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Wound healing is an intricate physiological process consisting of a series of molecular and cellular events that

facilitate the regeneration of the skin, a protective barrier against the external environment. Since its inception,

hydrogels have advanced the field of wound healing, insofar as to promote damaged tissue healing within a

hydrated milieu. As well, the integration of therapeutic nanoparticles (NP) and biomolecules into hydrogels for local

wound application has been shown to enhance and accelerate healing. 

nanoparticles  nanotechnology  wound healing  antimicrobial agents  hydrogels

1. Nanotechnology for Wound Healing

Nanotechnology is defined as the manipulation of materials on an atomic or molecular scale . Ever evolving,

nanotechnology has revolutionized many industries, especially within the fields of nanoscience, nanoparticles,

nanomaterials, and nanomedicine. Specifically, the field of nanomedicine has risen in popularity with myriad

applications, including vaccine production, wearable devices, implants, drug delivery, and antibacterial applications

. In tissue engineering and regenerative medicine, nanomaterials have shown low toxicity and customizability,

making them versatile agents to incorporate into medical practice . For instance, metal nanoparticles such as

silver (Ag) , gold (Au) , copper (Cu) , and zinc oxide (ZnO)  have demonstrated marked antimicrobial

properties. While these intrinsic properties are advantageous for wound healing, these metal nanoparticles can

also display anti-infective properties within drug-delivery vehicles.

2. Nanoparticles Used in Wound Healing

Metal nanoparticles have been considered in clinical applications for reasons including small size, high surface-to-

volume ratio, shape, stability, low toxicity, and economic reasons, given their affordability . Additionally, they can

conveniently integrate into wound dressings . One of the primary mechanisms in which antibacterial activity is

offered by metal nanoparticles is through their bacteriostatic properties via attachment to DNA or RNA, via

electrostatic interactions, halting further replication . MicroRNAs, short, non-coding RNA molecules that have

regulatory roles in gene expression, play a large role in wound healing processes, including inflammation,

angiogenesis, cell proliferation, and ECM remodeling. In aberrant wound healing, such as infectious states,

microRNAs can be targeted by metal nanoparticles through encapsulation, shielding charge groups and allowing
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for cellular uptake . The modulation of microRNA allows for the enhancement of gene expression factors,

promoting the production of factors essential for wound healing. Further, targeted delivery of these therapeutic

agents minimizes off-target effects .

Another mechanism is through bactericidal properties via the creation of reactive oxygen species . When

embedded in hydrogel scaffolds, a substitute is created for damaged ECM which facilitates fibroblast proliferation

and matrix formation for enhanced regeneration and repair . As such, these nanoparticles can be used in lieu

of antibiotics and are thought to accelerate and ameliorate healing while preventing infection . A graphical

summary of wound healing mechanisms per nanoparticle is depicted in Figure 1.

Figure 1. Nanoparticle mechanisms of action. Created with Biorender.com.

2.1. Silver (Ag) Nanoparticles

The use of silver for the treatment of wounds and infection prevention dates back to at least 4000 B.C.E. with

documented medical applications dating back to the 1700s; however, in large quantities, silver can also impair

healing due to its toxic effects on keratinocytes and fibroblasts . Today, silver continues to serve many

applications in wound healing. For example, silver nitrate is used as a commonplace treatment for chronic wounds

while silver sulfadiazine is used for burns. Nanotechnology has changed the use of silver for wound healing with

the creation of silver nanoparticles (AgNPs), which are the most commonly used metal nanoparticles in wound

management with many applications, including wound infections, ulcers, and burns. Known for their wide range of

antimicrobial activity, effective against bacteria, viruses, fungi, and protozoa, as well as promotion of wound

healing, AgNPs have been shown to disturb quorum sensing, effectively reducing biofilm formation .
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The antibacterial effect is demonstrated via bactericidal and inhibitory mechanisms. In terms of bactericidal activity,

apoptosis is induced in bacteria through AgNP interactions with sulfur and phosphorous-containing proteins,

effectively disrupting cell membranes . Moreover, as DNA consists of sulfur and phosphorous, AgNPs act on

these bases to destroy DNA, further facilitating the apoptosis of bacterial cells . Moreover, the continuous

release of AgNPs, specifically at lower pH whereby acidic environments facilitate the oxidation of AgNPs to Ag ,

negatively charged proteins are bound to, allowing for disruption of bacterial cell walls and membrane . Through

this mechanism, cell respiration is also disrupted through damage to bacterial mitochondria . Despite these

cytotoxic effects, which are AgNP-dose- and size-dependent, the proliferation of fibroblasts and keratinocytes is not

affected . In terms of inhibitory mechanisms, the presence of AgNPs in the wound environment allows for the

formation of reactive oxygen species (ROS), which further disrupt bacterial cell viability through oxidative stress 

. Wound healing is accelerated through these antibacterial properties as microbes can delay all stages of wound

healing.

In addition to the antimicrobial properties of AgNPs, they also promote wound healing . Firstly, they

assist in the differentiation of fibroblasts into myofibroblasts, which allows for wound contractility . Moreover, they

stimulate the proliferation and relocation of keratinocytes to the wound bed . As such, quicker wound

epithelialization and scarless wound healing are promoted . Accelerated and complete healing with increased

epithelialization was observed in a study wherein an AgNP hydrogel was applied to a partial-thickness cutaneous

wound in mice .

AgNPs also have anti-inflammatory effects through cytokine modulation, reducing levels that allow for decreased

lymphocyte infiltration, further enhancing re-epithelialization . One study demonstrated a significant reduction

in inflammatory cytokines and oxidative stress, effectively promoting healing, while another study in a burn wound

model in mice demonstrated reduced interleukin-6 (IL-6) and neutrophils and increased the levels of IL-10,

vascular endothelial growth factor, and TGF-ß .

The summary of all in vivo studies related to AgNP-loaded hydrogels is shown in Table 1.

Table 1. Summary of Characteristics and Findings of Included Trials for Silver Nanoparticles.
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Hydrogel Species
Particle

Size
(Diameter)

Dosage of
NP

Rate of
Release

Antimicrobial
Capability Cell Type Cytotoxic Effect Animal

Model In Vivo Findings Year Source

Polyvinyl Alcohol
(PVA)

74.58 nm 10% w/v -

Minimum
inhibitory

concentration
3.13 ug/mL for
E. coli and 25
ug/mL for S.

aureus

- -

Full-
thickness
wounds in

rabbits

Wound closure is
accelerated with

AgNP (12–14
days) compared to

control with
marketed drug (23

days)

2019

PVA and Cellulose 10–200 nm 1000 ppm ~42% after 48
h

More effectively
inhibits S.

