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Abstract

Modernization and improvement of wound dressing materials is an important

topic in biomaterials and biomedicine fields, as the traditional materials are

inadequate and susceptible to bacterial infections. In recent times, polymer-

based hydrogel materials have presented themselves as excellent candidates

for new-generation wound dressings with improved properties, such as high

sorption ability, good mechanical properties, and low adhesiveness. Addition-

ally, cross linked hydrogel matrices serve as excellent carriers for controlled

release of antibacterial agents, such as silver nanoparticles (AgNPs), which are

preferred over conventional antibiotics due to multi-phase mechanism of

action and low susceptibility to induce bacterial resistance. Their incorporation

inside polymer matrices allows improvement of wound dressing properties

and sustained protection against bacterial infection. Electrochemical methods

for AgNPs synthesis are facile and green alternatives to chemical routes, all-

owing the formation of highly stable AgNPs with strong antibacterial effect. In

this article, we aim to provide a comprehensive review of the existing research

on the topic of electrochemically synthesized silver nanoparticles incorporated

in polymer matrices with a special focus on the chitosan-based hydrogels as

prospective materials for wound dressing applications.
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1 | INTRODUCTION

Recent developments in biomaterials science have seen
increasing interest in (re)search for novel solutions for
new-generation wound dressing materials. Commonly-
used dressings and bandages are able to only provide a
physical protection of the wound during the healing pro-
cess and as such they have many drawbacks.1 For one,
although sterile initially, they are very prone to bacterial
infection and therefore carry with their usage inherent

risks for patients, especially during chronic wound treat-
ment. Further, the usual dressings are mostly cotton-based
materials which tend to dry out quickly and provide poor
moisture regulation, which is crucial for wound healing.
This also carries along another shortcoming, which is
sticking to the wound tissue and damage upon replace-
ment. The proneness to bacterial infection, on the other
hand, dictates the need to frequently change these dress-
ings, which could enhance the risk of wound tissue dam-
age and thus could impede normal healing process. On a
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related note, the susceptibility to bacterial adhesion man-
dates the local/topical applications of drugs, usually antibi-
otics, to prevent infection. The widespread use of
antibiotics has led to resistance developing in many bacte-
rial strains, which has become a very common and a very
serious problem.2 Thus, a vicious circle emerges, carrying
along grave and almost fatal consequences.

In an effort to alleviate the inherent risks connected
to traditional wound dressings, novel materials have
emerged, and have been the focus of many researchers
around the world during the last couple of decades. These
new materials are predominantly biopolymer-based
hydrogels and films, and have been shown to possess sig-
nificantly improved properties—superior gas/water vapor
permeability, low adhesiveness, good swelling, absorp-
tion and moisture regulation properties, and biocompati-
bility.3 The choice of polymer components is almost an
“embarrassment of riches,” with many viable options
presented in the existing body of research. The most
“popular” wound dressing polymers are natural-origin
ones such as alginate,4,5 cellulose,6 chitin and chitosan,7

but also synthetic biopolymers including poly(vinyl alco-
hol)8,9 and poly(vinyl pyrrolidone).10,11 Frequent focus of
wound dressing materials studies is also on blends, copol-
ymers, and grafts of aforementioned polymers,12,13 as
well as their chemically modified derivatives.14,15

Along with improved physical properties of the dress-
ing, the aim is to incorporate an antibacterial agent in
order to achieve active protection from bacterial infection.
In this sense, recent research has seen a significant shift
away from antibiotics and toward other active components
which would provide similar or better antibacterial activity
without the risk of bacterial resistance. Among the most
common alternative antibacterial agents are metal and
especially silver nanoparticles (AgNPs) due to their wide-
spectrum activity and low susceptibility for bacterial resis-
tance.16 Indeed, the mechanistic aspects of AgNPs
antibacterial action have been widely explored but not yet
conclusively determined, as they include “attack on sev-
eral fronts”—cytoplasmic membrane damage, disruption
of DNA replication through binding to sulfur- and
phosphorus-containing groups, inhibition of respiratory
processes, as well as reactive oxygen species (ROS) genera-
tion, causing membrane and protein damage.16-18 Due to
their very potent and diverse antibacterial activity, AgNPs
have become a popular choice of antibacterial component
in polymer-based wound dressings.19

If one choses to incorporate AgNPs inside a wound
dressing hydrogel, for example, there are various possibil-
ities for their synthesis and immobilization, which offer
different methods of obtaining AgNPs, along with tuning
their sizes and size distributions, shapes, and morphol-
ogies. Silver nanoparticle-incorporated hydrogels could

be obtained by in situ AgNPs synthesis, or by synthesiz-
ing AgNPs first and then incorporating them in the poly-
mer matrix. The synthesis itself is most commonly
achieved via reduction from an ionic Ag+ precursor, usu-
ally silver nitrate solution. Most frequently applied
methods in the literature are chemical reduction (with a
strong reducing agent such as NaBH4),

20 or γ-irradiation
technique, which enables reduction of silver ions to Ag0

with free radicals.10,21-23 Both of these methods have their
advantages, but both also have their drawbacks. The
chemical reduction method is attractive because it is rela-
tively easy to perform, enables high yield of the synthesis
and facilitates the control of AgNPs size and homoge-
neous distribution.24 On the other hand, the use of poten-
tially toxic chemical agents could compromise
biocompatibility of the material and special care must be
taken to wash out and extract leftover chemicals.3,25

Gamma irradiation is a greener method which helps
avoid potential chemical toxicity allowing simultaneous
cross linking and sterilization of hydrogel.3

Recently, there has been an increasing interest in electro-
chemical routes for AgNPs synthesis, as this method provides
both green reduction without the use of chemicals (apart
from ionic precursor), as well as the inexpensive equipment
which is accessible and easy to handle. AgNPs could be elec-
trochemically synthesized galvanostatically or at constant
voltage, in or ex situ, in colloid solutions of polymers26-29 or
directly inside the hydrogel.30-36

In this article, we aim to present an overview of the
recent progress in electrochemical methods of AgNPs
incorporation in polymer-based materials for wound
dressing applications, with a special focus on chitosan as
a prospective material. To our knowledge, there is no
such review in the current state-of-the-art literature and
it is important to cover the green electrochemical alterna-
tives for the facile and clean production of AgNPs with
tailored properties for wound dressing applications. The
properties and specificities of biopolymer wound dressing
materials in different forms will be reviewed in the fol-
lowing chapters; further, the mechanistic and technical
aspects of the electrochemical synthesis will be outlined;
a comparison will be drawn among different methods
and materials, and finally, the future prospects and out-
look will be presented on the basis of recent develop-
ments in this branch of science.

2 | POLYMER HYDROGELS AND
FILMS FOR WOUND DRESSING
APPLICATIONS

As already mentioned, a major focus of research in bio-
materials field is finding new materials for wound
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dressings which would have improved properties and cir-
cumvent inherent shortcomings of traditional wound
dressings, gauzes and bandages. These new materials
need to possess a number of properties which correspond
to the requirements of wound care. Some of these proper-
ties are37-40: (a) biocompatibility and nontoxicity toward
healthy tissue, (b) good wound exudate absorption abil-
ity, (c) good gas permeability (O2, CO2, water vapor),
(d) the ability to maintain moist wound environment and
to prevent the drying of the wound, (e) sterility and bar-
rier properties against microorganisms, (f) the ability to
maintain optimal wound temperature, and (g) low adhe-
siveness to the wound tissue, and so on.

Next-generation biomaterials, especially biopolymer-
based hydrogels have for quite some time been at the fore-
front of wound dressing research.3,37,38,40-42 This is hardly
surprising because of their exceptional tailorability and the
ability to address some or all of the issues listed above.3,37

A wide array of polymers has been used for active wound
dressing applications, both synthetic and natural-origin.
The polymers derived from natural resources include
various polysaccharides such as cellulose,43,44 starch,45

dextran,46,47 chitosan,48-50 alginates,51,52 hyaluronic
acid,53-55 but also some protein-based biopolymers includ-
ing keratin56 and collagen,50,53,55 gelatin,57,58 silk fibroin
and sericin.59 On the other hand, bioactive or bioinert syn-
thetic polymers used in wound dressing research encom-
pass some hydrophobic materials such as polycaprolactone,60

polypropylene,61 and poly(lactic acid),62-64 and different
hydrophilic synthetic polymers, for example, poly(vinyl
alcohol),65-67 poly(methacrylic acid)68 and poly(ethylene
glycol).60,69 Both natural-origin and synthetic polymers
are also rarely used “stand-alone” to produce wound
dressing materials, as blending, grafting and copolymer-
ization opens a much wider spectrum of structures and
properties and provides the pathway to controlled pro-
duction of tailor-made materials. This is why the wound
dressings are usually made from blends or copolymers
of above mentioned polymers. The choice of
antibacterial agent, however, also to some degree dic-
tates the choice of polymer components, and especially
in the case of silver nanoparticles it is important to care-
fully chose the polymers which would exert excellent
stabilization effect, while at the same time providing
sustained, and preferably controllable release of AgNPs
into the wound area to achieve maximum protection
against bacterial and other infections.

