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Abstract
Background: Nanomaterials are embedded in chronic wound care both as antimicrobial therapeutics and as sensing elements for

wound-fluid biomarkers, so nanotoxicological assessment has direct diagnostic relevance for how these materials behave against a

compromised wound bed [5,6].

Objective: This review synthesizes the nanotoxicological assessment literature as it applies to chronic wound diagnosis: assay

frameworks, wound-fluid biomarkers of non-healing, and diagnostic platforms combining the two.

Methods: We conducted a narrative synthesis of nanotoxicology methodology papers, wound-biology biomarker studies, and

nanomedicine reports on nanomaterial-integrated wound diagnostics.

Findings: Silver nanoparticle toxicity tracks ion-release kinetics rather than nominal dose [9,10]; keratinocyte viability falls

sharply beyond a narrow therapeutic window [12]; wound-fluid MMP-9 activity and surface pH track clinical severity [19,21];

commercial silver dressings vary widely in disclosed toxicity [13,14].

Conclusions: Screening under wound-mimetic conditions, not generic cytotoxicity testing, should be integral to validating

nanomaterial-based wound diagnostics, since the release kinetics enabling diagnostic and antimicrobial function also set the

threshold for tissue injury [17,8].
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1. Introduction

A chronic wound is usually defined by what it fails to do: it

does not close within the four to six weeks a normally

healing skin injury needs, and it does not move cleanly

through the inflammatory, proliferative and remodeling

phases ordinary repair follows. Venous leg ulcers, diabetic

foot ulcers and pressure injuries account for the great

majority of these wounds, and all three share a wound bed

locked in a self-sustaining inflammatory loop, rich in

proteases, reactive oxygen species and senescent cells that

keep signaling damage long after the original insult has

resolved [1].

Nanotechnology entered wound care from two directions

that have only recently begun to intersect. The first is

therapeutic: silver, zinc oxide and other nanoparticle

formulations have been incorporated into dressings and

gels for their antimicrobial effects, exploiting

size-dependent reactivity that emerges once particles are

pushed below roughly 100 nm [2,3]. The second is

diagnostic: nanoscale sensing elements and

nanoparticle-based assays have been proposed to read the

biochemical state of a wound bed, chiefly its pH, protease

activity and oxidative burden, without waiting for a swab

culture or biopsy [4]. These two threads are not separable

in practice, because a nanomaterial placed against an

open, exuding, often infected wound bed is

simultaneously a therapeutic agent and a toxicological

exposure, in tissue that is already vulnerable.

That overlap is what motivates nanotoxicological

assessment as a diagnostic, rather than purely a safety,

discipline. The founding literature established that

particle behavior at this scale, dissolution rate, surface

reactivity and cellular uptake, cannot be predicted from

bulk-material chemistry alone [5,6]. Applied to a wound

setting, a nanoparticle dressing's local toxicity profile is

itself diagnostic information: how much silver ion releases

into wound fluid, and how a compromised wound bed

metabolizes a nanomaterial differently from healthy skin,

bear on how a clinician should read delayed healing or

unexplained tissue damage at the wound margin. This

review synthesizes that literature as it applies to chronic

wound diagnosis: assay frameworks for wound-relevant

nanomaterials, biomarkers of non-healing, and diagnostic

technologies combining the two.

2. Methods

This is a narrative synthesis rather than a systematic

review, reflecting the still-emerging state of the literature

it covers. We drew on peer-reviewed nanotoxicology

methodology papers, wound-biology studies

characterizing chronic wound fluid biomarkers, and

nanomedicine reports describing nanoparticle-based

wound diagnostics, identified through core reviews and

citation chaining [7]. Papers were included where they

reported primary data or consensus methodology on

nanomaterial toxicity endpoints relevant to a

wound-contact setting, on biomarkers measurable in

chronic wound fluid, or on a nanoscale diagnostic

platform for wound assessment. Findings are organized

thematically: assay frameworks for screening

wound-relevant materials, the wound-fluid biomarkers

those frameworks interpret, and diagnostic platforms

combining the two.