- - Full-
thickness

Faster healing
with minimum

2016
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Hydrogel Species
Particle

Size
(Diameter)

Dosage of
NP

Rate of
Release

Antimicrobial
Capability Cell Type Cytotoxic Effect Animal

Model In Vivo Findings Year Source

aureus
compared to E.

coli (92%
bacterial

reduction)

wound in
mice

scarring was seen
in the AgNP group

Chitosan 10–20 nm 0.1 mg/g
Constant at
regular time

intervals

Inhibition zone:
Pseudomonas

aeruginosa:
21.47 ± 0.50
mm; Bacillus

cereus:11.52 ±
0.19 mm

Staphylococcus
aureus: 19.97 ±

0.73 mm;
Escherichia
coli: 17.30 ±

0.03 mm;
Klebsiella

pneumonia:
15.50 ± 0.51

mm

Human
leukemia cell
lines (THP1)

Nontoxic with an
IC50 of 151.10
μg/mL at 24 h

P.
aeruginosa

infected
excisional

wound
model in

rats

Faster healing
with better scar
appearance in

AgNP group with
lower bacterial

counts and
enhanced

connective tissue
production

compared to
control

2021

Guar gum
8.24 ± 4.20

nm
<0.200 nM -

Day 12 post-
incision colony

count (cfu):
AgNPs: 20 cfu;

commercial
antibacterial gel
(control): 51 cfu

Human
dermal

fibroblast
cells

Low cytotoxicity
with 80% cells

viability

Full-
thickness
wounds in

rats

>40% wound
healing and 60%

antibacterial
activity compared

to commercial
antibacterial gels

2021

Poly (ethylene
glycol) diacrylate

(PEGDA)
-

5, 25, and
30 mg/mL

15.2% Ag
released in 4 h

Bacterial
viability of E.
coli and S.

aureus after 5–
10 min of NIR
laser exposure

is 0
Inhibition zone:

0 mm

L929
fibroblast

cells

>90% cell
viability for all
groups other

than the groups
with 50 mg/mL

S. aureus
infected

excisional
wound

model in
rats

Good sustained
anti-bacterial

effects observed
with greater

wound healing
response in
experimental

group 7 days after
treatment

2022

Polyacrylic acid - 0.1% w/v  

Effective
against S.

aureus and E.
coli

Murine
fibroblast 3T3

cells

Proliferation
promoted; low

toxicity and
good cell
viability

Full-
thickness

wound
model in
diabetic

mice

97% wound
reduction

compared to 81%
wound reduction
for control on day

14

2022
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Hydrogel Species
Particle

Size
(Diameter)

Dosage of
NP

Rate of
Release

Antimicrobial
Capability Cell Type Cytotoxic Effect Animal

Model In Vivo Findings Year Source

Chitosan and
gelatin

20–80 nm;
mean 36

nm
1% w/v -

Highest biofilm
eradication

noted against
S. aureus and
P. aeruginosa
with AgNP (89

± 5%)

Mouse
embryonic
fibroblasts

Low toxicity

Excisional
wound

splinting
model in
BALB/c

mice

Accelerated and
ameliorated

wound healing
compared to
control with
enhanced

angiogenesis,
collagen

synthesis, and
sebaceous

gland/hair follicle
regeneration

2022

PF127 polymer 33 nm
0.1, 0.3,

and 1.0 mg
-

Zone of
Inhibition:

Bacillus cereus
(17.7 mm),

Escherichia coli
(18.7 mm),

Pseudomonas
aeruginosa

(10.3 mm), and
Staphylococcus

aureus (17.7
mm)

Minimum
inhibitory

concentration
and minimum
bactericidal

concentration:
390–780 µg/mL

Drosophila
melanogaster

eggs

No significant
effect on

eclosion of F1
flies for doses

under 250
micrograms/mL

of AI-AgNPs

Full-
thickness
excisional

wound
model in

mice

In a concentration-
dependent
manner, the

wound contraction
for the treatment

groups were
higher than for the
control group; no

skin irritation
observed in patch

test

2021

Chitosan 20–35 nm -

Continuous
with release

co-efficient of
0.37

Zone of
Inhibition: E.

coli: 13.6 ± 0.3
mm; B. subtilis:
10.5 ± 0.8 mm;
P. aeruginosa:
9.2 ± 0.3 mm;

S. aureus: 11.4
± 0.1 mm

- -

Full-
thickness
excisional

wound
model in
diabetic

rats

The rate of wound
contraction was

higher compared
to the control.

Scar-free
regeneration of

the skin with intact
patches of hair

growth was also
noted with the

AgNP treatment

2021

Polyvinylpyrrolidone
(PVP), polyethylene

glycol (PEG),

31 nm - - - NCTC L929
cell line

Non-cytotoxic Full-
thickness
excisional

Stimulatory action
on wound healing
as evidenced by a

high intensity of

2018
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Hydrogel Species
Particle

Size
(Diameter)

Dosage of
NP

Rate of
Release

Antimicrobial
Capability Cell Type Cytotoxic Effect Animal

Model In Vivo Findings Year Source

carboxymethyl
cellulose (CMC)

wounds in
rabbits

fibroblasts and
neovascularization

in the tissue,
which promoted a

faster healing
process when

compared to the
untreated wounds

Gelatin 68.5 nm 200 µg/mL

With
irradiation:
39.24%;
without:

29.92% after
30 min

22.46% of
methicillin-
resistant

Staphylococcus
aureus (MRSA)
and 24.48% of

E. coli were
eliminated

compared to
22.46% and

20.37% in the
control without
irradiation. With

irradiation,
97.57% of
MRSA and

95.99% E. coli
were killed due
to photothermal

effects of
AgNPs

HaCAT cells

At <250 µg/mL,
cell viability

>80%, however
cell viability

decreased with
increased

concentration

MRSA-
infected
wound

model in
mice

91.76% of MRSA
in wounds was
removed with

improved healing,
angiogenesis, and

collagen
deposition.