Chitosan (CHI) is especially interesting as the only
natural polycationic polysaccharide and a biopolymer
with intrinsic antibacterial properties that make it an
excellent choice for wound dressing applications. A poly-
saccharide of natural origin, it is usually obtained by par-
tial or complete deacetylation of chitin.70 It has gained

considerable attention in biomaterials research, including
wound dressings and drug delivery,71-73 due to its
remarkable properties, such as intrinsic antibacterial
activity, biocompatibility, and biodegradability.70 As a
result of partial chitin deacetylation, CHI contains many
amino ( NH2) groups on its chain, which are subject to
protonation in acidic media, gaining positive charge and
becoming NH3

+.70 Thus, CHI is soluble in acidic, but
not in alkaline media, and its pH-dependent solubility
has been used to tailor the properties of biomaterials.
Another consequence of pH-dependent solubility is the
fact that CHI is the only natural polycation, which
enables formation of polyelectrolyte complexes with
other polymers, such as alginate. Some studies have
argued that precisely the presence of NH3

+ on chitosan
chain is the reason of its antibacterial properties, as they
allow interactions with negatively charged bacterial cyto-
plasmic membranes, disrupting their functions and inter-
fering with respiratory and other processes, which leads
to cell death.70,74-79 Chitosan has also been shown to pos-
sess the ability to promote wound healing.75,80

Due to presence of polar OH and NH2 groups,
chitosan has been identified as an efficient stabilizing
agent for metallic nanoparticles, and many research works
were dedicated to obtaining chitosan-based biomaterials
containing AgNPs.12,81-83 What is more, CHI is also a mild
reducing agent, thus enabling green synthesis of AgNPs
without other chemical reducents.84 However, one draw-
back of pure chitosan hydrogels is the fact that they have
poor mechanical properties, especially those prepared by
physical cross linking methods.70 For this reason, chitosan
is rarely used in pure form, rather it is utilized to form
blends with other polymers, such as alginate or PVA.85,86

PVA/CHI blends are especially interesting as the presence
of PVA facilitates physical hydrogel formation through
freezing-thawing and provides structural integrity to the
matrix, whereas chitosan improves antibacterial properties
and enables better immobilization of AgNPs inside the
hydrogel.34 However, of course, chitosan has been success-
fully utilized in combination with other polymer materials
to prepare wound dressings with improved properties.
Table 1 represents an overview of some chitosan-based
wound dressing systems incorporating silver nanoparticles
as an antimicrobial agent. One thing that particularly
stands out from the data presented in Table 1 is certainly
the vast versatility of chitosan as a wound dressing mate-
rial. The production of the hydrogel can be achieved via
different methods, and chitosan is most frequently applied
as a blend, or a copolymer with different polymeric mate-
rials, such as gelatin,87-89 dextran,90 alginate,91,92

hyaluronic acid,93 polyacrylamide,94 or PVA36,95,96; how-
ever, some studies report free-standing AgNP-containing
pure chitosan hydrogels.97-100 The versatility of possible
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TABLE 1 Overview of some recent chitosan-based wound dressing hydrogels with AgNPs, with comparisons of the different synthesis

methods, antibacterial, and other biological properties

Hydrogel
Other
component(s)

AgNPs synthesis
method

Antibacterial
activity

Other biological
validations References

Chitosan-Ag None Chemical synthesis
with Na3C6H5O7

3.0 g/mL AgNP -
99.86 ± 0.12% and
99.94 ± 0.10%
inhibition against E
coli and S aureus

In vivo wound
contraction >99%
after 14 days

[97]

Chitosan-Ag None Chemical synthesis
with gallic acid;
subsequent mixing
with chitosan

Antibiofilm against
MRSA (100 ppm
AgNP, 6-log
reduction) and
Pseudomonas
aeruginosa
(1000 ppm AgNP,
3-log reduction)

Dose dependent
cytotoxicity toward
human fibroblasts
(75% viability at
500 ppm AgNP)

[98]

Chitosan-Ag
microspheres

Ibuprofen Ag+ adsorption on
CHI microspheres,
reduction with
Na3C6H5O7

10 mm zones of
inhibition against E
coli and S aureus

/ [101]

Thiolated CHI/
Dextran/AgNP

Maleic acid-modified
dextran blend with
CHI (CNDM)

NaBH4 reduction;
subsequent mixing
with polymers

LIVE/DEAD assay,
against S. aureus
and P. aeruginosa;
almost 100% effect
after 1 hour;
synergstic
AgNP@CNDM
(762 μg AgNP)
action

Accelerated diabetic
wound healing in
vivo; NIH 3T3 cells
viability >80%,
lower cytotoxicity
than pure AgNPs

[90]

Chitosan-AgNP none Biosynthesis using
the biomass of F
verticillioides ASU1
fungus; surface-
coated AgNPs
loaded into
chitosan hydrogels

MBC: 7.50, 3.75, and
7.50 μg/mL against
MSSA, MRSA and
E coli, respectively
(10 mM coated
AgNPs);

Inhibition zones:
≈20 mm (MSSA,
MRSA), ≈15 mm (E
coli) for CHI-AgNP
hydrogel

/
(Na-CMC in vivo
wound healing
100% after 10 days)

[99]

AgNPs-chitosan-L-
glutamic acid/
hyaluronic acid

Chitosan-L-glutamic
acid copolymer;
blend with
hyaluronic acid

Direct (in situ)
reduction with
polymers in
solution

Inhibition zones: 15
to 20 mm for S
aureus and 20 to
25 mm for E coli

In vitro L929 cell
viability 75% to 80%
(24 hours);
enhanced in vivo
wound healing

[93]

Chitosan-g-
polyacrylamide

Polyacrylamide graft-
copolymer with
chitosan

Biosynthesis with
Curcuma longa
extract

>98% to 99%
reduction against E
coli and S aureus

/ [94]

Cross-linked
Chitosan/AgNP/
AuNP

TEOS cross-linked
chitosan IPN

Direct (in situ)
reduction with
polymers in
solution

Crystal violet
attachment assay
against E coli—80%
reduction in
attachment
compared to pure
CHI

/ [112]

1396 NEŠOVI�C AND MIŠKOVI�C-STANKOVI�C



TABLE 1 (Continued)

Hydrogel
Other
component(s)

AgNPs synthesis
method

Antibacterial
activity

Other biological
validations References

Chitosan/PVA/
AgNPs

PVA Microwave
irradiation

Inhibition zones:
29 mm against both
P aeruginosa and S
aureus

Reduced
inflammation and
improved wound
healing in vivo

[96]

Chitosan/Alginate-
Aloe vera-AgNPs

Alginate, Aloe vera Direct (in situ)
reduction with
polymers in gel

Inhibition zones:
≈27 mm against P
aeruginosa and S
aureus

/ [92]

Chitosan-AgNP None Glucose reduction;
microfluidic-
assisted one-step
hydrogel
microparticles
synthesis

>90% reduction
against E coli after
5 days (15 mM
AgNP); synergistic
AgNP-chitosan
effect

MCF-7 and NIH 3T3
cells MTT
cytotoxicity test:
> 80% viability up
to 1000 μg/mL

[100]

Chitosan/gelatin/
AgNPs

Gelatin NaBH4 reduction
(PVP stabilization)

Wide inhibition zones
for S aureus, no
activity against E
faecalis

MTT assay on BJ-type
dermal cells: > 90%
viability up to 5 mL
AgNPs

[87]

Chitosan-PEG-
AgNP

Blend with PEG
(glutaraldehyde
cross linked)

Direct reduction with
polymers in
solution

Inhibition zones
>20 mm; 100%
bacterial cells
reduction against E
coli and S aureus
(24 hours);
synergistic AgNP-
chitosan effect

Enhanced wound
healing in vivo;
100% wound
contraction after
12 days

[110]

Chitosan-AgNP Sanghuangporus
sanghuang
polysaccharides

Reduction and
stabilization with
Sanghuangporus
sanghuang
polysaccharides

70% to 80% bacterial
cells reduction
against against E
coli and S aureus
(25 hours);
morphology loss
and cell structure
destruction (SEM
observations)

L929 cell viability
>80% (24 hours);
improved in vivo
wound healing
compared to pure
CHI

[109]

Chitosan-AgNP PVP, alginate blend;
PEG as radical
scavenger

Gamma irradiation 100% bacterial cells
reduction against E
coli after 24 hours
(10 and 15 mM)

L929, HaCaT, and
HDFa cells viability
>80% (10 mM);
15 mM hydrogel
cytotoxic (≈50%
survival rate)

[91]

CMCh-PVA/Ag PVA; cross linking
with ECH

NaBH4 reduction in
hydrogels swollen
in AgNO3

Inhibition zones up
to 20 mm for E coli
and 23 mm for S
aureus

/ [95]

Chitosan-Ag Gelatin Reduction under
diffused sunlight
conditions

MIC: ≈20 μg/mL for E
coli; <5 μg/mL for S
aureus, P aeruginosa
and S sciuri

/ [88]

Sericin/chitosan/
AgNP

Sericin Direct reduction with
polymers in
solution

Inhibition zones:
>15 mm for S

60% in vivo wound
contraction after
14 days

[111]

(Continues)
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AgNPs syntheses routes is also impressive, with the most
common methods including chemical synthesis using
either trisodium citrate,97,101,102 ascorbic acid,103,104 or
sodium tetrahydridoborate87,95,105 as a reducing agent, but
also biosynthesis using natural extracts such as hyacinth
plant leaves,106 Combretum erythrophyllum,107 Crinum
latifolium,108 Curcuma longa,94 Fusarium verticillioides,99

or Sanghuangporus sanghuang.109 On the other hand, a
frequently-applied route to obtain silver nanoparticles is
simply mixing in a precursor (such as silver nitrate) into
the polymer solution where simultaneous reduction of
Ag+, formation of AgNPs and their stabilization takes
place,92,93,110-112 due to the well-known ability of chitosan
to reduce silver and to form a hydrogel with AgNPs at the
same time.84,113 Aside from obvious advantages of this
method being simplicity and avoidance of any reducing
agents, one disadvantage could be the long reaction times
(24 hours and more) needed to complete the synthesis.
This is where the electrochemical synthesis comes in, as it
provides an in situ and completely green method to reduce
Ag+, while also allowing for additional reduction with
chitosan to improve the yield of AgNPs in a much shorter
timeframe.34-36 All of the hydrogel formulations have
exhibited very potent antibacterial activity range against a
variety of bacteria such as Staphylococcus aureus
(both methicillin-resistant and methicillin-susceptible),
Escherichia coli, Pseudomonas aeruginosa, which was con-
firmed by various tests such as agar-diffusion, LIVE/
DEAD staining, minimum inhibitory and bactericidal con-
centration (MIC/MBC) as well as quantitative tests by cou-
nting colony forming units after exposure to tested
samples (Table 1). Several studies have even confirmed
the applicability of chitosan-based hydrogels as wound

dressings through in vivo tests that confirmed accelerated
healing of the wounds treated with these mate-
rials.93,96,97,109-111 Cytotoxicity, as an important factor for
the potential clinical use of an antibacterial material, has
also been tested against various cell lines (mostly fibro-
blasts or cancer-derived cells), and the results (where
available) are overviewed in Table 1, showing generally
good biocompatibility of chitosan-based wound dressings.
An interesting study91 also compared the antibacterial
activity and cytotoxicity effects of chitosan-PVP-AgNPs
hydrogels to some commercial silver-based wound dress-
ing materials such as ACTICOAT, Algivon, and Suprasorb
A + Ag. This research indicated that, although the com-
mercial coatings achieved the same or similar antibacterial
activity against methicillin-resistant S aureus (MRSA) and
E coli to the prepared hydrogel samples, their biocompati-
bility was much worse, and the viability of L929, HaCaT,
and HDFa cells even dropped below 20% to 30%. Thus, it
can be observed that there is a vast potential to improve
current proprietary and commercially-available wound
dressing materials with significantly better ones. These are
very good results as they indicate that the potential toxicity
of AgNPs as a potent antibacterial agent can be circum-
vented by using a lower Ag concentration and leaning on
its synergistic effect together with chitosan.36,90 Further,
the controllability of the release behavior of AgNPs from
chitosan-based hydrogels could also be an important fac-
tor, as seen in a recent article where even the hydrogels
with higher AgNPs concentration exhibited no
cytotoxicity,36 unlike previously tested PVA-based hydro-
gels without chitosan which showed serious dose-
dependent cytotoxicity with increased AgNPs content.31

