]
microreactor (engineered) compatible)
(biogenic feed) p
Spherical Good
Sol-gel 10-80 irreeular ! High Low High (residual [132]
& alkoxides)
Co- Good
L 20-100 Spherical, rod Very high Low High (counter-ion [133]
precipitation residue)
Rod, flower, . . Excellent
Hydrothermal 10-200 tetrapod High Moderate High (clean) [134]
Plate. rod Moderate
Solvothermal 5-150 ! ! Moderate Moderate-high ~ High (organic [135]
polyhedral solvents)
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Table 3. Cont.
Typical Size Energy o Biomedical

Route (am) Morphology Throughput Demand Reproducibility Suitability References

Microwave- . . .

assisted 5-50 Spherical, rod Moderate Low (rapid) High Good [136]

Sonochemical 5-40 Spherical, plate  Moderate Moderate Moderate Good [137]
Limited

Ball milling 50-500 Irregular High High Moderate (contamina- [138]
tion)

Laser ablation ~ 5-50 Spherical Low Very high High Excellent [139]
(clean)

Rod, wire, . . )
CVD 10-100 tetrapod Low Very high High Good [140]
Biogenic/green Spherical Excellent
g & 10-100 p ! Variable Low Low-moderate  (intrinsic [46,47,57,60]
(plant extract) hexagonal capping)

3.5. Antimicrobial and Pro-Healing Mechanisms

ZnO NPs exhibit strong potential for burn wound management because they com-
bine antimicrobial activity with tissue-regenerative functions within a single biomaterial
platform. The therapeutic performance of ZnO NPs arise from a combination of surface-
mediated redox activity, controlled 7Zn%" ion release, and the modulation of cellular wound-
healing pathways [141]. Several complementary mechanisms contribute to antibacterial
activities of ZnO NPs including ROS generation, membrane interactions and ion release.
The surface-mediated generation of ROS occurs under both UV illumination and, to a
markedly lesser extent, physiological dark conditions, where dark ROS output is typically
on the order of ~10-30% of the UV-illuminated level [142,143]. Because burn wounds are
not routinely UV-irradiated, the clinically dominant antibacterial contributions in vivo are
Zn?* dissolution and defect-mediated dark ROS instead of photocatalytic ROS. The prin-
cipal ROS associated with ZnO include hydroxyl radicals, superoxide radicals, hydrogen
peroxide and the singlet oxygen [142,143].

ZnO NP exert antibacterial effects through direct membrane interactions, where defect-
rich (positively charged) ZnO surfaces electrostatically interact with negatively charged
bacterial cell envelopes, which lead to membrane destabilisation, increased permeability
and eventual leakage of intracellular components. NP below approximately 50 nm effec-
tively penetrate biofilm extracellular polymeric substances to achieve closer contact with
bacterial membranes, which subsequently enhance the antibacterial efficacy [144]. The
controlled release of Zn?" ions further contribute to antimicrobial activity, as dissolved
Zn?* disrupts the bacterial enzymatic system, interfere with membrane transport, alters the
intracellular redox balance and impair metabolic homeostasis. Smaller ZnO NPs generally
demonstrate stronger antibacterial activity than larger particles due to their greater specific
surface area, higher defect density and increased cellular interaction. Notably, ZnO NPs
within the 10-50 nm size range typically exhibit improved antibacterial performance than
micron-scale ZnO particles [32,33,109]. Beyond size, morphology is a critical determinant
of activity: rod-shaped ZnO NPs often outperform spherical particles of comparable size,
owing to their high-er aspect ratio and the greater proportion of reactive polar (0001)
facets, which enhance ROS generation and membrane interaction. ZnO NP contribute
directly to tissue repair and wound regeneration, and modulates matrix metalloproteinase
(MMP)-2 and MMP-9 activity, which supports rebalancing of extracellular matrix degra-
dation and collagen deposition within the wound bed. ZnO treatment is associated with
increased vascular endothelial growth factor (VEGF) expression and drive angiogenesis
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through modulation of hypoxia-responsive signalling pathways, including HIF-1oc [145].
The antimicrobial and pro-healing mechanism pathways of ZnO is illustrated in Figure 6.
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Figure 6. Antimicrobial and pro-healing mechanisms of ZnO NP at the burn wound bed (Created in
BioRender. https://BioRender.com/5xtcs49, accessed on 20 August 2026).