2021

Lignin and cellulose 100 nm
3, 6, 9, 12%

w/v -

When in
contact with the
12% w/v AgNP
hydrogel for 2
h, E. coli, S.
aureus, C.

albicans, and
MRSA had no
colonies on the

agar plates,
indicating that

all bacteria that
were in contact

with the
hydrogels were

killed

Mouse L929
fibroblast

cells

Survival rate of
cells in each
concentration

group was
>90%

Full-
thickness
excisional

wound
infected

with MRSA
in rats

The hydrogels can
maintain a moist

healing
environment,

reduce
inflammatory cell

infiltration,
promote M2
macrophage
polarization,
accelerate
collagen

deposition,
promote

angiogenesis, and
accelerate wound
healing of MRSA-
infected wounds.

2021
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Hydrogel Species
Particle

Size
(Diameter)

Dosage of
NP

Rate of
Release

Antimicrobial
Capability Cell Type Cytotoxic Effect Animal

Model In Vivo Findings Year Source

Alginate and
Gelatin

7.5–8.3 nm
at 1 mM,

20–34 nm
at 4 mM

1.0, 2.0,
40.0 nM

-

Minimum
Inhibitory

Concentration:
0.50 µg/mL

against
Pseudomonas
aeruginosa and

53.0 µg/mL
against

Staphylococcus
aureus at 4 nm

Human L929
fibroblasts

96% cell viability
observed at 4

mM

Full-
thickness
excisional

wound
model in

rats

Accelerated
wound healing,

earlier
development, and

maturation of
granulation tissue

2020

Hydroxypropyl
methylcellulose

40–70 nm
10, 20, 40,
80 µg/mL

-

Inhibition zone
increased with

increasing
concentration.

At 80 µg/mL: E.
coli: 20 mm; S.
aureus: 19 mm

- -

Full-
thickness
excisional
wounds in

rats

The percentage
wound healing for
formulation was

9.34% more than
that of standard

(silver sulfadiazine
cream) at day 14
with accelerated

wound contraction
and reduced

epithelialization
periods, however,

the standard
showed 1.78%

higher healing on
day 21.

2014

Zwitterionic poly
(sulfobetaine
methacrylate)
monomer and

protected dopamine
methacrylamide

monomers (DMA)
hydrogel

18 ± 2 nm 2 mM 46 μg/L for a 5
× 5 cm

sample during
the first day

and gradually
increased
thereafter

Inhibition Zone:
157, 148 and
129% for E.

coli, S. aureus,
and P.

auregenosa
compared to
control. Less

significant
effect on Gram-
positive than -

negative
bacteria.

Suspension
assays

measuring the
optical density

(OD) of
bacteria at 600

nm show

MC3T3-E1,
Human

HS68/F3T3
Fibroblasts

Due to the low
concentrations

of silver
released,

Mammalian cell
viability was not
greatly affected
during 5 days of

incubation

Full-
thickness
excisional
wounds in

rats

The percentage of
the wound size
reduction was
59% for the

control, 80 for the
hydrogel alone,
and 98% for the
AgNP-hydrogel

treatment

2016

[43]

[44]

2

[45]



Nanotechnology and Metal Nanoparticles for Wound Healing | Encyclopedia.pub

https://encyclopedia.pub/entry/47576 8/28

Hydrogel Species
Particle

Size
(Diameter)

Dosage of
NP

Rate of
Release

Antimicrobial
Capability Cell Type Cytotoxic Effect Animal

Model In Vivo Findings Year Source

significantly
decreased OD
values in AgNP

group in
comparison to
other samples,
demonstrating

bactericidal
effects

Pluronic F127 2.6 nm 200 µg/g

Initial burst
during the first
10 h, followed
by a sustained
release over

24 h

AgNPs reduced
S. aureus

viability by up
to 77%

compared to
50% in SSD

and 20% in the
blank hydrogel

Zone of
Inhibition:

AgNP hydrogel:
14 mm; SSD:
11 mm; blank
hydrogen: 7

mm

- -

S. aureus
infected

full-
thickness
excisional

wound
model in

AgNP hydrogel to
the wound

provides superior
bactericidal
activity and

reduces
inflammation

leading to
accelerated

wound closure
when compared to
industry-standard
silver sulfadiazine.
It also accelerated

wound closure
and improved

wound re-
epithelialization.

Further,
decreased
neutrophil
infiltration,

increased anti-
inflammatory Ym-

1 positive M2
macrophages, and

reduced the
number of

caspase-1 positive
apoptotic cells

were also
observed.

2021

Chitosan and
Konjac

Glucomannan
60 nm 200 µg/mL

Release in a
gradual
manner

Superior ability
for AgNPs-

loaded
hydrogels to kill
S. aureus and

E. coli.

L929 cells
95% cell

survival rate

S. aureus
infected

full-
thickness
wounds in

rats

Promotes
accelerated

infected wound
repair with no

adverse reactions
or symptoms

2020
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Hydrogel Species
Particle

Size
(Diameter)

Dosage of
NP

Rate of
Release

Antimicrobial
Capability Cell Type Cytotoxic Effect Animal

Model In Vivo Findings Year Source

Riclin 25.92 nm 1.0 mM

Sustained
released with

complete
release

observed at 48
h

Inhibitory
concentration
of S. aureus

was 10 μg/mL
and E. coli was

10 μg/mL

Mouse skin
fibroblast
(NIH3T3)
cells and

macrophage
(Raw 264.7)

cells

Weak
cytotoxicity
(>60% cell

viability) toward
NIH3T3 mouse
fibroblasts at

concentrations
of 54 μg/mL

S. aureus
infected

full-
thickness
wounds in

mice

Faster wound
healing, more
complete re-

epithelialization,
and denser

collagen
deposition

characteristics.

2022

Chitosan -

6, 12, 24,
48 mM

(24 being
the

optimum
dose)

After 12 h co-
culture,

concentrations
of 3.01, 3.92,

6.62, and 8.26
mg/L were

obtained with
Ag  doses of
6, 12, 24, and

48 mM,
respectively

Significant
bactericidal

effects noted
MPI: S. aureus:

35% and S.
epidermis: 34%

NIH/3T3 cells
and KERTr

cells

Cell viability
could be

maintained
>90% when the
concentration of
Ag  in the HTM

was <6 mg/L

Full-
thickness
wounds in
diabetic

rats

Higher wound
closure efficiency

and faster
recovery of
integrity and

functionality of the
newly formed

tissues compared
to other

treatments

2021

Gelatin 300 nm 1 mg/mL

Quick release
during the first
48 h, reaching
29.65% In the

following
stage,

prolonged-
release profiles
over 504 h (21

days) were
observed, with
a cumulative
percentage of

61.37%

A sustained
antibacterial
effect was
observed

against E. coli
and S. aureus

compared to no
bacteriostatic
ability in the

pure hydrogel
alone.