This could be explained by better stabilization of AgNPs

TABLE 1 (Continued)

Hydrogel
Other
component(s)

AgNPs synthesis
method

Antibacterial
activity

Other biological
validations References

aureus and
>20 mm for E coli

Ag/PVA/CHI PVA; different CHI
contents

Electrochemical
synthesis (in situ)

100% bacterial cells
reduction against E
coli and S aureus
after 60 minutes
(0.25 mM Ag);
synergistic AgNP-
chitosan effect

MTT assay: L929,
MRC-5 viability
>90% to 100% (0.25
and 3.9 mM Ag,
48 hours)

[36]

Abbreviations: AgNP(s), silver nanoparticles; CHI, chitosan; ECH, epichlorohydrin (cross linking agent); L929, mice fibroblast cell line;
MCF-7, breast cancer cell line; MRSA, methicillin-resistant Staphylococcus aureus; MSSA, methicillin-susceptible Staphylococcus aureus;
MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (tetrazolium dye); PEG, poly(ethylene glycol); PVA, poly(vinyl alcohol);
TEOS, tetraethoxysilane (cross linking agent); MIC, minimum inhibitory concentration; MRC-5, human-origin fibroblast cell line; Na-CMC,
sodium carboxymethyl cellulose; NIH 3T3, mouse-origin fibroblast cell line.
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by chitosan and their controlled release over longer time
periods, which not only enables prolonged antibacterial
effect, but also helps curb the cytotoxicity issues.34-36

The formation of the hydrogel can be achieved by
physical or chemical cross linking, depending on the
properties of the chosen polymer(s), and the desired
properties of the obtained hydrogel, such as cross linking
degree, swelling ability, mechanical properties, and so
on. The chemical cross linking involves gelation using
chemical agents, and the obtained product is irreversible,
meaning that it is insoluble and cannot be returned to sol
state without breaking of chemical bonds. Chemical cross
linking is relatively easy and quick, and allows facile con-
trol of the obtained hydrogel characteristics.114 However,
a major problem with this method in the field of biomed-
ical materials science is the threat of toxicity when using
chemical cross linkers which are usually some organic
solvents. For example, a very well-known cross linking
agent for chitosan is glutaraldehyde, along with other
aldehyde-based cross linkers, which are toxic and must
be carefully washed out or extracted from the obtained
hydrogel.115

A viable alternative are physical cross linking
methods, which have also been shown to be very effective
and efficient for obtaining hydrogel biomaterials.114 The
main advantages of physical methods are nontoxicity of
the obtained product, as well as reversibility of the hydro-
gels, which could be easily returned back to sol state
under the right conditions, facilitating the biodegradabil-
ity of the material.114 For example, poly(vinyl
pyrrolidone) (PVP) is usually cross linked by radiation,86

yielding highly structurally and mechanically stable
hydrogels with excellent properties.116 The cross linking
is achieved by exposing the liquid polymer solution or
dispersion to gamma radiation, which causes braking of
chemical bonds within the polymer and the formation of
free radicals, and their reactions with polymer chains cre-
ate new intermolecular chemical bonds.10 Varying the
irradiation dose and other parameters enables very accu-
rate control of cross linking degree, as well as hydrogel
properties.116

On the other hand, by far the simplest physical cross
linking method is freezing and thawing, which, as the
name indicates is a facile method to obtain hydrogels of
certain polymers (such as poly(vinyl alcohol), PVA)
through several cycles of freezing and thawing.117,118

During freezing and thawing, the cross links between
polymer chains are formed through hydrogen bonding,
orientation into microcrystalline regions and by semi-
permanent entanglements.119 Thus, a physically cross
linked hydrogel matrix is formed, which can be easily ret-
urned to the sol state—for example, PVA hydrogels can
be dissolved in plain distilled water by heating to 80 to

90�C.34 However, not all polymers can form hydrogels by
this method - it has been shown that pure PVP120 hydro-
gels cannot be obtained by freezing and thawing, but
PVP and CHI hydrogel blends with PVA can.34,120,121

Apart from hydrogels, the polymer-based wound
dressings can be prepared in the form of thin films,
which involves preparation of colloid solutions or disper-
sions, addition of antibacterial component, and finally
casting and drying the solution to obtain free-standing
films. This method was used to prepare films of
PVA,29,122 CHI,123 and alginate (Alg),124 to mention
but a few.

Hydrogels and films are two of the most frequent
choices of form for polymer-based wound dressing mate-
rials, because of their facile preparation by above-
mentioned methods, and because of easy incorporation
of antibacterial agent, allowing its long-term immobiliza-
tion inside the polymer matrix, as well as sustained and
controlled release to the wound site. This review will
focus on several polymers (natural and synthetic) that
have been most widely used for electrochemically-
synthesized AgNPs stabilization and delivery—PVA,
PVP, alginate, and chitosan.

3 | ELECTROCHEMICAL
SYNTHESIS OF SILVER
NANOPARTICLES AS A GREEN
REDUCING METHOD

As mentioned above, the electrochemical synthesis of sil-
ver nanoparticles bares several advantages over other
reduction methods, including simple setup, facile control
of reaction conditions, as well as nontoxicity of the used
chemicals.

Several different methods for electrochemical synthe-
sis of AgNPs have been reported in the literature. The
first method involves the AgNPs synthesis in the colloid
solution of polymers, with subsequent preparation of the
desired form (film, hydrogel, or other),26-29,125,126 whereas
in the second route hydrogels are prepared first, then
swollen in the solution of Ag+ precursor, and subse-
quently subjected to electrical current to obtain AgNPs
synthesized in situ.30-36,127 Both methods will be briefly
explained in the following subsections.

3.1 | Galvanostatic method

The first method, performed in colloid solutions of poly-
mers with added AgNO3 as an ionic precursor, involves
synthesis in galvanostatic regime, that is, applying con-
stant current density to the working electrode over a
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short period of time.27 The principal scheme of the exper-
imental setup is shown in Figure 1A. The apparatus con-
sists of an electrochemical cell filled with the colloid
solution mixed with AgNO3 at desired concentration,
along with KNO3 which serves as a base electrolyte to
improve conductivity. The cell contains two platinum
plates serving as working and auxiliary electrodes, and a
reference electrode (eg, a saturated calomel electrode,
SCE), connected to a potentiostat used to supply constant
current density. The reaction is carried out under N2 flow
to remove the oxygen from the cell, while being con-
stantly stirred on a magnetic stirrer in order to ensure
uniformity of the concentrations in the colloid bulk. As
the electrolyte is an aqueous solution, electrochemical
reactions always include water electrolysis, that is, hydro-
gen evolution at the cathode (Equation 1) and oxygen
evolution at the anode (Equation 2). The working elec-
trode is a cathode; therefore the synthesis of AgNPs is
achieved via cathodic reduction of silver ions
(Equation 3). When the galvanostatic electrochemical
synthesis is performed in aqueous solution around neu-
tral pH and in the absence of stabilizing agents, the ther-
modynamically favored process is the electrochemical

deposition of a macroscopic Ag layer on the cathode sur-
face.27,29,128 This process is of course undesirable as it
prevents formation and dispersion of AgNPs, and dimin-
ishes their yield in the solution. Therefore, in order to
prevent this bulk cathodic deposition and to achieve a
stable AgNP dispersion, stabilization agents are added—
the electrolyte is therefore an aqueous colloid solution
of a polymer such as PVA or alginate.27,29 It has also
been shown that other anodic side-reactions could occur
due to the presence of polymers in the electrolyte, for
example, to include oxidation of polymer components
and their slight deposition on the anode surface, beside
the oxygen evolution reaction.26,125 On the cathode how-
ever, the reactions are the same, that is, hydrogen evolu-
tion (Equation 1) and silver reduction (Equation 3). But
now, due to the presence of stabilizing agents, the Ag
atom clusters that form at the cathode can interact with
polymer chains and move into the solution,27,29,128

which is why the synthesis is usually performed in an
electrochemical cell with continuous stirring—to
achieve uniform mass transfer and homogeneous distri-
bution of the synthesized AgNPs across the electrolyte
volume.

FIGURE 1 Schematic representation of the electrochemical synthesis of silver nanoparticles in polymer-based colloid solutions,

hydrogels and films: A, galvanostatic method, B, constant-voltage method [Color figure can be viewed at wileyonlinelibrary.com]
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2H3O+ + 2e – !H2 +2H2O ð1Þ

2H2O!O2 +4H+ +4e – ð2Þ

nAg+ +ne – ! Agð Þn ð3Þ

Thus obtained colloid contains AgNPs which are
shielded by polymers in the solution and are stable for
long time periods. The colloid can then be cast into
films,29 extruded to microbeads,26,28,125 and microfibers,51

or cross linked to form hydrogels.28,29 This method has
been used to obtain nanocomposites of different poly-
mers, such as alginate,26,28,125 PVP,120 PVA,29 and their
blends.120

3.2 | Constant-voltage method

The second electrochemical route of AgNPs synthesis
involves first preparing the hydrogel by some of the above-
mentioned cross linking methods, followed by swelling of
the obtained hydrogel in the AgNO3 solution (with KNO3

added to improve the electrical conductivity, as explained
above). Equilibrium-swollen hydrogel is then placed
between two platinum plates (working and counter elec-
trodes) in a glass electrochemical cell, depicted in Figure 1B.
The electrodes are connected to a DC power source, which
supplies a constant voltage needed for the electrochemical
synthesis of AgNPs. Thus, the swollen hydrogel serves as an
electrolyte, and as the AgNO3 swelling medium is an aque-
ous solution, the main reaction is again water electrolysis,
described by Equations (1) and (2). The synthesis of AgNPs
takes place by the reduction of Ag+ ions; however the pro-
cess itself is likely slightly different than in the first method.
As the hydrogel can be viewed mostly as a solid electrolyte,
the reduction of silver ions by electrical current is most
likely to result in a deposition of a bulk Ag layer on the
cathode surface (Equation 4).33 This is of course undesir-
able, as the deposition of silver on platinum surface inevita-
bly depletes the hydrogel of silver ions and lowers the yield
of the synthesis.33-35 This is why the polarity of the elec-
trodes during the synthesis is often reversed, as upon the
polarity reversal the cathode becomes an anode, the bulk
Ag layer on its surface is dissolved and the Ag+ ions are
replenished inside the hydrogel.33-35 Further, due to inten-
sive hydrogen evolution on the cathode (Equation 1), the
most likely formation of AgNP nucleation sites is achieved
via reduction with H2 molecules inside the hydrogel
(Equation 5).129

Ag+ + e – ! Agð Þbulk ð4Þ

2Ag+ +H2 ! 2 Agð Þnp + 2H+ ð5Þ

The AgNPs obtained by this method are stabilized
inside the hydrogel matrix by interactions with polymer
chains and incorporation in the matrix pores, which
enables their long-term stabilization. The constant-
voltage in situ electrochemical method was used to
obtain AgNP-hydrogel nanocomposites with PVP,130,131

PVA,30-32 and PVA/CHI.33-35 Figure 2 depicts the repre-
sentative synthetic workflow for the preparation of
PVA/CHI hydrogels and the constant-voltage electro-
chemical synthesis of AgNPs to obtain Ag/PVA/CHI
hydrogels.36 It should also be mentioned that potential
drawbacks of electrochemical synthesis methods could
comprise difficulties revolving around the process scale-
up for commercial scope, as well as potential electricity
costs, which could be avoided through careful process
optimization and further research in this area.