ZnO-based dressings also exhibit improved collagen maturation, promoting type
I/type III collagen ratio more characteristic of mechanically-stable repaired tissue [48-50].
Additionally, at sub-cytotoxic concentrations, ZnO NP attenuate NF-«B signalling, reduce
macrophage production of pro-inflammatory cytokines such as TNF-« and IL-6 which
support the resolution of the inflammatory phase [146]. Table 4 summarises the specific
pathways, biomarkers and net biological effect of ZnO NPs for burn wound healing.

Table 4. Mechanism summary for ZnO NP in burn wound healing.

Specific Pathway Biomarker Net Biological Effect Mechanism Class References
- . Penetration of EPS and
Biofilm penetration Confocal LIVE/DEAD killing of embedded Antimicrobial [109,144]

(sub-50 nm NPs)

biofilm imaging organisms

VEGEF/HIF-1-alpha

CD31 vessel density; VEGF Two- to four-fold vessel

Aneiogenesis ELISA density increase vs. Pro-healing [145]
8108 controls
. Faster resolution of .
NF-kappaB suppression TNF-alpha, IL-6 ELISA inflammatory phase Pro-healing [25,146]
: _ Membrane lipid
Pho’;{o(c;lstalglrlcrzgjndark 00531,0?2 s.ceh?zl('z)%)t(els)PR, peroxidation, protein and Antimicrobial [32-34,147]
& p DNA oxidation
. Cell-leakage assay (260 . .
Direct membrane nm), TEM membrane Loss of membrane integrity, Antimicrobial [148]

disruption

imaging cytoplasmic spillage
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Table 4. Cont.
Specific Pathway Biomarker Net Biological Effect Mechanism Class References
e Zn-finger protein
Sustained Zn2* release ICP-MS Zn quan}lsatlon, dyshomeostasis, Fenton Antimicrobial [149]
thiol depletion
synergy
2+ : ;
Zr.l activation Of Metallothionein, Sp1, GLI =~ Keratinocyte proliferation .
Zn-finger transcription . . . Pro-healing [150]
expression and migration
factors
5 . Zymography; MMP-9 Rebalanced proteolysis vs. ETr
MMP-2/-9 modulation ELISA deposition Pro-healing [151]
Collagen I/1II ratio shift Picrosirius red histology Mature scar with adequate Pro-healing [48-50]

tensile strength

3.6. Nanotherapeutic Delivery Platform

ZnO NP-incorporated gels, hydrogels, nanofibers, films and composite dressings
are widely investigated for burn and chronic wound management due to their combined
antimicrobial activity and tissue-regenerative properties [54]. Polymeric wound matrices
based on chitosan, alginate, gelatin, keratin and polyvinyl alcohol provides a hydrated
microenvironment to facilitate gas exchange, exudate absorption and controlled thera-
peutic delivery while simultaneously serve as carriers for ZnO NPs. ZnO NP-loaded
nanocomposite hydrogels maintain moisture balance, enable sustained Zn?* release and
prolong antimicrobial activity, which support re-epithelialisation and extracellular matrix
remodelling. Keratin—chitosan composite dressings containing ZnO nanoparticles have
been reported to improve fibroblast adhesion, collagen deposition and keratinocyte prolif-
eration leading to accelerated wound closure and tissue regeneration [55]. ZnO NPs have
also been incorporated into topical burn formulations with bioactive phytochemicals, vita-
mins, and plant-derived reducing agents to enhance antioxidant capacity, biocompatibility,
and antibacterial efficacy [56-58]. Flexible microporous chitosan/ZnO nanocomposite
hydrogels exhibit potent antibacterial activity in both in vitro and in vivo wound models
through the combined effects of reactive oxygen species (ROS) generation, Zn?* ion re-
lease, bacterial membrane disruption, and promotion of a moist environment conducive
to cellular proliferation [59]. Plant-mediated synthesis has attracted increasing interest
because phytochemical capping agents may improve colloidal stability, biocompatibility,
and antioxidant activity while potentially reducing nanoparticle-associated cytotoxicity.
Electrospun ZnO-containing nanofibers further mimic the extracellular matrix through
their high porosity and surface area, promoting cell adhesion, nutrient transport, and tissue
regeneration while providing sustained antimicrobial protection [61,62]. Additionally, in-
jectable ZnO-loaded hydrogels conform to irregular wound geometries and enable localised
sustained therapeutic delivery, whereas ZnO-containing polymer films and patches provide
breathable barriers which limit microbial contamination and support wound contraction.
Collectively, these multifunctional ZnO nanocomposite platforms combine structural sup-
port, controlled therapeutic release, antimicrobial activity, and regenerative functionality,
making them promising candidates for next-generation burn wound dressings [63,64].