3. Results

Frameworks for nanotoxicological assessment of
wound-contact materials

The assay battery that nanotoxicology applies to a

wound-relevant nanomaterial is broader than the acute

cytotoxicity screen that dominated early nanoparticle

safety work. Oberdörster and colleagues, writing the

discipline's founding synthesis, argued that particle size,

surface area, surface charge and dissolution behavior each

independently shape biological response, so no single

endpoint captures hazard on its own [5]. Nel and

colleagues extended this into a mechanistic framework

centered on oxidative stress, showing that many

nanomaterials generate reactive oxygen species directly at



Citation: Xu L, Chen F, Zhou J (2021) Emerging Role of nanotoxicological assessment in the Diagnosis of chronic
wounds. Ann Nanomed Nanotechnol, 3(1): 01-06.

Annals of Nanomedicine and Nanotechnology
© 2021 Somato Publications. All rights reserved.

03 Volume 3 Issue 1 - 1001

the particle surface, and that this oxidative potential,

rather than bulk chemical toxicity, predicted cellular

injury across a wide range of engineered nanomaterials

[6]. Krug and Wick's interdisciplinary account reinforced

that a wound-relevant screen needs to combine

physicochemical characterization, in vitro cellular assays

and, where feasible, in vivo confirmation, because any one

tier in isolation systematically over- or under-predicts

hazard relative to the full battery (Table 1) [8].

Table 1: Tiered nanotoxicological assessment battery proposed for
wound-contact nanomaterials, from physicochemical characterization
through wound-mimetic confirmation [5,8,17].
Tier Assessment

focus
Representative
endpoints

Rationale

Tier I Physicochemic
al characterizat
ion

Size, surface charge,
dissolution/ion-release
rate

Determines dose
actually delivered
to tissue, not
nominal mass

Tier II In vitro cellular
assays

Viability, reactive
oxygen species,
cytokine release in kera
tinocytes/fibroblasts

Captures oxidative
and inflammatory
mechanism of
injury

Tier III Wound-mimet
ic / ex vivo
confirmation

Exposure in
protease-rich,
low-pH-shifted wound
fluid or reconstructed
skin

Standard culture
medium
understates wound
-bed-specific
toxicity

Figure 1: Primary human keratinocyte viability by silver nanoparticle
exposure level in wound-healing culture models, showing a narrow
window in which antimicrobial concentrations remain compatible
with keratinocyte survival before viability falls sharply [12,10].

Applied to silver, the most heavily used antimicrobial

nanomaterial in wound dressings, this framework has

produced a fairly consistent picture. Wijnhoven and

colleagues, reviewing available risk data on nano-silver,

concluded that dissolved silver ion release, not particle

uptake itself, drives most observed cytotoxicity, and that

release rate varies enormously across commercial

formulations depending on coating, particle size and ionic

strength [9]. Gliga and colleagues confirmed the

ion-release mechanism directly in human lung cells,

showing cytotoxicity tracked with intracellular silver

dissolution rather than nominal dose, and that smaller,

faster-dissolving particles were disproportionately more

toxic per unit mass [10]. Chaloupka and colleagues flagged

that the same release kinetics making silver nanoparticles

effective antimicrobials also determine how much ionic

silver a wound bed's fibroblasts and keratinocytes are

exposed to over wear time [11]. Frankova and colleagues

tested this directly on primary fibroblast and keratinocyte

cultures, finding a narrow concentration window in which

silver nanoparticles suppressed bacterial growth without

slowing keratinocyte migration, but outside that window

cytotoxic effects appeared before any additional

antimicrobial benefit accrued [12] (Figure 1).

The clinical translation of this assay evidence has been

uneven. Sim and colleagues' patent-literature review

found that commercial antimicrobial silver formulations

continue to diversify in size, coating and delivery matrix

largely without standardized wound-relevant toxicity

disclosure, so two dressings marketed as equivalent can

carry substantially different ion-release profiles [13].