4 | POLYMER-BASED WOUND
DRESSINGS WITH
ELECTROCHEMICALLY
INCORPORATED SILVER
NANOPARTICLES AND THEIR
PROPERTIES

For either of the two above explained methods, the success
rates of electrochemical synthesis, as well as the properties
of the obtained silver nanoparticles and the wound dress-
ing material itself, depend strongly on the type of polymer
and its structure and form. For example, it has been
shown that the yield of in situ electrochemical synthesis of
AgNPs was increased in poly(vinyl alcohol)/chitosan/
graphene (PVA/CHI/Gr) hydrogel, compared to poly(vinyl
alcohol)/graphene (PVA/Gr) hydrogel without chitosan,33

and the concentration of AgNPs in the hydrogel was
higher with increased chitosan content.33,34 In this section,
we aim to review the existing research on wound dressing
materials with electrochemically synthesized silver
nanoparticles and to compare their properties with a spe-
cial focus on the concentration and characteristics of
AgNPs and their biological properties.

Of course, different experimental conditions, such as
the parameters of electrochemical synthesis and the con-
centration of the AgNO3 precursor, would be expected to
have a profound impact on structure-property relation-
ships of the obtained AgNPs. For example, the
Ag/alginate (Ag/Alg) microbeads26,28 were obtained by
the galvanostatic method, whereby the AgNPs were syn-
thesized in the alginate colloid solution, which was
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extruded through a stainless steel needle, carrying a posi-
tive electrostatic charge (6-8 kV), into the Ca(NO3)2 gel-
ling bath.26,28 This innovative method allowed obtaining
Ag/Alg microbeads of controlled size and shape.27,125 The
electrochemical synthesis of AgNPs was performed by
applying a constant current density of 50 mA cm−2,
implemented during 10 minutes.26,28 On the other hand,
Ag/PVA and Ag/PVA/Gr colloid solutions29 were
obtained galvanostatically at 40 mA cm−2 during
30 minutes. Concerning the in situ electrochemical syn-
thesis inside the hydrogel matrix, the experimental condi-
tions for the synthesis of nanocomposite Ag/PVA,
Ag/PVA/Gr, Ag/PVA/CHI, and Ag/PVA/CHI/Gr hydro-
gels were optimized at constant voltage of 90 V, with
4 minutes implementation time30,31,33,34 whereas the
Ag/PVP hydrogels were synthesized at 200 V during
4 minutes.130

The first confirmation of successful incorporation of
AgNPs and an estimate of their size and concentration
is certainly UV-visible (UV-vis) spectroscopy, as AgNPs
are well known for their optical properties, giving rise to
distinct surface plasmon resonance (SPR) absorption
band around 400 nm. Some representative UV-vis spec-
tra of AgNPs synthesized in different polymer carriers
are illustrated in Figure 3.28,29,36,130 The SPR band
appears in UV-vis spectra of AgNPs as a consequence of
their interaction with incident light, resulting in dis-
placement of charges and polarization of the
nanoparticles.132 The position, shape, and intensity of
the SPR band depend strongly on the shape and size of
AgNPs themselves, as well as on the dielectric properties
of the surrounding medium.132 Further, the UV-vis

spectrum could indicate the extent of agglomeration of
AgNPs, as the larger particles and agglomerates give rise
to bands at higher wavelengths (>500 nm).24 This par-
ticular optical property of AgNPs has often been utilized
to evaluate their concentration and size after electro-
chemical synthesis in colloid solutions or hydrogels. A
comparison of the intensities (maximum absorbance,
Amax) of the SPR bands in wound dressing materials
based on different polymers is presented in
Figure 4.26,28,29,33,36,51,130,131 The data presented in
Figure 4 depict clear differences among the yields of
electrochemical synthesis and the variations are clearly
dependent on the form of the material (colloid solution,
microbeads, microfibers, or hydrogels).

As an illustration of the influence of implemented volt-
age on the synthesis success rate, the data in Figure 4 is
presented for Ag/PVP hydrogels synthesized at 200130 and
150 V131; the former clearly exhibiting higher maximum
absorbance of the SPR peak, indicating higher concentra-
tion of AgNPs with increased applied voltage. Similarly, as
already mentioned, the increase in chitosan content in
Ag/PVA/Gr, Ag/PVA/0.1CHI, Ag/PVA/0.5CHI,
Ag/PVA/0.1CHI/Gr, and Ag/PVA/0.5CHI/Gr hydrogels
caused increased AgNPs concentration.33,36 Interestingly
though, the presence of graphene also caused increase in
AgNPs concentration, which is clearly visible comparing
Ag/PVA/0.1CHI and Ag/PVA/0.5CHI with Ag/PVA/
0.1CHI/Gr and Ag/PVA/0.5CHI/Gr hydrogels (Figure 4).
It was shown before that graphene (or graphene oxide)
could be successfully employed as dispersion agent to sup-
port AgNPs as it can affect their formation and stabiliza-
tion inside polymer matrices.133-135

FIGURE 2 Schematic representation of the Ag/PVA/CHI hydrogel synthesis. Reprinted with permission from Reference 36 © 2019

Elsevier [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 3 Representative UV-vis spectra of AgNPs synthesized in: A, alginate microbeads (Reprinted with permission from Reference

28 ©2014 Elsevier), B, PVP hydrogel (Reprinted with permission from Reference 130 ©2014 Wiley), C, PVA and PVA/Gr hydrogels

(Reprinted with permission from Reference 29 ©2016 Elsevier) and D, PVA/CHI hydrogels (Reprinted with permission from Reference 36

©2019 Elsevier) [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 4 Comparison of the

absorbance (Amax) of the UV–vis
plasmon resonance absorption maxima

of silver nanoparticles in different

polymer matrices. Data obtained from

References 26,28,29,33,36,51,130,131
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More comprehensive indication of AgNPs size, shape
and morphology is transmission electron microscopy
(TEM). The TEM micrographs of silver nanoparticles
(Figure 5) in Ag/PVA and Ag/PVA/Gr colloid dispersions
showed sphere-like morphologies of AgNPs with sizes in
the range 10 to 40 nm,29 whereas the AgNPs in Ag/Alg
colloids and microbeads were found to be spherical with
10 to 30 nm diameters.26 It is well known that the size of
AgNPs strongly affects their antibacterial properties—the
smaller the nanoparticles, the stronger antibacterial effect
they exhibit.136 AgNPs incorporated in Ag/PVA/CHI and
Ag/PVA/CHI/Gr hydrogels (Figure 5C,D) were also char-
acterized by high-resolution TEM (HRTEM) and they
were found to vary in size, with larger nanoparticles in
the range of 10 to 20 nm, but with much smaller AgNPs
present, even down to ≈2 to 5 nm for Ag/PVA/0.5CHI/
Gr hydrogels.35,36

Another optical technique, dynamic light scattering
(DLS), is a reliable method to evaluate the statistical dis-
tribution of silver nanoparticle sizes, that is, their hydro-
dynamic diameter in polymer dispersions. Figure 6

represents the comparison of Z-average hydrodynamic
diameters, DH, for four types of hydrogels—3.9Ag/
PVA/0.1CHI, 3.9Ag/PVA/0.5CHI, 3.9Ag/PVA/0.1CHI/
Gr, and 3.9Ag/PVA/0.5CHI/Gr.35,36 From Figure 6, it can
be observed that the nanoparticle sizes were smaller than
10 nm in the case of all four samples, which is highly
favorable for antibacterial efficiency of the obtained
hydrogel wound dressings, as the antibacterial properties
of AgNPs are well known to be strongly size-depen-
dent.137,138 There was no noticeable effect of Gr on the
nanoparticle size distribution; however, the effect of CHI
content is obvious, as the hydrogels with 0.5 wt% CHI
exhibited smaller DH (≈6 nm), compared to those with
0.1 wt% CHI (7-8 nm).35,36

An important, and often quite difficult to determine,
property of AgNP-containing hydrogel materials is cer-
tainly the distribution of AgNPs along the hydrogel
matrix. The aim is generally to obtain uniformly-
distributed AgNPs, which is quite important for many
characteristics of wound dressings, such as antibacterial
activity and silver release. Usually, the spatial

FIGURE 5 Representative TEM micrographs of AgNPs in: A, Ag/alginate microbeads (reprinted with permission from Reference 26

©2019 Elsevier), B, Ag/PVA/Gr hydrogel (reprinted with permission from Reference 29 ©2019 Elsevier), C, Ag/PVA/0.5CHI hydrogel

(reprinted with permission from Reference 36 ©2019 Elsevier) and (D) Ag/PVA/0.5CHI/Gr hydrogel (reprinted with permission from

Reference 35 ©2019 Elsevier)
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distribution of AgNPs can be evaluated by microscopic
techniques, such as scanning electron microscopy.139

Jovanovic et al130 took an interesting approach, where
the top layers of Ag/PVP hydrogels (with electrochemi-
cally synthesized AgNPs) were cut off and the remaining
discs were analyzed by cyclic voltammetry in order to
confirm uniform distribution of nanoparticles along the
hydrogel volume. Other than the spatial distribution, size
distribution of AgNPs is another important factor to con-
sider for silver-loaded wound dressings. The size distribu-
tion of AgNPs can be determined using TEM analysis,
but DLS measurements also provide more statistically-
relevant average size values and size distributions. The
size distribution of electrochemically synthesized
(galvanostatic method) AgNPs in Ag/Alg colloid solu-
tions and hydrogels was evaluated by TEM imaging and
the distribution was found to be fairly narrow for colloids
and hydrogels based on low-viscosity alginate, in the 3 to
18 nm range, with average values around 8 to 9 nm.140

On the other hand, medium-viscosity alginate hydrogels
and colloids contained a broader AgNPs size distribution
(3-28 nm), with larger average particle diameters
(9-12 nm),140 indicating that the choice and properties of
the polymer matrix play an important role in controlling
the AgNPs characteristics. Similar results were obtained
for chitosan-containing hydrogels, which were analyzed
by DLS as also discussed above. The statistically-aver-
aged, intensity-weighted size distributions of electro-
chemically synthesized AgNPs (constant-voltage method)
in 3.9Ag/PVA/0.1CHI, 3.9Ag/PVA/0.5CHI, 3.9Ag/
PVA/0.1CHI/Gr, and 3.9Ag/PVA/0.5CHI/Gr hydrogels,
were found to be monomodal, and quite narrow in the
2 to 11 nm range.35,36 Interestingly though, volume-
weighted AgNP size distribution in the 3.9Ag/

PVA/0.5CHI/Gr hydrogel was found to be actually
bimodal—87.0% by volume were in the 1.76 nm group,
whereas the rest were in the 8.22 nm group.35 These
results could suggest a strong influence of both graphene
presence and chitosan content on AgNPs size, stability
and size distribution. Finally, the electrochemically-
synthesized AgNPs size distributions in Ag/PVP hydrogel
discs were evaluated using scanning electron microscopy,
and the obtained results indicated broader distribution
(40-120 nm) with average size around ≈75 nm,130

highlighting again the importance of the role the polymer
plays in controlling this particular property of AgNPs.