3.7. Sensor-Integrated and Theranostic ZnO Dressing

The non-centrosymmetric wurtzite crystal structure of ZnO imparts piezoelectric prop-
erties, with effective piezoelectric coefficients of approximately 9-12 pC/N reported for
high-quality ZnO nanostructures. These properties enable piezoelectric nanogenerators
(PENGS) that convert wound-associated mechanical deformation into localised electri-
cal stimulation to generate electrical outputs ranging from millivolts to volts depending
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on device architecture and applied strain. Such electrical stimulation has been shown
to promote fibroblast and keratinocyte migration through electrotaxis and may also en-
hance antibacterial activity at the wound—dressing interface [152,153]. ZnO nanowire-
and nanorod-based photodetectors exhibit rapid ultraviolet (UV) photoresponses near the
intrinsic band-edge wavelength of ~370 nm, while visible-light detection can be achieved
through defect engineering or heterostructure design, supporting real-time phototherapy
dosimetry [154]. Flexible ZnO-based surface acoustic wave (SAW) biosensors have also
demonstrated sensitive detection of proteins and small molecules with sub-hertz frequency
resolution [155]. In addition, defect-mediated photoluminescence in ZnO is pH-sensitive
within the 5.5-9 range relevant to wound exudate, providing a label-free optical readout
of healing status [156]. Table 5 illustrate the sub-architecture of sensor-integrated ZnO for
burn wound dressing. The reported tabulated metrics are representative values from cited
primary studies. Readers are referred to interpret these metrics as indicative rather than
standardised head-to-head measurements.

Table 5. Sensor-integrated ZnO burn wound dressing.

Sub Sensing

Architecture Element Analyte Detection Range  Response Time Integration Reference
Self-powered
electrical
Intrinsic PENG ZnO nanorod array stimulation Output ~1._3 Vat millisecond Self-powered [153]
on PDMS . body motion
(electrotaxis,
antibacterial)
Intrinsic . UV (~370 nm) and 10 nW/cm?— .
photodetector Zn0 nanowire visible irradiance mW /cm? sub-sec Wired /NFC [154]
o ZnO film on s o Sub-Hz frequency .
Intrinsic SAW LiNbOs /flexible Protein binding shift sec Wireless RF [155]
Intrinsic PL ZnQ c'lefect Wound pH pH 5.5-9 sec thmal [156]
emission fibre/camera
Extrinsic enzymatic ~ ZnO nanorod Glucose 1 microM-10mM  sec Amperometric [157]
Extrinsic enzymatic Z)r(\i(ja/;:ctate Lactate (hypoxia) 0.1-25 mM sec Amperometric [158]
Extrinsic ZnO . . .
aptasensor nanorod/ aptamer MMP-9 sub-ng/mL sec-min Impedimetric [159]
Extrinsic uricase Zn0 napostruc- Uric acid (oxidative microM seconds Amperometric [160]
ture/uricase stress)
. . Zn0O multi-analyte pH" temperature + NFC/BLE
Wireless e-skin panel MMP-9 as above seconds smartphone [161]
Closed-loop Zn0O- Trigger Zn?* release Microcontroller-
theranostic Au/NIR/NFC on demand N/A seconds driven [162]

