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fKoç University Translational Medicine Rese

Istanbul, Turkey
gDepartment of Biomedical Engineering,

Technology, Ankara, 06560, Turkey
hDepartment of Law, Raiganj University, No

Cite this: RSC Adv., 2023, 13, 21345

Received 24th May 2023
Accepted 7th July 2023

DOI: 10.1039/d3ra03477a

rsc.li/rsc-advances

© 2023 The Author(s). Published by
trategies based on nanoparticles
incorporated in hydrogel wound patches†

Paulami Dam, ‡a Merve Celik,‡b Merve Ustun,‡cl Sayantan Saha,a Chirantan Saha,a

Elif Ayse Kacar,dl Senanur Kugu,dl Elif Naz Karagulle,b Savaş Tasoglu,ef
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The intricate, tightly controlled mechanism of wound healing that is a vital physiological mechanism is

essential to maintaining the skin's natural barrier function. Numerous studies have focused on wound

healing as it is a massive burden on the healthcare system. Wound repair is a complicated process with

various cell types and microenvironment conditions. In wound healing studies, novel therapeutic

approaches have been proposed to deliver an effective treatment. Nanoparticle-based materials are

preferred due to their antibacterial activity, biocompatibility, and increased mechanical strength in

wound healing. They can be divided into six main groups: metal NPs, ceramic NPs, polymer NPs, self-

assembled NPs, composite NPs, and nanoparticle-loaded hydrogels. Each group shows several

advantages and disadvantages, and which material will be used depends on the type, depth, and area of

the wound. Better wound care/healing techniques are now possible, thanks to the development of

wound healing strategies based on these materials, which mimic the extracellular matrix (ECM)

microenvironment of the wound. Bearing this in mind, here we reviewed current studies on which NPs

have been used in wound healing and how this strategy has become a key biotechnological procedure

to treat skin infections and wounds.
1. Introduction

Wound healing is a vital physiological mechanism for
preserving tissue integrity, following the formation of an acute
or chronic wound (ulcer) that leads to tissue damage.1 Long-
term, and persistent wounds (chronic) produced due to the
complications such as obesity, microbial infection, aging, or
other factors may disrupt the tissue integrity and result in
severe morbidity, and reduced quality of life.2 Effective wound
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healing strategies are challenging due to the requirement of
complicated treatment strategies, along with increased medical
expenses for clinicians and researchers.2,3 On the other hand,
wound management has been identied by the World Health
Organization (WHO) as a global public health concern.4 Wound
repair is a complicated and staged process with known cell
types (e.g., neutrophils, macrophages, broblasts, and kerati-
nocytes) and microenvironment conditions (e.g., extracellular
matrix (ECM) components, cytokines, and growth factors
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(GFs)).3,5,6 Routine wound healing consists of sequential phases,
including hemostasis, inammation, proliferation, and
remodelling phase.1,2 Following a skin injury, platelet aggrega-
tion is activated, resulting in degranulation and the release of
chemokines and GFs to form the clots. Subsequently, macro-
phages accumulate at the site of injury, promoting the phago-
cytosis of pathogenic microorganisms. The proliferative phase
is distinguished by an increase in the number of cells (e.g.,
broblasts, keratinocytes, and endothelial cells) and abundant
connective tissues (e.g., proteoglycans, hyaluronic acid,
collagen, and elastin). The remodelling phase (nal stage)
includes both current cells' apoptosis and cell production.1

In wound healing studies, novel therapeutic approaches
have been proposed with the aim to develop effective treatments
that target different wound healing stages, or even the entire
processes. Wounds demonstrate differences in terms of
molecular and cellular mechanisms. Therefore, therapeutic
strategies to treat these injuries are also diverse. Nano-
therapeutic-based, stem cell-based, bioprinting-based, ECM-
based, platelet-rich plasma-based, cold-atmospheric plasma-
based, and microRNA-based therapies have come into promi-
nence as recent options for wound healing.3 These strategies
can be used to support the initiation/maintenance of the cells'
functional expression, target collagen synthesis activation,
angiogenesis activation, cytokine modulation, GF activation,
antimicrobial effects, etc.7 Various types of nanomaterials,
including metal NPs (e.g., silver, gold, copper, zinc oxide, tita-
nium dioxide, etc.), ceramic NPs, synthetic polymeric NPs (e.g.,
PET, PLGA, PLLA, etc.), natural polymeric NPs (e.g., chitosan,
gelatin, silk, brin, collagen, etc.),self-assembled NPs, and
composite NPs have been used for acute or chronic wound
healing. All these strategies are covered in this review article.