Based on the discussion provided above, it can be
concluded that the electrochemical synthesis methods
enable facile and efficient control of the AgNPs yield, that
is, their concentration in the obtained wound dressing
material, as well as their sizes and size distributions, by
varying different parameters of the synthesis (such as the
synthesis mode, that is, constant-voltage or galvanostatic,
implementation voltage, or current and time). The prop-
erties of the obtained AgNPs can also be controlled and
tailored through careful and adequate choice of polymers
and/or blends that make up the dressing material, which
demonstrates the versatility of the electrochemical AgNP
synthesis routes.

4.1 | Mechanical properties

An important characteristic of wound dressing materials
are certainly mechanical properties, especially in the
long-lasting wound treatment conditions, where deterio-
ration of the dressing material would lead to worsened
barrier properties of the dressing. Therefore, it is crucial
that the dressing be able to endure the loads under real
usage conditions, and exhibit good mechanical proper-
ties, such as high elastic and/or compressive strength and
modulus. It is also desirable that these properties mimic
those of the skin tissue in vivo, in order to avoid mis-
match of the elastic properties of the dressing and the
surrounding skin, and to exert minimal distress on
the newly-formed epidermis around the wound.141 The
in vivo torsion tests, performed on different samples of
human skin (male and female, different age groups),
indicated the orders of magnitude for tensile properties—
0.42 to 0.85 MPa for Young's elastic modulus, with
increase in these values (correlated with increased skin
rigidity) observed in older age groups.142

Graphene, which is often utilized as a mechanical
strength-improving filler, was shown to improve tensile
properties of wound dressings with electrochemically
synthesized AgNPs—Ag/PVA/Gr films exhibited higher
tensile strength (141.1 ± 0.4 MPa) as well as Young's

FIGURE 6 Comparison of the Z-average nanoparticle sizes

(hydrodynamic diameters, DH) extracted from DLS data for

different hydrogels35,36 [Color figure can be viewed at

wileyonlinelibrary.com]
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elastic modulus (0.701 ± 0.039 GPa), compared to
Ag/PVA (tensile strength 121.2 ± 2.5 MPa, Young's elas-
tic modulus 0.309 ± 0.059 GPa),29 indicating that the
addition of graphene caused improved strength of the
films, but decreased elasticity. On the other hand, tensile
strength of Ag/PVA/Gr films was slightly lower in
comparison with PVA/Gr film without AgNPs
(177.9 ± 4.8 MPa122), indicating that silver loading could
impact the mechanical properties of the wound dressings,
presumably due to the binding to the polymer matrix
causing slight rigidity and decreasing mechanical capabil-
ities. Further, films with chitosan exhibited notably lower
tensile strength (30.7, 22.6, and 78.0 MPa for
PVA/0.1CHI, PVA/0.5CHI, and PVA/0.5CHI/Gr, respec-
tively), as well as Young's elastic modulus (21.4, 14.0, and
121.7 MPa, respectively),35 compared to those without
chitosan as outlined above, underlining the effect of
chitosan on the mechanical behavior of wound
dressings—causing higher brittleness but improved elas-
ticity. However, all of the above-mentioned Young's elas-
tic modulus values remained close to or higher than
those measured for human skin in vivo (0.4-0.8 MPa142)
pointing to strong potential of different polymer mate-
rials to successfully protect the wounds long term.

Another method to evaluate the mechanical proper-
ties of wound dressing materials is bioreactor evaluation
that is an in vitro method to mimic more closely in vivo
conditions,22,28 that is, to evaluate the mechanical behav-
ior of materials under dynamic compression close to that
in physiological conditions. PVP and Ag/PVP hydrogels
were evaluated under these conditions, and it was found
that the presence of AgNPs led to a slight decrease in
elasticity of Ag/PVP hydrogel (dynamic compression
modulus 48.4 kPa), compared to PVP (dynamic compres-
sion modulus 37.6 kPa), whereas the compression stress
was found to be a linear function of the applied strain.130

Further, the equilibrium unconfined compression moduli
(which were obtained in the bioreactor at sequential
increments of 50 μm displacement while allowing
30 minutes pause between the increments to reach equi-
librium) were measured for PVP (26-27 kPa) and Ag/PVP
hydrogel discs (30-55 kPa),10 and the general trend
observed was the same when it comes to the influence of
AgNPs loading on the polymer matrix. Similar results
were obtained for of Ag/alginate discs as well as packed
microbead beds, with equilibrium unconfined compres-
sion moduli values being 9.4 and 31.6 kPa,
respectively.128,143

The results of the above-discussed research works cer-
tainly showed that mechanical and elastic properties of
wound dressing materials could vary with respect to dif-
ferent polymers and their contents, as well as due to the
influence of AgNPs loading; however they also confirmed

that these materials with electrochemically synthesized
AgNPs exhibited good mechanical behavior and elastic-
ity, and could therefore be seriously considered for long-
lasting wound dressing materials.

4.2 | Swelling and silver release
properties

An important property of hydrogel for wound dressing
applications is its swelling behavior, as it influences the
exudate sorption characteristics, as well as the ability to
maintain the local moisture and to prevent excessive dry-
ing of the wound. Therefore an unavoidable part of any
hydrogel wound dressing research is swelling study. Usu-
ally, the swelling properties for prospective wound dress-
ing materials are evaluated in simulated physiological
conditions, that is, in one of the biologically-relevant
saline media and at 37�C. The most frequently evaluated
parameters are sorption curves and diffusion coefficients
of the swelling medium through the hydrogel matrix.
The Dmedium values are usually calculated by fitting the
sorption curves with some literature model listed in
Table 2. In Table 3, a comparison of diffusion coefficients
of the swelling medium (Dmedium) is presented for differ-
ent hydrogels (with and without AgNPs) based on
poly(vinyl pyrrolidone), poly(vinyl alcohol), and
chitosan.

Comparing the diffusion coefficients, Dmedium, of the
swelling medium through the hydrogel matrix, a clear
trend was observed for hydrogels made from different
polymers (Table 3). The order of magnitude of Dmedium

for PVP-based hydrogels was ≈10−4 cm2s−1,130 it
decreased to ≈10−6 cm2s−1 for Ag/PVA and Ag/PVA/
Gr,31 and finally decreased again to ≈10−8 cm2s−1 for
chitosan-containing hydrogels.34,35 The decrease of the
swelling medium diffusion coefficients could indicate
slower swelling of the hydrogels, which could be due to
higher cross linking degree of the polymer matrix, caus-
ing slower uptake of the swelling medium, which is usu-
ally some physiologically-relevant buffer solution.

While the variations in Dmedium values indicated dif-
ferences in the hydrogel matrix properties and their dif-
ferent swelling behavior, it should also be noted that they
were obtained based on the appropriate swelling models.
Specifically, in order to calculate diffusion coefficient, the
sorption curves must be fitted with some theoretical
model, based on Fick's diffusion law(s). The most fre-
quently used model is an early-time approximation
(ETA),130,144 which allows the Dmedium calculation from
the slope of a reduced sorption curve (ie, dependence of
fraction of absorbed medium vs square root of time). This
method was used to calculate Dmedium for PVP, Ag/PVP,
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Ag/PVA, and Ag/PVA/Gr hydrogels.31,130 On the other
hand, Ritger and Peppas145 have proposed a modified
equation for ETA model (Table 2), which is more appro-
priate for swelling of thick hydrogel discs. An illustration
of the differences between the standard and modified
ETA models is shown in Figure 7,35 and shows that the
modified ETA extends the predictability of swelling
behavior up to 90% of swelling. Conversely, late-time
approximation is often used to model the swelling behav-
ior at the last 40%.144,146,147 Even more appropriate model
is the Etters equation (Table 2),146 which encompasses
the entire swelling period, and which was used to obtain
the Dmedium for chitosan-containing hydrogels.35

An important property of hydrogel wound dressings,
especially from antibacterial application standpoint, is
certainly silver release behavior. Several representative
silver release profiles for different hydrogel formulations
(Ag/PVP, Ag/PVA, Ag/PVA/Gr, and Ag/PVA/CHI/Gr)
are depicted in Figure 8. All of the AgNPs-containing
hydrogels exhibited particular release profiles, specifically
“burst release” in the initial period, followed by reaching
a plateau of slower release up to 28 days.28-31,34,35,130 The
initial fast release of the antibacterial agent is certainly
favorable in the sense that it helps achieve immediate ste-
rility of the wound and prevents the formation of biofilm,
whereas the later slower release ensures that sterility and
antibacterial properties of the dressing are maintained for
a long period of time.148,149 On the other hand, the dura-
tion of the initial “burst” period dictates the frequency of
dressing replacement, and thus it is desirable that this
initial period last as long as possible, in order to minimize
the need for frequent replacement, all the while ensuring
that potent antibacterial properties are retained. For
example, the plateau for Ag/PVP,130 Ag/PVA, and
Ag/PVA/Gr29-31,130 hydrogels was reached after 3 to
4 days, whereas for chitosan-containing hydrogels34,35

this period was extended up to 5 to 7 days due to stabili-
zation of AgNPs by interactions with chitosan (Figure 8).

This indicated that the presence of chitosan improved the
release properties of PVA-based hydrogels.