ZnO nanostructured electrodes provide a high specific surface area, favourable bio-
compatibility, versatile surface functionality for enzymes and aptamers, and efficient
electron-transfer pathways, making them attractive for wearable biosensing applications.
Several medical devices which utilise the ZnO nanostructured electrodes configuration
include amperometric glucose biosensors with micromolar limits of detection (LoD), lactate
biosensors for assessing tissue hypoxia, matrix metalloproteinase-9 (MMP-9) aptasensors
with sub-ng/mL LoD for monitoring chronic wound inflammation, uric acid sensors as
indicators of oxidative stress, and integrated temperature and oxygen sensors for compre-
hensive wound assessment. Flexible platforms fabricated on polydimethylsiloxane (PDMS),
Ecoflex, or thermoplastic polyurethane (TPU) substrates using screen-printed silver and
ZnO inks integrated with near-field communication (NFC) tags or Bluetooth Low Energy
(BLE) modules have also been developed to enable wireless transmission of multiplexed
wound data to smartphones or clinical monitoring systems. Battery-less devices powered
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by ZnO-based PENGs are particularly attractive for ambulatory burn care and home moni-
toring due to their reduced onboard power usage. A key feature of theranostic dressing
is closed-loop coupling, where the sensor readings initiate the microcontroller decision to
drive one or more actuators to deliver the right therapy at the right time in accordance with
the wound chemistry [162]. The full layered architecture of the closed-loop theranostic
ZnO for smart wound dressing is illustrated in Figure 7.

NFC/RFID BLE Real-time Data via BLE
Antenna Microcontroller - —
I / cam it
4 i |
. = Wound Monitor %
< —r—  F/—— i -
— e —_— ) )) 21 Temperature  37.2°C
3| —————

200 MMP-9 85 ng/mL.

Glicose || Lactate
Biosensor Biosensor

Glucose 7.6mM
L e S

0
1

w 1 Lactate 32mM
A —
Zn0 :
Nanorod 100

Electrodes Oxygen (pO;) 58 mmHg
NN —

o

2

0 & 12 11
‘ Time (h) ‘

CLOSED LOOP THERANOSTIC SYSTEM

%

y é SENSE
TN, u;,%:;, Multi-analyte sensing
(PH, T, MMP-9, Glucose,

Lactate, 0,)

At

Electrothermal
Release Element

ZnO NPs /

Nanofibers in ACTUATE DECIDE
Hydrogel NIR photothermal On-board / smartphone
sterilization & algorithm evaluates
electrothermal release; wiound status and
electrical stimulation triggers therapy
= Burn Injury [ DD
pidermis Depth S
Superficial fQ\\ “/\/\"

(1 degree)

Dermis 3 ' 7 L Pertial Thickness
; : - ¢ (@ degres)

Outcomes
@ Infection control

© Reduced inflammation
@ Enhanced tssue regeneration
@ Fasterwound closure

Hypodermis |~ e J i (I o R

s " A,
[ ﬂ ZnONanorod () AuNanoparticle @ Zn?* Zinclon (G- i O 2{533% Reactive Oxygen Species  + OH  Hydroxyl Radical 10, Singlet Oxygen ]

Figure 7. Layered architecture of closed-loop theranostic ZnO smart wound dressing.

3.8. Comparative Analysis of ZnO Against Other Metal and Metal-Oxide NP

The section evaluates key metal and metal-oxide NPs that are most frequently bench-
marked against ZnO for wound-care applications, with a detailed eight-axis comparison
provided in Table 6.

Table 6. Comparison of eight-axis benchmarking of metal and metal-oxide NPs against ZnO.