Burdusel and colleagues reached a similar conclusion,

noting synthesis route alone can shift cytotoxic threshold

concentrations by an order of magnitude between

otherwise similarly labeled products [14]. Fadeel and

Garcia-Bennett's earlier caution, that biomedical

nanoparticle safety assessment needed to move past

generic hazard screening toward application-specific

testing, anticipated exactly this problem: a nanomaterial

judged safe in a systemic drug-delivery context is not

automatically safe against an open, already-inflamed

wound surface [15]. Oberdörster's later synthesis argued

that route and duration of exposure, not the material

alone, anchor toxicological judgment for a given clinical

use [16], and Fadeel and colleagues' review of advanced
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safety-assessment tools argued that wound-mimetic

culture systems are needed because static assays

understate how a nanomaterial behaves against a real

wound bed [17].

Biomarkers of non-healing in chronic wound fluid

Diagnosing a wound as "stalled" rather than simply slow

has historically relied on clinical judgment, informed at

best by wound-fluid protease activity measured in a

research rather than bedside setting. Trengove and

colleagues' foundational analysis established that elevated

protease activity, and depleted protease inhibitors,

distinguished non-healing chronic wounds from healing

acute wounds with reasonable consistency [18]. Rayment

and colleagues extended this by quantifying matrix

metalloproteinase-9 activity in wound fluid and

correlating it with clinical ulcer severity, finding MMP-9

activity tracked ulcer grade closely enough to function as a

quantitative biomarker rather than a qualitative signal [19]

(Figure 2). McCarty and Percival argued that the

protease-to-inhibitor ratio, rather than either measure

alone, is the more meaningful marker of a wound locked

in a degradative rather than reparative phenotype [20].

Table 2: Candidate wound-fluid biomarkers targeted by
nanomaterial-based diagnostic dressings and the sensing strategies
proposed for each [21,19,3].
Biomarker Non-healing

signature
Proposed nanoscale sensing
strategy

Surface pH Persistently
alkaline

pH-responsive colorimetric or
fluorescent nanoparticle
indicator embedded in dressing

MMP-9 /
protease
activity

Elevated, tracks
ulcer severity

Protease-cleavable fluorescent
nanoprobe reporting local
enzymatic activity

Reactive
oxygen species

Chronically
elevated

Redox-sensitive nanomaterial
reporter co-formulated with
antimicrobial payload

Figure 2: Relative matrix metalloproteinase-9 (MMP-9) activity in
wound fluid by clinical wound status, rising with ulcer severity and
distinguishing non-healing chronic wounds from healing acute
wounds [19,18].

Surface pH is the second biomarker with substantial

translational traction. Schneider and colleagues showed

healing wounds trend toward a mildly acidic surface pH as

they progress, while chronically non-healing wounds tend

to remain persistently alkaline, a pattern consistent

enough to support pH as a low-cost adjunct to clinical

assessment [21]. Because pH-responsive nanomaterials

can report this value continuously rather than at the single

time point a manual strip provides, pH has become one of

the more actively pursued targets for nanomaterial-based

wound diagnostics (Table 2). Biofilm burden is a third

relevant axis: Percival and colleagues argued

biofilm-associated protease and reactive-oxygen output

likely explains much of the elevated MMP activity

attributed to chronic inflammation, since the two are

difficult to fully disentangle in a wound-fluid sample [22].

Falanga's account of impaired healing in the diabetic foot

situated protease burden, surface pH and microbial load

within a single picture of a hypoxic, senescent-cell-rich

microenvironment that continuously regenerates the

biochemical signature nanoscale diagnostics are now

trying to read [23].