Of course, the problem of potential cytotoxicity is
always a concern when AgNPs are used as antibacterial
agents, therefore this must be taken into account when
analyzing the release profiles, especially in the initial
“burst” period. A good indication of the amount of
released silver is the percentage of release after 48 hours,
and the comparison of these data for different hydrogels
is presented in Table 4. As can be observed, the propor-
tion of the released silver with respect to initial concen-
tration of AgNPs depends on the type of polymer, as well
as the concentration of AgNPs themselves. For example,
Ag/Alg microbeads released up to 50% of silver during

TABLE 2 The most frequently used models for swelling data fitting and calculation of medium diffusion coefficients

Name of the model Equation Range of use References

Standard ETA qt
qeq

= 4 DETAt
π δ2

� �1=2 <60% swelling [144,147]

Modified ETA qt
qeq

= 4 DETA t
π r2

� �1
2−π DETA t

π r2
� �

− π
3

DETA t
π r2

� �3
2

+ 4 DETA t
π δ2

� �1
2− 2r

δ ½8 DETA t
π r2

� �
−

– 2π DETA t
π r2

� �3=2− 2π
3

DETA t
π r2

� �2 �

Up to 80% to 90% swelling [35,36,145]

LTA qt
qeq

= 1− 8
π2 exp − DLTA π2 t

δ2

� �
>60% swelling [144,146,147]

Etters qt
qeq

= 1−exp −k D t
δ2

� �ah i1=b
Entire range [144,146,147]

TABLE 3 Diffusion coefficients of medium during swelling of

different hydrogels at 37�C

Sample Dmedium (cm2 s−1) References

PVP 1.23 × 10−4 [130]

Ag/PVP 1.33 × 10−4 [130]

Ag/PVA 6.10 × 10−6 [31]

Ag/PVA/Gr 7.80 × 10−6 [31]

PVA/0.1CHI 1.80 × 10−8 [36]

PVA/0.5CHI 3.53 × 10−8 [36]

PVA/0.1CHI/Gr 3.12 × 10−8 [34,35]

PVA/0.5CHI/Gr 3.53 × 10−8 [34,35]

0.25Ag/PVA/0.1CHI 0.828 × 10−8 [36]

0.25Ag/PVA/0.5CHI 0.738 × 10−8 [36]

3.9Ag/PVA/0.1CHI 1.42 × 10−8 [36]

3.9Ag/PVA/0.5CHI 2.20 × 10−8 [36]

0.25Ag/PVA/0.1CHI/Gr 1.74 × 10−8 [34,35]

0.25Ag/PVA/0.5CHI/Gr 2.36 × 10−8 [34,35]

3.9Ag/PVA/0.1CHI/Gr 0.940 × 10−8 [35]

3.9Ag/PVA/0.5CHI/Gr 0.983 × 10−8 [35]
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the first 2 days,28 whereas the Ag/PVP hydrogel (obtained
by in situ constant-voltage electrochemical reduction in
hydrogel preswollen in 3.9 mM AgNO3 solution) released
≈60% of initial AgNPs.130 Further, Ag/PVA and Ag/PVA/
Gr hydrogels, obtained by galvanostatic reduction in col-
loid solution, followed by hydrogel cross linking, released
less than 20% in the initial 2 days,29 while the same
hydrogels, obtained by in situ electrochemical synthesis
in the hydrogel released ≈25% in the same period.31

Moreover, the same Ag/PVA and Ag/PVA/Gr hydrogels,
with AgNPs synthesized at constant voltage in the hydro-
gel swollen in higher concentration of AgNO3 (1.0 mM),
released even higher amounts of silver, that is, 48% and
63%, respectively.30 Similar trend was observed for
chitosan-containing hydrogels, where 0.25Ag/
PVA/0.1CHI/Gr (0.25 mM AgNO3 swelling solution)
released lower amount of Ag in 48 hours (≈22%),34 com-
pared to 3.9Ag/PVA/0.1CHI/Gr (≈60%).35 The effect of
chitosan content on the stabilization of AgNPs was
clearly visible here—the hydrogels with more CHI
(0.5 wt%) released much lower amounts of silver in
48 hours (≈12% for 0.25Ag/PVA/0.5CHI/Gr34 and ≈28%
for 3.9Ag/PVA/0.5CHI/Gr35), compared to those with
0.1 wt% CHI. Also, hydrogels without graphene exhibited
similar trends, with 0.25Ag/PVA/0.1CHI and 0.25Ag/
PVA/0.5CHI both releasing around 20% of silver,
whereas the hydrogels with higher AgNP content (3.9Ag/
PVA/0.1CHI and 3.9Ag/PVA/0.5CHI) exhibited faster
release, with 43% and 36% of silver released after
48 hours, respectively.36 The slower initial burst release is
favorable, as mentioned above, as it alleviates the danger

of cytotoxicity, while allowing for higher amount of
antibacterial agent to be released in the later period, thus
maintaining the dressing sterility for a longer time.

Similarly to swelling properties, the diffusion coeffi-
cients of Ag through the hydrogel matrix (DAg) are a good
indication of the release behavior. Release profiles could
be fitted with many different mathematical models in
order to evaluate the kinetics of silver release and to cal-
culate these diffusion coefficients. Among the most
widely-used models are early-time approximation
(ETA),145 Korsmeyer-Peppas,150,151 Kopcha,152 and
Makoid-Banakar,144,153 as well as by the well-known
kinetic models (zero-, first-, second-order, etc.)127,154 that
can help elucidate the kinetics of release. An overview of
the most frequently-used models of silver release from
different polymer carriers is provided in Table 5. The sil-
ver release from different hydrogels was generally found
to comply with Fick's law of diffusion,31,34,35,130 and the
DAg data for different systems are presented in Table 6.
Data represent release at 37�C, in a physiological buffer.
From the presented data, it could be observed that DAg

values were quite similar among different hydrogels, with
the orders of magnitude between 10−8 and 10−10 cm2 s−1.
Ag/PVP hydrogels exhibited slightly lower diffusion coef-
ficient (1.64 × 10−10 cm2 s−1),130 compared to other
samples. The influence of chitosan was evident, as
chitosan-containing hydrogels exhibited lower DAg

(Table 6) compared to Ag/PVA/Gr (10.9 × 10−8 cm2 s−131).
Further, DAg was smaller with increased chitosan content
(1.22 × 10−9 cm2 s−1 for 0.25Ag/PVA/0.5CHI/Gr, com-
pared to 3.63 × 10−9 cm2 s−1 for 0.25Ag/PVA/0.1CHI/

FIGURE 7 Comparison of different ETA models of swelling on the example of A, PVA/0.1CHI/Gr and B, PVA/0.5CHI/Gr hydrogels.

Reprinted with permission from Reference 35 © 2019 Elsevier

1408 NEŠOVI�C AND MIŠKOVI�C-STANKOVI�C



Gr34 and 0.723 × 10−8 cm2 s−1 for 3.9Ag/PVA/0.5CHI/Gr,
compared to 8.41 × 10−8 cm2 s−1 for 3.9Ag/PVA/0.1CHI/
Gr35). This confirmed improved stabilization of AgNPs by
interaction with chitosan macromolecules in the
hydrogel.

The release behavior of different AgNP-loaded mate-
rials is likely to also be influenced by the properties of sil-
ver nanoparticles themselves, such as their sizes, size
distributions, and distributions along the polymer matri-
ces, as well as their shape and morphology. It has been
established that size and shape of AgNPs directly affect
their silver ion release kinetics, that is, oxidative dissolu-
tion in aqueous media—smaller nanoparticles with
higher surface areas and therefore more reactive surfaces
undergo faster dissolution.155 However, it was also
established that many AgNPs properties could be tailored

and controlled by the means of interactions with polymer
matrix,156 that is, through selecting different polymers as
carriers, as the polymer matrix can play a significant role
in release kinetics.157 This is clearly also the case with
electrochemically synthesized AgNPs, as can be observed
from Table 6—the lowest Ag release diffusion coefficient
was observed for PVP-based hydrogels, followed by
chitosan containing ones, and DAg values were the
highest for pure PVA-based (Ag/PVA and Ag/PVA/Gr)
hydrogels. This can be explained by the interactions of
AgNPs with different macromolecules in the polymer
matrix, that is, the strongest interactions were achieved
with PVP (which is a known AgNPs capping agent),
whereas PVA alone is the weakest AgNP stabilizer. The
interactions with chitosan could be used to tailor the
release behavior, as the hydrogels with more CHI

FIGURE 8 Representative silver release profiles for A, Ag/PVP (reprinted with permission from Reference 130 ©2014 Wiley), B,

Ag/PVA and Ag/PVA/Gr (Reprinted with permission from Reference 31 ©2016 Elsevier), and C, Ag/PVA/CHI/Gr hydrogels (Reprinted

with permission from Reference 34 ©2019 Elsevier)
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(ie, 0.5 wt%) exhibited slower release and lower slope of
the burst release period (Tables 4 and 6 and Figure 8)
—allowing for longer overall sustained release. The effect
of the interactions between the nanoparticles and the
polymer matrices could also be examined on the example
of chitosan-containing hydrogels. TEM examination of

AgNPs inside 3.9Ag/PVA/0.1CHI and 3.9Ag/
PVA/0.5CHI hydrogels revealed that the AgNPs were
more defected with rough surfaces and edges in the lat-
ter sample, that is, the one with higher CHI content.36 It
could be expected that these nanoparticles would
undergo faster dissolution and faster release, due to sur-
face reactivity, as other research indicated.155 However,
this did not happen and the release was clearly slower
from 0.5 wt% CHI-containing hydrogels, as illustrated in
Tables 4 and 6, and this could be explained by stronger
interactions of AgNPs with the greater number of OH
and NH2 groups on chitosan chains, leading to their
better stabilization in hydrogels with more chitosan.
These results clearly underline the potential of chitosan
to tailor hydrogel-based wound dressings with silver
nanoparticles.