Antibacterial Log10 CFU I1C50 Day-14 Intrinsic Materials

Axis MIC Range Reduction Fibro-Blast Wound Sensing Cost l;:a gtziatory :1\:[“[:3%:; References
(microg/mL) (Typical) (microg/mL)  Closure (%) Modality (Relative) P
Piezo/ GRAS for Zn; Low
ZnO 8-256 3-7 50-150 60-95 photo/ Low multiple OTC (multimodal [163-165]
pH-PL ZnO products mechanism)
Multiple Ag Rising silver
AgNPs  05-32 5-9 5-25 50-85 None x"derately dressings resistance [166-170]
gh
cleared documented
CuO 16-512 3-6 20-60 50-80 None Low Limited Moderate [171,172]
N/A . - .
AuNPs  (no intrinsic N/A >500 40-70 Plasmonic Very high Limited topical =/ [173-175]
L SPR clearance
activity)
. 64-1024 (UV); Photo- Cleared as Low
TiO, >1024 (dark) 5 100-300 50-75 catalytic Low sunscreen (UV-only) [176,177]
. Redox -
CeO, typically >1024  1-3 >500 50-80 cycling Moderate Limited Low [178-180]
MgO 64-1024 2-4 200-500 40-70 None Low Limited Low [181,182]
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Ag NP exhibits the strongest raw antimicrobial potency with sub-microgram-per-
millilitre MICs, conversely with significant cytotoxicity to keratinocytes and fibroblasts
show poor regenerative profile [96,97,166-170]. CuO NP are inexpensive and broad-
spectrum, but exhibit higher hepatic accumulation and oxidative-stress toxicity than
ZnO [171,172,183]. Au NP exhibits excellent biocompatibility and serves as drug-delivery
payloads but lack intrinsic antibacterial activity [173-175]. TiO, are powerful photocatalysts
under UV activation but are less active in dark visibility conditions which limit their clinical
use [98,99,176,177]. CeO, NPs exhibit redox-cycling (Ce>* /Ce**) ROS-scavenging activity
which is therapeutic and relevant for inflammation, but lacks potent intrinsic antimicrobial
efficacy. The antimicrobial action is attributed primarily to surface-mediated oxidative
stress via localised ROS generation at the particle-membrane interface and minimally to
electrostatic membrane disruption rather than to alkaline-pH-driven killing. CeO, NPs in
comparison to ZnO NP whose antimicrobial activity is driven by a combination of Zn?*
ion release, direct membrane damage and intracellular ROS generation, demonstrates
markedly lower and more concentration-dependent antibacterial performance [181,182].
From Table 6, it can be observed that ZnO exhibit positive viabilities on five axes si-
multaneously, including the only positive entry on intrinsic sensing, which is derived
from its coupled piezoelectric, photoconductive and defect-mediated photoluminescent
responses [163-165]. The compared eight-axis benchmarking is visualised in Figure 8.
Nonetheless, it is worth noting that the tabulated values are representative figures from
cited primary studies. Readers are referred to interpret these values as indicative rather
than standard head-to-head measurements.
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Figure 8. Eight-axis benchmarking of ZnO against representative metal and metal-oxide NPs.

The scores 1-5 in Figure 8 are used to qualitatively evaluate the tabulated evidence in
Table 6 for burn wound care to demonstrate the combined antimicrobial-regenerative pro-
file with intrinsic sensing capability of ZnO in comparison with metal and metal-oxide NPs.
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4. Discussion

Existing works demonstrates the therapeutic performance of ZnO NP-based burn
dressings is significantly affected by burn depth, infection burden, nanoparticle physico-
chemical properties and dressing architecture. In rodent partial- and full-thickness burn
models, ZnO-containing hydrogels, nanofibers and polymeric films invariably improves
wound contraction, re-epithelialisation, collagen deposition, and angiogenesis in compar-
ison with untreated controls. Conversely, the magnitude of healing varies substantially
across studies because of differences in NP size, concentration, surface chemistry and exper-
imental methodology. ZnO NP exhibit broad-spectrum antibacterial activity against clini-
cally relevant burn pathogens such as methicillin-resistant Staphylococcus aureus (MRSA),
Pseudomonas aeruginosa, Acinetobacter baumannii and Klebsiella pneumoniae, primarily through
combined mechanisms which involve ROS generation, membrane destabilisation and Zn*"
ion release. The antimicrobial and pro-regenerative effects of ZnO are mechanistically
interconnected rather than independent. Controlled Zn?" release contributes not only to
bacterial growth inhibition and disruption of cellular homeostasis, other processes such
as keratinocyte migration, fibroblast proliferation and Zn-dependent signalling pathways
involved in tissue repair. Similarly, moderate ROS production can support antimicrobial
activity and redox-mediated healing responses, whereas excessive ROS generation or rapid
Zn?T dissolution might induce mammalian cytotoxicity. This balance contributes to appar-
ent discrepancy between the strong antimicrobial potency of sub-10 nm ZnO NP and the
improved biocompatibility commonly reported for particles in the 20-50 nm range, where
dissolution kinetics and oxidative stress are more controllable. Consequently, surface-
modified or controlled-release ZnO systems are increasingly regarded as more clinically
relevant formulations.