MC3T3-E1
Good cell

compatibility
observed

Scalded
skin model
to produce
2-degree
burns in

rats

Only 15% of the
wound area left on
day 10. Histology
results showed

the epidermal and
dermal layers
were better
organized

compared to the
control.

2022

Lignocellulose -
0.5 and

0.8% w/v
pH-dependent

release

4.1% survival
rate for S.

aureus and
2.9% survival
rate for E. coli

L929
fibroblast cell

line

>95% of the
cells are viable

after 36 h
incubation. No

hemolytic
activity

observed.

S. aureus
infected

full-
thickness
wounds in

mice

Significantly
accelerate tissue
regeneration and

wound healing
process through

increasing
collagen

deposition and
decreasing

inflammation while
retaining excellent

biocompatibility

2021
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Hydrogel Species
Particle

Size
(Diameter)

Dosage of
NP

Rate of
Release

Antimicrobial
Capability Cell Type Cytotoxic Effect Animal

Model In Vivo Findings Year Source

Cellulose and
gelatin

-
0.2 and 0.5

mg/mL
-

Decrease in S.
aureus and P.

aeruginosa
activity

Inhibition zone:
~2 mm at 0.5

mg/mL

Neonatal
human
dermal

fibroblasts
(NHDF)

CNF/G/Ag0.5
presented

highest
satisfactory
infected cell

viability
(>100%)

Full-
thickness
wounds in

mice

The CNF/G/Ag
groups had much
declined size of
the wound than

the control;
wounds treated

with CNF/G/Ag0.5
healed ∼90%
after treated

Bacterial infection
of the wound was

reflected by
weight loss.

Treatment with
CNF/G/Ag0.5

displayed a clear
advantage in
survival rate

(83.3%)

2018

Aloe vera-silk
fibroin composite

40 nm 0.5 mg/mL

pH-dependent
release:
40.89%

release in
neutral

environment,
and 55.12% in

acidic
environment

Antibacterial
rings presented

in the AgNP
hydrogel had

the largest
diameter both

for E. coli
(13.92 ± 0.94
mm) and S.

aureus (10.623
± 0.61 mm),

demonstrating
superior

antibacterial
properties

L929,
Mesenchymal

Stem Cells

Promotion of
cell proliferation
and migration;

good
biocompatibility

Full-
thickness
excisional
wounds in

rats

Accelerating
healing and
inhibition of

immune reactions
observed with

better
performance in

early inflammatory
response stages.
Good antibacterial

properties,
satisfactory

biocompatibility
and promotes cell

proliferation,
migration, and

wound healing in
the AgNP
hydrogel

compared to the
controls.

2021

Cellulose 119.7 ± 5
nm

(natural
cashew
gum—
NCG);

123.8 ± 8.9

NCG: 36 ×
10

particles/mL
PhCG: 4.03

× 10
particles/mL

- Antibacterial
activity was

tested against
S. aureus and
P. aeruginosa.
The hydrogel

base alone did

- - Full-
thickness
wounds in

rats

Improved healing
was observed

compared to the
control

2017
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Hydrogel Species
Particle

Size
(Diameter)

Dosage of
NP

Rate of
Release

Antimicrobial
Capability Cell Type Cytotoxic Effect Animal

Model In Vivo Findings Year Source

nm
(phthalated

cashew
gum—
PhCG)

not present an
antimicrobial
effect. The
effect of the

hydrogels was
more effective

against P.
aeruginosa,
whereas the
PhCG-AgNP

was more
potent than the
NCG-AgNPs.
For the gram-

negative
bacterium, the

MIC values
presented the
same value of
MBC for both

hydrogels,
which indicates
a bactericidal

effect.
Hydrogels with
AgNPs showed

lower MICs
when

compared to
the effect of

AgNO
solutions at the

same
concentrations
tested for the
two bacteria.

Cellulose 28 nm - 2.0% w/v Good
resistance

against Gram-
positive and

Gram-negative
bacteria, with
E. coli and S.

aureus showing
superior colony

formation
suppression.

Bacterial death

- - S. aureus
infected

full-
thickness
wounds in

rats

Accelerated
wound healing
with superior

antibacterial and
wound healing

properties noted.
Significantly

improved wound
closure by day 16,

and histological
examination of the

tissue in the

2022

3
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2.2. Gold (Au) Nanoparticles

AuNPs are commonly used in tissue regeneration, wound healing, and drug delivery of bioactive compounds due

to their biocompatibility, high surface reactivity, and antioxidative effects . While some antimicrobial effects are

seen, unlike AgNPs, AuNPs do not offer much antimicrobial activity alone .

Antimicrobial action is demonstrated via two principal mechanisms, similar to AgNPs: bactericidal and inhibitory.

Cell death is induced via the disruption of ATP synthase, leading to decreased ATP stores and an eventual collapse

in energy metabolism . This is due to the ability of AuNPs to alter membrane potential on entry into the cell .

Additionally, the creation of ROS is facilitated by AuNPs, further facilitating cell death. The smaller the size of the

AuNPs, the greater the surface area and interface for interaction with microbes, demonstrating a stronger

antimicrobial effect .

While some antibacterial effects are seen, AuNPs are principally used in tissue repair given their anti-inflammatory

properties via cytokine modulation and antioxidant properties . Substantial antioxidant properties are seen as

AuNPs are able to bind free radicals such as nitric oxide (NO) or hydroxyl (OH-) . This strong catalytic

activity in free radical scavenging is further observed through the ability of AuNPs to increase nuclear factor

erythroid 2-related factor (NRF2), which allows for antioxidant gene activation . Furthermore, while being able

to facilitate the creation of ROS, they are also able to receive electrons and remove or deactivate ROS, with

greater effects seen the higher the surface area of the AuNPs is .