TABLE 4 Percentage of released silver after 48 hours from

different hydrogels

Sample
Released
Ag (%) References

Ag/alginate microbeads ≈40-50 [28]

Ag/PVP ≈50 [130]

Ag/PVA galvanostatic ≈16 [29]

Ag/PVA/Gr galvanostatic ≈19 [29]

0.25Ag/PVA
constant-voltage

26 [31]

0.25Ag/PVA/Gr
constant-voltage

25 [31]

1.0Ag/PVA constant-voltage 48 [30]

1.0Ag/PVA/Gr
constant-voltage

63 [30]

0.25Ag/PVA/0.1CHI ≈19 [36]

0.25Ag/PVA/0.5CHI ≈20 [36]

3.9Ag/PVA/0.1CHI ≈43 [36]

3.9Ag/PVA/0.5CHI ≈36 [36]

0.25Ag/PVA/0.1CHI/Gr ≈22 [34]

0.25Ag/PVA/0.5CHI/Gr ≈12 [34]

3.9Ag/PVA/0.1CHI/Gr ≈60 [35]

3.9Ag/PVA/0.5CHI/Gr ≈28 [35]

TABLE 5 An overview of the most frequently used models for fitting of silver release and calculation of AgNPs diffusion coefficients

Name of the
model Equation Range of use References

Standard ETA CAg,t

CAg,in
= 4 DETA t

π δ2

� �1=2 <60% release [30,130,144,145]

Modified ETA CAg,t

CAg,in
= 4 DAg t

π r2

� �1
2−π

DAg t
π r2

� �
− π

3
DAg t
π r2

� �3
2

+ 4 DAg t
π δ2

� �1
2− 2r

δ 8 DAg t
π r2

� �
−2π DAg t

π r2

� �3=2
− 2π

3
DAg t
π r2

� �2
� �

Up to 80% to 90% release [35,36,145]

Korsmeyer-Peppas CAg,t

CAg,in
= kKP � tn <60% release [34-36,144,150,151]

Kopcha CAg,t

CAg,in
=A � t1=2 +B � t Entire range 34-36,144,152]

Makoid-Banakar CAg,t

CAg,in
= kMB � tn �exp −c � tð Þ Entire range [34-36,144,153]

Zero-order cAg = cAg, 0 − k0 � t Depending on the
kinetics

[127]

First-order cAg = cAg, 0 � exp(−k1 � t)
Second-order 1

cAg
= 1

cAg,0
+ k2 � t

TABLE 6 Diffusion coefficients of silver during release from

different hydrogels

Sample DAg (cm
2 s−1) References

Ag/PVP 1.64 × 10−10 [22]

Ag/PVA 6.79 × 10−8 [30]

Ag/PVA/Gr 10.9 × 10−8 [30]

0.25Ag/PVA/0.1CHI 2.85 × 10−9 [36]

0.25Ag/PVA/0.5CHI 3.94 × 10−9 [36]

3.9Ag/PVA/0.1CHI 1.43 × 10−8 [36]

3.9Ag/PVA/0.5CHI 1.14 × 10−8 [36]

0.25Ag/PVA/0.1CHI/Gr 3.63 × 10−9 [34]

0.25Ag/PVA/0.5CHI/Gr 1.22 × 10−9 [34]

3.9Ag/PVA/0.1CHI/Gr 8.41 × 10−8 [35]

3.9Ag/PVA/0.5CHI/Gr 0.723 × 10−8 [35]
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4.3 | Antibacterial properties

Silver nanoparticles along with silver ions have been rec-
ognized for a long time as one of the strongest and broad-
spectrum antibacterial agents. The mechanism of AgNPs
activity involves cytoplasmic membrane damage, disrup-
tion of DNA replication through binding to sulfur- and
phosphorus-containing groups, inhibition of respiratory
processes, as well as ROS generation, causing membrane
damage and protein denaturation.16-18,158 The
antibacterial efficiency of AgNP-containing wound dress-
ing materials depends strongly on the type and form of
the material, the dynamics of silver release, and interac-
tions with bacterial cultures.137,158 Some of the proposed
modes of action of AgNPs against bacterial cells are illus-
trated in Figure 9.158 Silver nanoparticles-containing
wound dressings based on different polymers have been
evaluated for antibacterial activity as one of the most
important properties of such materials.

Two standard antibacterial tests which are most often
used are disc-diffusion and spread-plate or test in suspen-
sion. Disc-diffusion test consists of an agar plate inocu-
lated with bacteria, over which the samples, for example,
hydrogel discs are placed, and the widths of inhibition
zones are measured around the sample after incubation
period (usually 24 hours). Similarly, test in suspension is
conducted by incubating samples in the bacterial suspen-
sion (bacterial inoculum in a biological medium, usually
phosphate buffer (PB) or Luria-Bertani (LB) broth); the
aliquots of this suspension are sampled at predetermined
periods, serially diluted and spread over an agar plate,

after which the plates are incubated to grow bacterial col-
onies that are subsequently counted. This method pro-
vides quantitative data about bacterial viability, which is
expressed in colony forming units per milliliter
(CFU ml−1). There are many bacterial strains which
could be used in these assays, but two most common are
Gram-positive bacterium S aureus—most frequent culprit
for skin infections,159 and Gram-negative E coli.

Antibacterial activity of Ag/Alg microbeads, con-
taining AgNPs concentration of 1.0 mM, was evaluated
by test in suspension against S aureus and E coli.26,28

Both wet and dried microbeads caused reduction of bac-
terial colonies numbers by ≈1 logarithmic unit after
1 hour of incubation, however, the bacteria continued to
grow after 24 hours (although slower than the
control),26,28 therefore their antibacterial activity could
be characterized as only bacteriostatic. Similarly,
antibacterial activity of Ag/Alg/PVA microbeads was
evaluated against E coli,120 and it was found that bacterial
colonies count dropped from the initial ≈106 by 2 and
3 logarithmic units after 1 and 24 hours, respectively,
which confirmed their strong antibacterial potential.120

Further, the Ag/PVP hydrogels with constant-voltage
synthesized AgNPs were evaluated for antibacterial effect
by disc-diffusion assay, which indicated 1 mm inhibition
zone around the hydrogel sample, confirming its good
activity against S aureus.130

Concerning Ag/PVA and Ag/PVA/Gr hydrogels, an
effect of electrochemical synthesis route can be evaluated
with respect to antibacterial properties, as one set of these
samples were prepared by galvanostatic reduction in

FIGURE 9 Proposed antibacterial

mechanisms of AgNPs through contact

or entry inside a bacterial cell. Reprinted

with permission from Reference 158

© 2018 Elsevier [Color figure can be

viewed at wileyonlinelibrary.com]
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colloid followed by cross linking to obtain hydrogel,29

whereas the other samples were obtained by constant-
voltage in situ reduction in hydrogel matrix.31

Galvanostatically obtained Ag/PVA caused visible reduc-
tion of E. coli and S. aureus already after 1 hour, whereas
complete reduction of bacterial colonies occurred after
3 and 24 hours, respectively, for these two bacterial
strains.29 Galvanostatic Ag/PVA/Gr hydrogel exhibited
an even stronger effect, causing complete eradication of
bacteria after 1 hour (S aureus) and after 3 hours
(E coli).29 On the other hand, the constant-voltage syn-
thesized Ag/PVA and Ag/PVA/Gr hydrogels caused com-
plete destruction of E coli after 1 hour, and S aureus after
3 hours,31 indicating even stronger antibacterial effect of
their galvanostatically-obtained counterparts.

Finally, the chitosan-containing hydrogels possessed
by far the strongest antibacterial activities. The 0.25Ag/
PVA/0.1CHI/Gr and 0.25Ag/PVA/0.5CHI/Gr hydrogels
exhibited almost immediate destructive effect, causing
100% reduction of bacterial viability after only 1 hour,
and causing visible decrease in colony counts (≈1-2 log
units) even after 15 minutes, against both E coli and S
aureus.35 Similar effects were observed by disc-diffusion
assay, with wide inhibition zones around both sam-
ples.34 More interestingly, even hydrogels without
AgNPs, that is, especially PVA/0.5CHI and
PVA/0.5CHI/Gr, exhibited antibacterial activity, which
was more pronounced against S aureus, causing 100%
reduction of this bacterium after 1 hour.35,36 This effect
is not entirely unexpected, as chitosan is well known
for its intrinsic antibacterial properties74; however it
contributed to significant synergistic effect of AgNPs
and CHI.34-36

The size-dependent antibacterial activity is a well-
known property of silver nanoparticles.137,138 It was par-
ticularly shown that smaller nanoparticles (eg, with
diameter less than 10 nm) exhibited much stronger
antibacterial activity than the larger ones.136 With this in
mind, the antibacterial efficacy of different wound dress-
ing materials could be compared with regard to silver
nanoparticles sizes. As discussed above, the TEM-derived
size distributions of galvanostatically synthesized AgNPs
in Ag/PVA and Ag/PVA/Gr colloid were found to be in
the range 10 to 40 nm.29 These Ag/PVA and Ag/PVA/Gr
dressings (with 3.9 mM AgNPs loading) generally caused
complete destruction of S aureus and E coli bacteria after
3 hours.29 On the other hand, the AgNPs (1.0 mM load-
ing) in Ag/Alg colloids and microbeads were spherical
and sized 10 to 30 nm,26 and this translated to reduction
of S. aureus and E. coli colonies by ≈1 logarithmic unit
after 1 hour incubation, after which the bacteria contin-
ued to grow up to 24 hours,26,28 Obviously, the larger
nanoparticles exhibit a certain antibacterial effect but

much more efficient are those AgNPs smaller than
10 nm, as shown on the example of chitosan-containing
hydrogels (ie, Ag/PVA/0.1CHI, Ag/PVA/0.5CHI,
Ag/PVA/0.1CHI/Gr, and Ag/PVA/0.5CHI/Gr).35,36 These
hydrogels caused 100% reduction in bacterial cell num-
bers after only 1 hour, and with much lower AgNP load-
ings (0.25 mM),35,36 compared to the other formulations,
that is, those without CHI that were discussed above.
This could be related to the very small AgNPs sizes
(<10 nm, as determined by both TEM and DLS); however
it could also be ascribed to the specific surface morphol-
ogy of AgNPs in these hydrogels, as they were found to
be cuboctahedral, that is, generally sphere-shaped, but
with many surface irregularities and rough edges, espe-
cially those in hydrogels with higher CHI content (0.5 wt
%).36 Surface defects (eg, edges, corners, surface charges)
have been shown to influence metal oxide nanoparticles
antibacterial activity,160 mainly as they facilitate the ROS
generation,161 which has been highlighted as one of the
mechanisms of AgNPs antibacterial activity.162 Thus, the
presence of chitosan could affect not only size, but also
morphology that could contribute to the formation of
more active AgNPs. All of these results indicated that
PVA and CHI-based hydrogels possess particularly strong
potential for wound dressing applications.