Diagnostic platforms integrating nanomaterials and
toxicological screening

The diagnostic platforms that have emerged from this

biomarker literature fall into two broad categories. The

first embeds a sensing element, a pH-responsive dye, a

protease-cleavable fluorescent probe, or a colorimetric
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nanoparticle aggregate, directly into a dressing so a color

or fluorescence change reports the underlying

biochemistry. Kalashnikova and colleagues' survey

situates several such sensing designs alongside the

therapeutic literature, noting the same nanoparticle

chemistries used for antimicrobial effect are frequently

repurposed, with different surface functionalization, as

the reporting element itself [3]. Because the sensing

nanomaterial sits in direct, sustained contact with wound

tissue exactly as a therapeutic dressing would, it inherits

the same wound-specific toxicological questions raised

above: a reporter nanoparticle that proves cytotoxic at the

concentration needed for a visible signal defeats its own

purpose.

The second category treats nanotoxicological screening

itself as a diagnostic input, using a wound-fluid sample's

response to a defined nanoparticle challenge as an assay

of the wound's inflammatory state, following from the

mechanistic work on nanomaterial-induced oxidative

stress [6]. Boateng and Catanzano argued that dressing

platforms are converging toward combined

sensing-and-delivery designs, since separating diagnosis

from therapy at the wound interface is both clinically

inefficient and materially redundant [4]. Mihai and

colleagues catalogued formulations pairing antimicrobial

payloads with embedded pH- or enzyme-responsive

reporting elements, noting regulatory evaluation has

lagged laboratory development [24]. Kalantari and

colleagues framed this as a promise-versus-pitfall tension:

the same silver release kinetics giving a dressing its

antimicrobial and colorimetric function are what

toxicology studies flag as the driver of keratinocyte injury

once concentrations exceed a narrow therapeutic window

[25].

4. Discussion

Read across these literatures together,

nanomaterial-based wound diagnostics inherit their

principal design constraint, ion-release or reactive-oxygen

kinetics, from the same physicochemical properties that

determine their local toxicity. Donaldson and Poland's

broader critique, that much of what looks like

nano-specific toxicity is better explained by conventional

dose-response and surface-reactivity principles applied at

small scale, is a useful corrective: wound-diagnostic

nanomaterials likely need a wound-specific application of

principles the field already has, not an entirely new

paradigm [7]. What is under-addressed is exposure

context: a wound bed is not a healthy epidermis, and its

already-elevated protease activity and oxidative burden

plausibly shift the effective toxic threshold relative to

intact-skin data most safety assessments rely on.

A wound-relevant toxicity signature, dose-dependent ion

release and cytotoxic threshold measured against primary

keratinocytes rather than immortalized cell lines, is itself

diagnostically informative, defining the concentration

window within which a sensing or therapeutic

nanomaterial can be deployed without becoming a

second source of tissue injury. Protease activity and

surface pH give that window a clinical anchor, and the gap

between wound-mimetic and standard cell-culture

validation likely explains much of the inconsistency Sim

and colleagues and Burdusel and colleagues documented

across commercial silver-based products [13,14].

Combined sensing-and-therapy dressings will depend on

assay batteries built around wound-mimetic exposure

conditions from the outset [17,8].

5. Conclusion

Nanotoxicological assessment has moved, within little

more than a decade, from a niche safety concern attached

to nanoparticle-based wound therapeutics into a

discipline with direct diagnostic relevance for chronic

wound care. The founding literature established that

particle-scale physicochemical properties, not bulk

material identity, govern biological response [5,6], and the

wound-specific literature since accumulated shows

ion-release and oxidative-stress kinetics determine both
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antimicrobial efficacy and local cytotoxicity of

nanomaterials increasingly asked to double as diagnostic

reporters of wound-fluid pH and protease activity

[9,10,19,21]. Screening run under wound-mimetic rather

than generic exposure conditions should be integral to

validating any nanomaterial-based chronic wound

diagnostic, not a regulatory afterthought. The platforms

most likely to succeed will be those built around the

narrow concentration window in which diagnostic signal

and antimicrobial effect can both be realized without

crossing into the cytotoxic range these assay batteries are

designed to flag.
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