In addition to tissue repair, wound healing is found to be accelerated and ameliorated with the use of AuNPs

through the promotion of collagen expression, growth factors, vascular endothelial growth factor (VEGF), fibroblast

proliferation, decreased cellular apoptosis, and angiogenesis .

Despite these beneficial effects, AuNPs must usually be incorporated with other biomolecules for efficacy in wound

healing applications. Examples include the incorporation of AuNPs in chitosan or gelatin for the enhancement of

wound healing or in collagen for a similar effect . One study of a rat full-thickness excisional wound model

demonstrated accelerated healing and wound closure with improved hemostasis and re-epithelization compared to

the Tegaderm dressing and pure chitosan hydrogel controls in a chitosan-AuNP hydrogel . Recent studies have

also incorporated phototherapy in conjunction with AuNPs to achieve antimicrobial activity .

Hydrogel Species
Particle

Size
(Diameter)

Dosage of
NP

Rate of
Release

Antimicrobial
Capability Cell Type Cytotoxic Effect Animal

Model In Vivo Findings Year Source

was recorded
in 78.9 ± 2.61%
of the cases in
the control and
95.6 ± 1.93% in
the presence of

AgNPs

wounded area
showed rapid

reepithelialisation,
differentiated
dermis, and

epidermis, with
minimal scar

tissues.

Silk fibroin - 5% w/v

Rate of release
of AgNP varies
depending on

metformin-
loaded

mesoporous
silica

microspheres
(MET@MSNs):
Ag NPs mass

ratios

Colony counts
reduced from
7.72 ± 0.10
(CFU/mL) to
6.90 ± 0.09

(CFU/mL) for S.
aureus and
from 7.15 ±

0.09 (CFU/mL)
to 6.30 ± 0.43

for E. coli.
Zones of

inhibition for S.
aureus and E.

coli are
comparable to

antibiotic-
sensitive
tablets

RAW264.7,
EA.hy926,
and L929

cells

For RAW264.7
cells, >90% cell
viability on day
7 with hydrogel

application

Full-
thickness
excisional
wounds in
diabetic

mice

Rapid wound
healing was

observed
regeneration of

squamous
epithelium,

collagen
formation, and
angiogenesis

indicative of good
wound repair
compared to

control

2022

Carbopol 21 nm 100 µg/g -

Microbicidal
activity on S.

aureus and E.
coli with MBC
close to 100
µg/ mL, and
MtE has a

microbicidal
response on S.

aureus with
MBC of 50

µg/mL.
Besides, AgMt

NPs-G
produces a

marked
bacterial

inhibition by
contact in both

strains

HUVEC cells

MtE and AgMt
NPs tested

concentrations
for toxicity do
not show an

important effect
on cell viability,
except for AgMt
NPs 100 µg/mL
concentration,

where cell
viability falls by

almost 10%

Second-
degree

burn
injuries in

rats

Higher wound
healing ratio

and faster wound
evolution

compared to
control.

2021

[56]

[57]

[75][76]

[77]

[78] [78]

[79]

[80][81]

[82][83][84]

[85][86]

[76]

[20][87]

[4][5]

[88]

[6][89]
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The summary of all in vivo studies related to AuNP-loaded hydrogels is shown in Table 2.

Table 2. Summary of Characteristics and Findings of Included Trials for Gold Nanoparticles.

Hydrogel Species
Particle

Size
(Diameter)

Dosage of
NP

Rate of
Release

Antimicrobial
Capability Cell Type Cytotoxic Effect Animal

Model In Vivo Findings Year Source

Chitosan and
polyethylene glycol

99.1 ± 2.3
nm

-
0.0055

µg/mL/h

AgNP-
impregnated

chitosan
hydrogels have

better
antimicrobial

potential
compared to
bare chitosan
hydrogel and

AgNPs.
The zone of

inhibition
recorded for

AgNP-loaded
hydrogel

against E. coli,
P. aeruginosa,
B. subtilis and
S. aureus were
20.2 ± 1.0, 21.8

± 1.5, 15.5 ±
0.8 and 21.5 ±

0.5 mm,
respectively,
which were

higher
compared to
the controls

- -

Full-
thickness
excisional
wounds in
diabetic-
induced

rats

The combination
of AgNPs and

chitosan hydrogel
significantly

enhances healing.
Accelerated

wound contraction
as well as
improved

antimicrobial and
antioxidant

properties were
observed

compared to the
controls.

2019

Carbopol 20 nm 0.18 mg/g

After 24 h,
10.56 µg/cm

of AgNPs were
released into
the skin ex-

vivo

-

Murine
macrophage
(J774A.1),
human skin
fibroblasts

(TE 353.Sk)
and human

keratinocytes
(HaCaT) cell

lines

Good cellular
uptake; no

toxicity 48 h
upon exposure

Full-
thickness
excisional

and
incisional
wounds in

rats

Accelerated and
enhanced

wound healing via
modulation of

cytokines
and growth factors

2017

Chitosan and
dextran

- 47 µg/g The
concentration
of silver ion

released was
the highest at
the 2 h time

point and then

Almost all
bacteria (S.

aureus and P.
aeruginosa)

were dead after
being treated

with the

NIH 3T3 cells >80% viability S. aureus
and P.

aeruginosa
infected

full-
thickness
excisional
wounds in

Rapid wound
contraction was
observed after

treatment with the
hydrogel,

suggesting
superior healing

activity to promote

2019

[58]

2

[59]

[60]

Hydrogel
Species

Particle
Size

(Diameter)

Dosage
of NP

Rate of
Release

Antimicrobial
Capability Cell Type Cytotoxic Effect In Vivo

Model
In Vivo

Findings Year Source

Cydonia oblonga
seed extract

20–30 nm
10

mmol
-

MIC: B.
simplex: 16
mg/mL; B.
subtilis: 32
mg/mL; P.

aeruginosa:
32 mg/mL; E.

coli: 16
mg/mL; S.
aureus: 40
mg/mL; A.
niger: 50
mg/mL; P.

notatum: 50
mg/mL

Inhibition
zone: B.

Simplex: 15
mm; B.

Subtilis: 17
mm; P.

aeruginosa:
16 mm; E.