4.4 | Cytotoxicity

Biocompatibility and nontoxicity is the imperative when
designing new wound dressing materials. Silver
nanoparticles and/or silver ions are known to be poten-
tially toxic toward not only bacteria, but also healthy, live
cells.137,163 Aside from dose-dependent AgNP cytotoxicity
mechanisms that are similar to their mode of
antibacterial action,137 a major concern is also accumula-
tion of AgNPs and/or the Ag+ ions that they release
through oxidative dissolution, giving rise to potential
time-dependent or accumulated-dose toxicity.137,164 Fur-
ther, another toxicity concern could be the AgNPs size-
dependent cytotoxicity,165-168 which must be taken into
account, especially considering that smaller AgNPs also
exhibit the best antibacterial properties, as discussed
above. It has also been shown that the AgNPs with irreg-
ular surfaces and surface defects could induce stronger
cytotoxicity toward fish gill cells NPs,169 so the surface
morphology of AgNPs could also be one of the factors to
consider when evaluating AgNP-loaded wound dressings.
Therefore, it is important to confirm nontoxicity of
AgNP-containing materials toward model cell lines,
before they could be considered for biomedical applica-
tions. Selected results of cytotoxicity studies for different
polymer materials with AgNPs are presented in Table 7,
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and the cell lines used for assays are indicated for
comparison.

MTT assay is a standard colorimetric test used to eval-
uate cytotoxicity of materials. The assay is based on
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide salt (MTT), which is reduced to insoluble formazan
due to mitochondrial activity of viable cells, changing the
color to purple.170 Thus, the viability of the cells after
incubation with samples can be estimated by measuring
the intensity of the solution absorbance.

The cytotoxicity of Ag/Alg microbeads toward bovine
calf chondrocytes was evaluated by MTT test in mono-
layer cultures, as well as in 3D cultures in perfusion bio-
reactors.28 In order to evaluate dose-dependence of
AgNPs cytotoxicity, the amount of released silver was
measured in parallel with monolayer studies. The results
indicated that the cell survival was higher than 90% in
the presence of AgNP concentrations up to 5 μg ml−1,
whereas higher concentrations caused significant cyto-
toxic effect.28 However, under perfusion bioreactor condi-
tions imitating in vivo environment, even concentrations
of AgNPs that were cytotoxic in monolayer cultures had
negligible effect on the cells viability in 3D cultures,28

which indicated the importance of more comprehensive
studies to evaluate the biocompatibility of a material.
These results also indicated that a material, which does
not exhibit cytotoxicity in monolayer in vitro cultures,
could be considered safe, as the cells are more sensitive
in these conditions. However, and especially with silver,

it is advisable to opt for the lowest possible concentration
which provides satisfactory antibacterial effect and does
not cause any toxicity.

Poly(vinyl alcohol)-based hydrogels, namely, PVA,
PVA/Gr,122 Ag/PVA, and Ag/PVA/Gr31 were subjected to
MTT cytotoxicity assay with peripheral blood mononu-
clear cells (PBMC) chosen as a model cell line that is the
first line of defense of the organism's immune system.31

PBMC cells exhibited high survival rates (>80%) in the
presence of hydrogels without silver (Table 7).122 Silver
nanoparticles were synthesized at constant voltage in
hydrogels preswollen in AgNO3 solutions of different
concentrations (0.25, 0.5, 1.0, and 3.9 mM) in order to
establish the dose-dependence of AgNPs cytotoxicity.31

The obtained results indicated severe cytotoxicity of
hydrogels with higher AgNPs concentrations—1.0 and
3.9 mM (viability lower than 40% and 20%, respectively).
The hydrogels with 0.5 mM AgNPs exhibited mild cyto-
toxicity (≈60% viability), whereas only the lowest concen-
tration (0.25 mM) was proved nontoxic (>80%
viability).31 Those results clearly illustrated the depen-
dence of AgNPs cytotoxicity on their concentration.

MTT assay for chitosan-based hydrogels was per-
formed on two model fibroblast cell lines—a mice (L929)
and a human one (MRC-5).34 Mainly the hydrogels with
lowest AgNP concentration were tested, as they were
proved earlier to be noncytotoxic,31 however, the cyto-
toxic effect of 3.9Ag/PVA/0.1CHI and 3.9Ag/PVA/0.5CHI
hydrogels (obtained from 3.9 mM Ag+ swelling solution)

TABLE 7 Cell viability in the presence of different hydrogels with AgNPs, determined by MTT cytotoxicity test

Sample Cell line Cell viability (%) References

Ag/Alg microbeads Bovine calf chondrocytes >90 [28]

PVA hydrogel PBMC 85.9 ± 1.6 [122]

PVA/Gr hydrogel PBMC 81.8 ± 6.6 [122]

0.25Ag/PVA (constant-voltage) PBMC 82.5 ± 5.4 [31]

0.25Ag/PVA/Gr (constant-voltage) PBMC 69.4 ± 15.3 [31]

0.25Ag/PVA/0.1CHI MRC-5 98.2 ± 0.50 [36]

0.25Ag/PVA/0.5CHI MRC-5 92.7 ± 1.3 [36]

0.25Ag/PVA/0.1CHI L929 105 ± 0.75 [36]

0.25Ag/PVA/0.5CHI L929 110 ± 1.4 [36]

3.9Ag/PVA/0.1CHI MRC-5 97.0 ± 2.3 [36]

3.9Ag/PVA/0.5CHI MRC-5 96.8 ± 2.6 [36]

3.9Ag/PVA/0.1CHI L929 104 ± 0.43 [36]

3.9Ag/PVA/0.5CHI L929 105 ± 2.6 [36]

0.25Ag/PVA/0.1CHI/Gr MRC-5 111 ± 5.7 [34]

0.25Ag/PVA/0.5CHI/Gr MRC-5 95.4 ± 2.8 [34]

0.25Ag/PVA/0.1CHI/Gr L929 72.0 ± 2.6 [34]

0.25Ag/PVA/0.5CHI/Gr L929 68.9 ± 2.1 [34]
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was also evaluated in order to confirm the safety of all
materials.36 The viability of the MRC-5 cells was >90% in
the presence of hydrogels both with and without AgNPs
(Table 7), and even higher than 100% (indicating active
proliferation and growth) in some cases—even in those
hydrogels with higher AgNP content.34,36 The L929 cell
line however exhibited slightly higher sensitivity, but the
cells were still sufficiently viable to consider the hydro-
gels nontoxic and safe for biomedical applications.34

As discussed above, all of the different wound dress-
ing materials with electrochemically synthesized AgNPs
exhibited satisfactory biocompatibility and nontoxicity
toward different model cell lines and could be considered
safe for biomedical use. Some of the concerns raised
could relate to size-dependent toxicity of AgNPs,165-168 as
well as their accumulated-dose137,164 and shape and
morphology-related169 cytotoxicity; however, these risks
could be curbed through controlling the loading of
AgNPs as shown on the example of Ag/PVA/0.1CHI and
Ag/PVA/0.5CHI hydrogels, which contained small
AgNPs with irregular surfaces that contributed to their
potent antibacterial effect, but the materials were non-
toxic and possessed excellent biocompatibility due to the
smaller doses applied.36 All of these results underline the
importance of tailoring many different aspects of AgNPs
in wound dressings, including their size, distribution,
shape, and loading or dose (that electrochemical synthe-
sis methods certainly allow to great extent), as well as the
significance of testing the biocompatibility of these mate-
rials, not only in vitro, but also in vivo.

5 | CHITOSAN-BASED
HYDROGELS WITH AgNPs AS
PROMISING WOUND DRESSING
MATERIALS

From the discussion and literature overview presented in
the previous sections, it could be noticed that hydrogels
containing chitosan exhibited arguably the best proper-
ties. PVA/CHI hydrogels were shown to provide excellent
stabilization to AgNPs, enabling the formation of
nanoparticles as small as 5 to 10 nm, as confirmed by
TEM analysis (Figure 5). The slower release of AgNPs
from PVA/CHI hydrogels with increased chitosan con-
tent34 also pointed to their strong interactions with poly-
mer matrices that enabled improved stabilization
(Table 4). What is more, Raman spectroscopy has con-
firmed that the stabilization of AgNPs is achieved via
interactions with free hydroxyl groups on the polymer
chain, due to the appearance of a band at low
wavenumbers (≈230 cm−1), originating from Ag O bond
vibrations.34 CHI has also been shown to increase the

yield of electrochemical synthesis, allowing obtaining
higher AgNP concentration under the same experimental
conditions.33 Additionally, the increased chitosan content
improved sorption properties and caused higher swelling
degree of both PVA/CHI/Gr and Ag/PVA/CHI/Gr hydro-
gels.35 Strong synergistic antibacterial effect of chitosan
and AgNPs has also been confirmed by both disc-
diffusion assay and test in suspension,34,35 confirming
that intrinsic antibacterial properties of CHI were
retained in blend with PVA. Despite indications in the lit-
erature that chitosan may induce some cytotoxic effect in
fibroblast cell lines,171 the chitosan and AgNPs-
containing hydrogels were proved to be noncytotoxic34,36

and therefore these materials can be considered as a via-
ble solution for next-generation wound dressings.

Taking into account the presented results and com-
parisons, it could be concluded that hydrogels containing
chitosan could be the best option for further research in
this area of biomaterials science.

6 | CONCLUSIONS

In this article, we have reviewed the polymer-based
hydrogels and films with electrochemically incorporated
silver nanoparticles, aimed for applications as wound
dressing materials. Two different routes for electrochemi-
cal AgNPs synthesis were overviewed; the first method
dealt with galvanostatic synthesis of AgNPs in colloid
solutions, while the second was in situ silver
nanoparticles synthesis directly inside the hydrogel
matrix, previously swollen in Ag+ ions precursor solu-
tions. The reviewed materials were based on different
polymers, that is, alginate, chitosan, poly(vinyl alcohol),
and poly(vinyl pyrrolidone), and were prepared in differ-
ent forms, such as microbeads, hydrogels, films, and
microfibers.

It was shown that the electrochemical synthesis was
performed successfully in all these materials, and the
concentrations, sizes and properties of the obtained
AgNPs were compared among different materials on the
basis of UV-visible spectroscopy and transmission elec-
tron microscopy results. Further, the sorption character-
istics and silver release profiles were compared among
different AgNPs-containing hydrogels. All materials also
exhibited varying antibacterial activity against S aureus
and E coli bacterial strains, while chitosan-containing
hydrogels exhibited the strongest antibacterial effect and
synergistic CHI-AgNPs action. MTT assay was shown to
have confirmed the noncytotoxicity of different materials
toward such cell lines as bovine calf chondrocytes,
PBMCs, as well as MRC-5 and L929 fibroblasts.
Poly(vinyl alcohol)/chitosan-based hydrogels with
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electrochemically incorporated AgNPs have demon-
strated the best physicochemical and biological proper-
ties, and therefore have presented themselves as strong
prospective candidates for further wound dressing mate-
rials research. Potential shortcomings of electrochemical
AgNPs syntheses were mainly identified as costs around
process scale-up, so it is recommended that further
research directions be focused precisely on this area.
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