The improvement of these nanomaterials, which imitate the
wound ECM microenvironment, has opened the path for better
wound care/healing therapies. The most signicant reasons for
the preference of metal NPs are that they are less toxic and
present intrinsic bacteriostatic and bactericidal activity.8

Ceramic nanobers are generally used with the integration of
synthetic or natural polymers in wound repair approaches
because of their bioactivity and biodegradability characteris-
tics.9 Polymers with low toxicity are oen used in tissue engi-
neering and drug delivery applications through further
modications.10 Additionally, the biocompatible self-assembled
NPs have vast potential to closely mimic the natural ECM that
can be functionally developed to increase their communication
with other cells.8

Moreover, as the focus of this review, hydrogels-NPs
composites possess many advantages, including antibacterial
properties, and providing a moist environment.11 Recently,
nanoparticle-loaded hydrogels for wound healing have attracted
attention as a better option than standard dressing. Hydrogels
also have natural healing qualities, including excellent water
absorption, biocompatibility, and biodegradability properties.
Furthermore, modern wound dressing systems prioritize
natural polymer hydrogel dressings that can improve the wound
microenvironment and promote healing at various stages.12
21346 | RSC Adv., 2023, 13, 21345–21364
Considering all the above, this review is an update on current
ndings of wound healing from the perspective of nanoparticle
strategies that are incorporated in hydrogel wound patches,
aiming at better understanding the wound healingmechanisms
for the development of more effective treatment strategies to
maintain a regulated and coordinated inammatory response
at the injury site.
2. Wound healing and chronic wound
physiology

Wounds are categorized into two groups: acute and chronic,
which is determined by the healing time.13 Generally, if the
healing time exceeds 12 weeks, the wound can be considered as
chronic. However, in case the healing process reach 30 days, it
can be categorized as a wound that does not show any signs of
healing.14–16 The rate of healing depends on several internal and
external factors. The lack of extracellular matrix (ECM) proteins,
increased reactive oxygen species (ROS) production, worsening
neovascularization, hypoxia, decreased collagen formation, and
the attenuation of angiogenic growth factors can be considered
as several reasons of reduced healing rate.17 Diabetic foot ulcers,
pressure ulcers and vascular ulcers are examples of chronic
wounds.14 The protective epithelium layer in the vicinity of the
wound is injured, rendering it ineffective.18

The wound healing process consists of a linear set of stages.
Delays in this ow cause an inammation cycle, and the wound
becomes chronic as a result.19,20 An increase in the number of
M1 macrophages and neutrophils at the chronic wound site is
generally caused by increased ROS, chemokines, cytokines, and
other inammation-related substances. The ROS and matrix
metalloproteinase (MMPs) molecules released by these cells
also contribute towards inammation. As a result, scar tissues
Fig. 1 Phases of acute and chronic wound healing processes.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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are subjected to unremitting cycle of inammation (Fig. 1). On
the other hand, wound healing in acute wounds, consists of
four stages: hemostasis, inammation, proliferation, and
remodelling.14,21 Nevertheless, it is worth noting that hemo-
stasis is not considered as a different stage in several arti-
cles.16,22 At the hemostasis stage, clot formation is observed to
stop bleeding and prevent blood loss via platelets at the wound
site, which is no longer protected with an epithelial layer
against external pathogens. It is a complex process involving
many factors, including the conversion of brinogen to brin
and the eventual formation of a brin clot that enables cell
migration to the affected area.23–25 From that wound vicinity,
calcium, ROS, microbe-associated molecular patterns (MAMPs),
pro-inammatory cytokines (mostly interleukin-1b (IL-1b), IL-6,
and tumor necrosis factor a (TNF-a), and damage-associated
molecular patterns (DAMPs) such as ATP, DNA, or uric acid
are released either directly or indirectly to stimulate migration
to these regions.13–16,26,27 For instance, in response to these
factors, innate macrophages release hydrogen peroxide (H2O2),
which is a ROS that promotes inammation (e.g., via nuclear
factor kB (NF-kB))26 and, subsequently, causes migration.28

Consequently, pro-inammatory responses are activated,
leading to the second stage of wound healing (inammation).24

To break down the damaged ECM, to offer defense against
external pathogens, and to clear debris, several cell types such
as neutrophils and monocytes are recruited to the affected
area.27,29,30 These inammatory cell types are localized in certain
regions by tracking elevated pro-inammatory factors.26,27,31

Neutrophils are a type of migrating cell that secrete and/or are
activated by cytokines, including leukotriene B4 and chemo-
kines like CXC motif chemokine ligand 8, IL-1b, IL-6, IL-10, IL-
17, and TNF-a via various pathways (e.g., NF-kB,
phosphoinositide-3-kinase, extracellular signal-regulated
kinase, RAC).27,32–34 Additionally, they use various strategies,
including phagocytosis, ROS or granules release, and the
construction of neutrophil extracellular traps that have anti-
microbial properties and are capable of secreting
proteases.19,26,27,33–38 By contrast, MMPs digest damaged ECM.28