Coli: 18 mm;
S. Aureus: 12

mm

- -

Full-
thickness
wounds
in mice

99% wound
closure in 5

days;
increased

expression of
NANOG and

CD-4 in
nanoparticle

treatment
group

2022

Alginate 25 nm
(NP), 50,
70, 120

nm spike
length

(nanostars
(NS))

1.5
µg/mL

NP: 157 ng
release over

12 h; NS:
8.63 ng

release over
12 h

The bacterial
killing of
>95% is

observed for
P. aeruginosa
and E. coli,
while up to

60% for
Gram-

positive S.
aureus.
>80% of

colonies of P.
aeruginosa
and E. coli
were also
reduced.

NIH-3T3 85% viability S. aureus
infected

full-
thickness
wounds
in rats

Accelerated
wound

healing with
enhanced

wound
closure and

angiogenesis

2022

[90]

[91]
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2.3. Copper (Cu) and Copper Oxide (CuO)

Hydrogel Species
Particle

Size
(Diameter)

Dosage of
NP

Rate of
Release

Antimicrobial
Capability Cell Type Cytotoxic Effect Animal

Model In Vivo Findings Year Source

declined
thereafter

hydrogel/NP
after 60 min

diabetic
rats

fibroblast
migration,

granulation tissue
formation, and
promotion of

angiogenesis.

Hyaluronic acid and
gelatin

-
100, 200,

300 µg/mL
-

The
bactericidal

rates of both E.
coli and S.

aureus reached
> 90% when
the AgNPs

concentration
was 200

μg/mL. The
area of the

inhibition zone
becomes larger

with an
increase in the

AgNPs
concentration.

L929
fibroblasts

Good
cytocompatibility

(cell viability
>80% at 24 and

48hr)

Full-
thickness
excisional
wounds in
rats and

abdominal
wall model

The AgNP
hydrogel

accelerated the
healing process
by improving wet

adhesion,
reducing wound

inflammation,
promoting

angiogenesis and
formation of
granulation

tissues compared
to the control.

2022

Chitosan, ulvan
dialdehyde, human

umbilical cord
mesenchymal stem

cell powder

-
5, 10, 20,
30, 40, 50

mg/mL
-

Zone of
inhibition for

pure hydrogel
was 14 mm

and 20 mm for
S. aureus and

E. coli
respectively,

compared to 23
mm and 31 mm

for AgNP
hydrogel

NIH-3T3
fibroblasts

Cell viability
>80% with all

concentrations

Full-
thickness
excisional
wounds in

Type II
diabetic

mice

Accelerated
wound healing

observed
compared to

control

2022

Polyvinyl alcohol
and chitosan

- 5 mM Optimal
release at pH
5.7 compared
to 7.4. Fastest
release in first

3 days,
tapering off to
~0.6 ug/mL by

day 10.

The AgNP
hydrogel

demonstrated
good

bacteriostatic
effect after 24 h
incubation for

both E. coli and
S. aureus

compared to
the pure

L929 No changes in
cell viability with

L929 cells
treated with

AgNP hydrogel
after day 1,

decreased to
~90% by day 2,
and ~80% by

day 3.

S. aureus
infected

full-
thickness
excisional
wounds in

mice

Accelerated
wound contraction

and granulation
thickness after 10
days compared to
control. TNFalpha
expression was

lowest and VEGF
expression was

highest in
hydrogels

2022

[61]

[62]

[63]

Hydrogel
Species

Particle
Size

(Diameter)

Dosage
of NP

Rate of
Release

Antimicrobial
Capability Cell Type Cytotoxic Effect In Vivo

Model
In Vivo

Findings Year Source

35.4%
reduction of

colonies were
obtained for
S. aureus.

Poloxamer
29.2 ± 2.1

nm
-

Slow and
prolonged

release over
48 h,

~2%/min

High
percentage
reduction of

bacterial
viable count
against S.

aureus and P.
aeruginosa

- -

Full-
thickness
excisional

wound
model in

rats

Almost
completely

healed wound
after 14 days

of daily
treatment

compared to
control, owing

to their
enhanced

skin re-
epithelization

effect and
collagen

formation, in
addition to
their impact
on the gene

expression of
inflammatory

and anti-
inflammatory
mediators.

Furthermore,
low

percentages
of deposition
into the main
body organs
after 21 days

of daily
wound

treatment
was seen.

2019

Polyethyleneimine
(PEI),

polyethylene
glycol (PEG),

hexachlorocyclic
triphosphonitrile

(HCCP)

22 nm 0.3, 3,
5 nM

Release ratio
of

approximately
70% after 16
h incubation

with the
tendency to

Improved
performance

against S.
aureus and

MRSA,
especially if

the gel is
exposed to

L929 cells Negligible
cytotoxicity, good
biocompatibility,

and excellent
hemocompatibility

Full-
thickness
excisional

wound
model in

mice

Accelerated
wound

healing with
no toxicity or

significant
adverse
effects

2022

[92]

[93]
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Previous studies have demonstrated that CuNPs have antimicrobial activity as well as properties that facilitate

tissue repair. CuNPs have shown antibacterial activity against bacterial strains such as Escherichia coli and

Staphylococcus aureus but also fungicidal effects . The principal mechanism of action is through

adhesion of the CuNP to bacteria due to their opposing electrical charges, resulting in a reduction reaction that

weakens and destroys the bacterial cell wall. CuNPs have also shown antibacterial activity through the

enhancement of immunity with the promotion of interleukin-2 (IL2) production, as well as its ability to serve as a

cofactor for various enzymes such as cytochrome oxidase . Additionally, CuNPs have an influence on cytokine

regulation, thus also having anti-inflammatory properties . In terms of tissue repair, ECM synthesis is promoted

through the stimulation of ECM components such as fibrinogen and fibroblasts as well as the production of

integrins and collagen . One study observing the use of a CuNP-embedded hydrogel in the treatment of full-

thickness excisional wounds in rats demonstrated an accelerated wound healing rate . Despite these positive

effects, CuNPs are prone to rapid oxidation, promotion of the production of free radicals, and instability, thus

limiting its use .

CuO NPs have been used in multiple biomedical settings, such as in drug delivery, as anti-cancer agents, and

wound healing given their biocompatibility, low toxicity, and antimicrobial properties . The specific

mechanism for the antibacterial effects of CuO remains unknown; however, it is postulated that it is related to the

generation of ROS within bacterial cells . However, with CuO NPs, antibacterial activity was partially related to

bacterial properties. For example, different effects were noted with increased bactericidal activity in Gram-negative

organisms, such as E. coli, compared to Gram-positive organisms, such as S. aureus . Despite these

antibacterial properties, one concern is toxicity, the induction of oxidative stress, and subsequent DNA and

mitochondrial damage .