Future development of ZnO nanoparticle-based wound therapeutics is likely to fo-
cus on scalable manufacturing, data-driven materials optimisation, integrated theranostic
systems, and improved translational models. Reproducibility challenges associated with
biogenic ZnO synthesis may be addressed through continuous-flow microreactor plat-
forms coupled with process analytical technologies including inline UV-Vis spectroscopy,
dynamic light scattering and ICP-MS, enabling tighter control over nucleation kinetics, par-
ticle size distribution, surface chemistry, and Zn>* release. Concurrently, machine-learning
and active-learning approaches are powerful tools to navigate the multidimensional ZnO
design space, including particle size, morphology, defect density, dopant chemistry and
surface functionalisation to accelerate the optimisation of antimicrobial efficacy and biocom-
patibility. Additionally, the integration of ZnO nanomaterials into self-powered theranostic
wound dressings represents a promising direction, especially through coupling PENGs,
flexible biosensors, and low-power wireless communication modules for continuous moni-
toring of wound status without external power sources. Multi-analyte wearable sensing
platforms capable of tracking pH, MMP-9, lactate, glucose, oxygen tension, and tempera-
ture may further enable personalised burn care strategies through real-time assessment of
infection risk and healing progression. At the preclinical level, increasing adoption of organ-
otypic human skin equivalents, skin-on-chip systems, and immune-competent organoid
models is expected to improve translational relevance beyond conventional rodent wound
models. Further, a broader clinical translation of ZnO NP wound technologies would
require greater regulatory harmonisation such as standardised nanomaterial characterisa-
tion, toxicological evaluation and digital health validation frameworks aligned with key
standards such as ISO 10993-1: 2025 and software-as-a-medical-device requirements [184].
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5. Conclusions

ZnO NP is one of the few wound-care nanomaterials that combine broad-spectrum
antimicrobial activity with pro-regenerative Zn>* delivery and multi-functional physico-
chemical properties including piezoelectric, photo-responsive and pH-sensitive behaviour.
Pre-clinical studies across hydrogel, nanofiber, and film-based burn dressings demonstrated
improved wound contraction, re-epithelialisation, collagen deposition, and angiogenesis
relative to untreated controls, together with strong antibacterial activity against clinically
relevant burn pathogens. Existing works on antimicrobial efficacy is established to occur
within the 3-7 log_10 CFU reduction range with minimum inhibitory concentrations, typi-
cally between 8 and 256 pg/mL. This phenomenon depending on the nanoparticle size,
defect density, surface chemistry and testing conditions. The biological activity of ZnO
arises from various interconnected mechanisms involving ROS generation, controlled Zn*
ion release, membrane destabilisation, modulation of matrix metalloproteinases, especially
MMP-2 and MMP-9, promotion of VEGF-associated angiogenesis and attenuation of ex-
cessive inflammatory signalling through partial suppression of NF-kB-mediated cytokine
production. In parallel, the intrinsic piezoelectric and semiconducting properties of ZnO
have enabled development of emerging theranostic wound dressings with capability to
integrate biosensing, stimulus responsiveness and controlled therapeutic delivery within a
single platform. Despite these advances, clinical translation is affected by several factors
such as dose-dependent cytotoxicity associated with excessive ROS generation or Zn?"
dissolution, limited standardisation of green-synthesis methodologies, batch-to-batch vari-
ability in nanoparticle physicochemical properties and shortage of robust large-animal and
clinical trial data. Progress toward clinical implementation will require harmonised charac-
terisation standards encompassing particle size distribution, morphology, surface charge,
defect density, dissolution kinetics, endotoxin burden, and ROS quantification, alongside
scalable GMP-compatible manufacturing strategies such as continuous-flow synthesis.
Future evaluation of sensor-integrated ZnO dressings in infected porcine burn models will
provide a more clinically relevant bridge between current rodent studies and human burn
care. In addition, the current work focussed on broad search across nano-bio and electrical
engineering literature. The present review is limited by little under-representation of ex-
isting works on the subject patented and industry conference proceedings. However, the
limitation is addressed with the rigorous literature search using key repositories including
IEEE Xplore. Subsequently, future work will focus on patent searches to characterise the
proprietary pipeline of ZnO for wound healing to elucidate the subject robustly.
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Nomenclature

The following nomenclature are used in this manuscript:

Acronym/Symbol

Ag

Au
GBD
NP
WHO
Ag NPs
Au NPs
BLE
CeOz
CFU
CuO
CVD
ECM
EPR
EPS
GMP
HIF-1x
ICP-MS
IL-1pB
IL-6
LoD
MgO
MIC
MMP
MRSA
NFC
NF-«B
NIR
PDMS
PENG
PLGA
PVA
ROS
SAW
TBSA
TiO2
TNF-a
TPU
uv
VEGF
ZnO
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