While innate macrophages are present at the site of the wound,
monocytes, which represent another class of migratory cells,
predominantly transform into pro-inammatory (M1) macro-
phages.29,35 M1 macrophages secrete MMP-2, MMP-9, and
cytokines, including IL-1, IL-6, and TNF-a.26,36 Pro-inammatory
cells migrating to the affected area through inammatory
mediators enhance the inammatory response, leading to
increased inammation. For example, macrophages secrete
MMPs and cleave the ECM, increasing the number of DAMPs
molecules in the wound area, whereas neutrophils release
ROS.36,39,40 When the wound area lacks unnatural substances,
the pro-inammatory cells must be cleared, so that the wound
can recover properly and completely.34,39

There is more than one way to clear neutrophils: either by re-
entering the bloodstream or by macrophages phagocytosis aer
neutrophils have gone through the necrosis and/or apoptosis
pathways.34,41 By contrast, M1 macrophages can transform into
anti-inammatory (M2) macrophages and participate in the
following proliferation stage in accordance with the normal
© 2023 The Author(s). Published by the Royal Society of Chemistry
healing timeline.19,29,42,43 These systems are vulnerable to
disruption.19 It is mentioned that macrophages' ability to
phagocytize neutrophils may be reduced, or the transition
between types of macrophages can be inhibited.29,44–46 For
example, in the regular wound healing process, SETDB2, which
silences pro-inammatory cytokine genes by methylating the
NF-kB binding sites of those gene promoters, increases their
expression aer four days. As demonstrated by Gallagher and
colleagues, this pathway is induced by high amounts of inter-
feron (IFN)-b and causesM1 to transform intoM2.46However, in
diabetic patients, the impairment starting from that up-
regulation of IFN-b causes an increase in pro-inammatory
cytokines, along with an increase in uric acid production.46,47

Sustained inammation is caused by disruptions in pro-
inammatory mechanisms, including neutrophil clearance or
the transition between M1 and M2 macrophages, as might be
seen in chronic wounds.19,20,48,49 In chronic wounds, the oxygen
pressure can be as low as 10 mm Hg, which is lower than in
normally healing wounds. The hypoxia is caused by a defective
angiogenesis mechanism.50,51

Proliferation phase is composed of four steps: re-
epithelisation, angiogenesis, granulation of tissue formation,
and collagen deposition.38 A provisional matrix is formed by
brin and bronectin, and then keratinocytes and epithelial
cells multiply move across ECM to begin the re-epithelization
process.52,53 Angiogenesis is required to supply enough oxygen
and nutrients to the wound area.53,54 Macrophages aid angio-
genesis by secreting TGF-b (transforming growth factor) and
VEGF (vascular endothelial growth factor).55 Also, collagen I
induces angiogenesis by attracting endothelial cells.56 Fibro-
blasts degrade provisional matrix and create granulation tissue,
which helps the wound space closure by secreting collagen,
bronectin and hyaluronic acid.30,57

During the granulation of tissue formation, macrophages,
broblasts, and blood vessels are recruited.58–60 Collagen bers
that are produced by broblasts to form granulation tissue are
irregular. They are rst disintegrated using enzymes produced
by neutrophils, macrophages, and broblasts. These bers then
adopt a more structured appearance. The arranged bers begin
to deposit at the end of the proliferation phase, starting the
remodeling phase.24,38

The remodeling stage is the nal stage of wound healing,
which can take years.61 The granulation tissue turns into scar
tissue by transformation of broblasts into myobroblasts.
Myobroblasts secrete a-SMA (a-smooth muscle actin), which
leads to elevated mechanical strength.62 Also, type III collagen
converts to type I collagen, which has a higher tensile strength;
however, the scar tissue recovers about 50–80% of their tensile
strength.61,63 In chronic wounds, ECM cannot be regenerated
properly due to excessive MMPs, an unbalanced ratio of
protease inhibitors that cause a persistent inammatory envi-
ronment.19 The inammatory environment enhances ROS
production that induces cell damage.39,64 Thus, many senescent
cells are localized in chronic wounds.19 By contrast, microbial
contamination that causes biolm formation, which is known
to be drug resistant, is present in the chronic wound environ-
ment. The most common microorganisms are Enterococcus
RSC Adv., 2023, 13, 21345–21364 | 21347
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faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acineto-
bacter baumannii, Pseudomonas aeruginosa and Enterobacter sp.,
known as the “ESKAPE” group of pathogens.65–67 Even fungal
biolms exist in chronic wounds, although their mechanisms
and biological roles have not yet been fully understood.68