2.4. Zinc (Zn) and Zinc Oxide (ZnO)

Zn and ZnO NPs are some of the most commonly used NPs in wound healing applications due to their anti-

inflammatory and antimicrobial properties . As inorganic agents, they are more stable than their organic agent

counterparts. They are also advantageous in their ability to remain within the wound bed for longer periods of time

. The antimicrobial effects of Zn and ZnO NPs are due to disruption of cell membranes and oxidant injury

. Zinc also serves as a cofactor for metalloproteinases and other enzymatic complexes, promoting

migration of keratinocytes and regeneration of the ECM . A previous study examining full-thickness wounds

in a rat model showed accelerated and ameliorated healing compared to control with improved re-epithelialization

as well as increased collagen deposition and tissue granulation . Moreover, both Zn and ZnO NPs have

demonstrated good biocompatibility and low cytotoxicity .

Like other NPs, the Zn and ZnO NP effect is dependent on the size, surface-area-to-volume ratio, and

concentration of the NPs . Smaller NPs have been shown to be more cytotoxic given their larger surface-area-

to-volume ratio, whereas larger NPs demonstrate increased cytocompatibility . In fact, a previous study

demonstrated that ZnO NPs are highly compatible with fibroblast cells and promote their growth, migration, and

adhesion .

Hydrogel Species
Particle

Size
(Diameter)

Dosage of
NP

Rate of
Release

Antimicrobial
Capability Cell Type Cytotoxic Effect Animal

Model In Vivo Findings Year Source

hydrogel which
had almost no
bacteriostatic

effect.

containing AgNP
in irradiated mice
treated with H O

in conjunction.

Polyvinyl alcohol
and alginate

30–40 nm 3.18 µg/mL -

Hydrogels
containing Ag-
NPs effectively
inhibited E. coli

and P.
aeruginosa

from growing. A
stronger

response was
seen with P.
aeruginosa
than E. coli.

RAW 264.7,
human

keratinocyte
and human

dermal
fibroblast cell

lines

Marginal cell
toxicity due to

low
concentration of

AgNP used

Full-
thickness
excisional

wound
model in

rats

Accelerated
wound closure

with ameliorated
inflammation,

enhanced
angiogenesis,

increased
collagen

production, and
promotion of re-
epithelialization

compared to
control

2019

Polyacrylic acid
sodium, polyvinyl

butyral and
chitosan

-
100, 200,
300 mg/L

The two-stage
dressing

released <
20% during
first 30 min
followed by

faster release
in greater

quantities in
subsequent

period

- -

As the nano-Ag
concentration
increased to

over 300 mg/L,
cell viability was

reduced.

S. aureus
infected

full-
thickness
excisional
wounds in
diabetic

mice

Accelerated
wound healing

and reduction of
bacteria as well as

promotion of re-
epithelialization

compared to
control

2017

Polyvinyl alcohol
and cellulose

- 0, 1, 2, 4
mM

- The
bactericidal
rates of the

AgNP hydrogel
at a lower

concentration
against E. coli
and S. aureus
were 65.63 ±
2.63% and

51.17 ± 1.49%,
respectively. At

a higher
concentration,
the rates were
99.72 ± 0.14%

and 99.38 ±
0.48% against

L929 cells The cell survival
rate slowly

increased with
prolonged

culture time and
ranged from

96% to 134%

Full-
thickness
excisional

wound
model in

mice

The AgNP
hydrogel

promoted the
growth and

development of
new blood vessels
and significantly

accelerated
wound healing

with their
combined

antibacterial and
anti-inflammatory

activities

2021

2 2

[64]

[65]

[66]

Hydrogel
Species

Particle
Size

(Diameter)

Dosage
of NP

Rate of
Release

Antimicrobial
Capability Cell Type Cytotoxic Effect In Vivo

Model
In Vivo

Findings Year Source

slow down
thereafter

laser
irradiation

compared to
the control.

Alginate -

0.05,
0.1,
0.2

mg/mL

In PBS (pH
7.2–7.4, 0.1

M),
approximately

74%, 73%,
and 76% of
Ga  was

released from
Ga -

crosslinked
hydrogel

Strong
bactericidal

activity
against S.

aureus and P.
aeruginosa
observed

with higher
reduction in

P. aeruginosa
compared to
S. aureus.

Faster
release of
silver ions

demonstrated
stronger

antibacterial
effect.

Keratinocytes
(HaCaT)

After 1, 3 and 7
days of

incubation, the
materials did not
show any toxicity
even after 7 days
of contact and up

to 96% of
keratinocytes
were viable

Full-
thickness
wounds

in
diabetic
and non-
diabetic

mice

Rapid
contraction of
wound edges
was seen in
comparison

to the
controls as

well as minor
scab

formation and
lack of

inflammation
in the

integument.
Fifteen days
of treatment

with the
nano-enabled

hydrogels
completely

recovered the
wounds of

non-diabetic
and diabetic
mice. The

bactericidal
effect was

also
evidenced by
absence of

bacterial
contamination

in the
wounds.

2021

Chitin 215.31 nm 2.5, 5,
10%
w/v

- Hydrogels
with Au

contents of
5% and 10%
were most
effective at
inhibiting E.
coli growth,
whereas a
content of
>2.5% was

L929 cells The survival rate
of cells in all

concentrations of
Au was >80% at

2 h, and even
over >90% in

most groups. At
48 h, except for
the 10% group,

the cell viability of

S. aureus
infected

full-
thickness

wound
model in

mice

Good
antibacterial,
hemostatic,

and anti-
inflammatory
properties.

2023

3+

3+

[94]

[95]

[96][97][98][99][100][101]

[102]

[103]

[104][105]

[5]

[106][107]

[108][109]

[110]

[111]

[112][113]

[114]

[114][115]

[114][115]

[114][115]

[115]

[114]

[116]

[117]

[100]
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2.5. Other Metal Oxides

Metal oxide NPs include zinc oxide (ZnO), copper oxide (CuO), cerium oxide (CeO ), manganese oxide (MnO ),

and titanium oxide (TiO ). These NPs have antioxidant properties and have been shown to facilitate wound healing

through the restriction of ROS, inhibiting apoptosis .

2.5.1. Titanium Oxide (TiO )

A study of the antimicrobial effects of TiO  NPs demonstrated little effect but showed accelerated wound healing in

a full-thickness excisional wound model .

2.5.2. Cerium Oxide (CeO )

CeO  NPs have the highest antioxidant activity of all NPs and are most active in the scavenging of free radicals

. This is due to the oxygen vacancies of CeO , leading to the reduction of Cerium from Ce  to Ce , for

example .

2.5.3. Manganese Oxide (MnO )

MnO  is also a potential candidate to be used in nanoparticle–hydrogel composites. Known to relieve oxidative

stress, MnO  is able to catalytically decompose H O  into O , thus effectively providing a targeted approach to

hypoxic relief . One study evaluating MnO  nanoparticles in the healing of chronic diabetic wounds in vivo

demonstrated the eradication of biofilms, attenuation of hyperglycemia, hemostasis, and the creation of an

optimized wound environment which reduced inflammation, accelerated granulation tissue formation and re-

epithelialization, and accelerated wound healing . 

2.6. Iron (Fe) Nanoparticles (FeNP)

Less commonly used in antibacterial wound dressing applications, iron nanoparticles have been shown to induce

bacterial death, membrane damage, DNA degradation, and lipid peroxidation . One study demonstrated

high antibacterial activities against S. aureus and E. coli both in vitro and in an in vivo infected full-thickness

excisional wound model in mice where accelerated wound healing and anti-inflammatory properties were observed

.

2.7. Gallium (Ga) Nanoparticles (GaNP)

Gallium is very infrequently used in wound healing applications. Given that gallium and iron have equal ionic radii,

one study hypothesized that the substitution of iron with gallium would impair bacterial iron metabolism and exert

an antimicrobial effect . This has previously been observed in vitro, whereby gallium resulted in reduced

bacterial survival . Moreover, given the inability of gallium to be reduced in physiological environments,

a property not shared with iron, gallium also disrupts enzyme activity . A 2022 study by Qin et al. demonstrated

the good antimicrobial effect of gallium embedded in an alginate-base hydrogel, with good biocompatibility against

Hydrogel Species
Particle

Size
(Diameter)

Dosage of
NP

Rate of
Release

Antimicrobial
Capability Cell Type Cytotoxic Effect Animal

Model In Vivo Findings Year Source

E. coli and S.
aureus,

respectively

Hyaluronan-
polyacrylamide

-
50, 100,

200 µg/mL

At the first
stage, the

release of Ag
showed an
exponential
increase for
the first ten

days, followed
by a

‘stationary’
phase that

continued until
the 30th day.

The highest
antibacterial
effect was

exhibited at
200 µg/mL <

1% of the
bacteria (E. coli
and S. aureus)

survived,
compared with

the control
group. No

inhibition zone
is found in the
0 µg/mL group,
whereas clear

inhibition zones
were observed
for the 50, 100,
and 200 µg/mL
groups towards
E. coli and S.

aureus

3T3 cells

Comparable cell
viability

compared to
control after

being cultured
for 24 h

S. aureus
infected

full-
thickness
excisional

wound
model in

rats

The AgNP
hydrogel

significantly
promoted wound

healing by
improving

granulation tissue-
formation,

angiogenesis, and
collagen

deposition as well
as alleviating
inflammation.

2020

Hyaluronic acid 100 nm 0.5 µM

90% release
within 48 h

when the pH
was reduced

from 7.4 to 5.0

Robust
antibacterial

ratios for both
S. aureus

(95.69%) and
P. aeruginosa

(86.76%)
compared to

control

HUVECs and
L929

>75% cell
viability

maintained over
3 days

S. aureus
infected

full-
thickness
excisional

wound
model in
diabetic

rats

Accelerated
wound closure as
well as increased
anti-inflammatory,
pro-angiogenic,
and antibacterial
activities were

seen in the
hydrogel

compared to the
control.

2022

Polyvinyl alcohol
and gelatin

- 0.1, 0.2,
0.3, 0.4 mM

- Against E. coli
and S. aureus,

a larger
inhibition zone
compared to

the pure
hydrogel.

HaCat, LO2
and 293T

cells

No inhibitory
effects seen,
and at low

concentrations,
a tendency for

cell proliferation
was noted (5,
10, 15 µg/mL).

At higher

S. aureus
infected

full-
thickness
excisional
wounds in

mice

Accelerated
wound healing,
anti-bacterial
properties,

reduced
inflammation, and

increased
collagen content

2021

+

[67]

[68]

[69]

Hydrogel
Species

Particle
Size

(Diameter)

Dosage
of NP

Rate of
Release

Antimicrobial
Capability Cell Type Cytotoxic Effect In Vivo

Model
In Vivo

Findings Year Source

sufficient to
completely
inhibit the

growth of S.
aureus

colonies

other groups was
>80%. 2 2

2

[114][115]

2

2

[118]

2

2

[119]
2

+4 +3

[119]

2

2

2 2 2 2

[120]
2

[120]

[121][122][123]

[121]

[124]

[124][125][126]

[127]
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NIH3T3 cells in vitro as well as accelerated wound healing with good biocompatibility, angiogenesis, and collagen

deposition compared to the control in an S. aureus infected full-thickness excisional wound model in mice .

2.8. Combinations of Metal Nanoparticles

Occasionally, metal NPs can be used in conjunction with each other to provide synergistic antibacterial effects. For

example, one study investigated the effects of AgNP and CuNP within a chitosan hydrogel, demonstrating good

antibacterial activity against S. aureus and E. coli with good biocompatibility and accelerated healing compared to

control in an S. aureus infected full-thickness excisional wound model in type 1 diabetic rats . Another study

looked at the synergy between ZnO and AgNPs, demonstrating an excellent bactericidal effect against E. coli and

S. aureus . Interestingly, AgNPs were observed to exhibit a small amount of cytotoxicity when tested against

mouse calvarial (MC3T3-E1) cells alone, but when used in conjunction with ZnO NPs, lower cytotoxicity was seen

. In an S. aureus infected partial thickness wound model in rats, the release of Ag  and Zn  was found to

stimulate immune function to produce a large number of white blood cells and neutrophils (2–4 times more than the

control), thereby producing the synergistic antibacterial effects and accelerated wound healing .
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