3. Nanoparticles in wound healing
3.1. Metal nanoparticles

The exploitation of metals as antibacterial agents is traced back
to early civilizations. During the past ten years, the use of metals
andmetal NPs to ght infection has increased. Numerous metal
NPs are now easily accessible on the market and utilized more
regularly in hospitals for dressings.69 Metal NPs like silver, gold,
and zinc are the main options for wound dressing's develop-
ment because of their antibacterial capabilities and low
toxicity.70

3.1.1. Silver nanoparticles. In vitro antimicrobial activity
studies on silver NPs (AgNPs) are comprehensive. AgNPs have
remarkable antimicrobial properties and specic physico-
chemical characteristics (high surface area to mass ratio), which
provide them with a signicant advantage in the evolution of
different options against multidrug-resistant microorganisms.71

Silver NPsmay be combined with antibiotics at low quantities to
boost effectiveness, while minimizing adverse effects. In
a recent report, it was shown that using AgNPs and tetracycline
together greatly reduced the load of microorganisms in a mouse
model's surface and deeper tissue regions, thus accelerating the
healing process.71 The antibacterial characteristic of silver is
well recognized for being regulated via the blocking of respi-
ratory enzyme pathways and modifying the microbial DNA and
cell walls.72 Moreover, AgNPs increase wound contractibility by
stimulating the segregation of myobroblasts from normal
broblasts and speeding up the recovery process.73

The antibacterial effect of Ag+ ions also comes from their
interaction with sulphur and phosphorus groups within the
structure of bacterial cell walls and plasma membrane proteins,
which causes these proteins to malfunction.74 By contrast, silver
ions directly bond to the cell membranes, and the deposition of
silver upon negatively charged regions of the cell surface causes
membrane rupture, intracellular content leakage, and cell
death.75 The activity of the bacteria's electron transport chain
may then be hampered by the existence of silver ions inside the
cell. Moreover, silver ions bond to the bacterial DNA and RNA
and block cell division.76

Nanobiocomposite (NBC's) hydrogels were developed by R.
Singla et al.77 using bamboo cellulose nanocrystals combined
with AgNPs. As a result, this hydrogel enhanced the recovery
process in just 18 days.77 Also, several clinical experiments
involving wound healing, particularly burns and chronic
wounds such as diabetic ulcers, used silver NPs.78

3.1.2. Gold nanoparticles. Gold NPs (AuNPs) are suitable
materials for treating wounds because of their simple synthesis,
chemical stability, and unique optical properties.79 The anti-
bacterial and antioxidant activities of AuNPs can drastically
accelerate wound healing and repair damaged collagen
tissues.80 This anti-inammatory and anti-angiogenic effect of
21348 | RSC Adv., 2023, 13, 21345–21364
AuNPs stimulates the release of proteins that are essential for
wound healing.81 AuNPs are useful in biomedical activities, as
different biomolecules should be integrated into them. Among
the benets to biomedical application, we can cite that fact that
different biomolecules can be integrated into these structures.
The inclusion of the gold surface does not cause a change in the
structure of the collagen–collagen crosslink, which means that
cooperating with polysaccharides, growth factors, peptides and
molecules will provide benets in terms of adhesion to cells.
These modied AuNPs exhibit characteristics including
biocompatibility and biodegradability, making them useful in
various applications involving wound healing. Comparable to
collagen, chitosan, and gelatin, these substances may also be
added to AuNPs, showing good results in accelerating wound
healing.82,83

Regarding their bacteriostatic and bactericidal effects,
AuNPs can either target interfere with the bacterial cell wall
integrity, or they can bind to the double-helix of bacterial DNA
and stop it from unfolding throughout transcription or repli-
cation. Therefore, they can inhibit bacteria that are multidrug
resistant, including Escherichia coli, S. aureus and P. aeruginosa.
Besides, AuNPs also act as antioxidants by preventing the
development of ROS and accelerating curing.84 Also, according
to some studies, AuNPs had a signicant impact on the healing
of wounds by successfully scavenging free extremist like DPPH
(2,2-diphenyl-picrylhydrazyl), OH (hydroxyl), H2O2 (hydrogen
peroxide), and NO (nitric oxide).85–87

In the context of bacterial infections, vancomycin-combined
gold NPs (Au-Vanc-NP) massively improved vancomycin's
effectiveness over E. coli.88 For photothermal treatment89 or
photodynamic therapy (PDT),90 AuNPs can be conjugated with
pathogen-specic antibodies or photosensitizing compounds.

3.1.3. Copper nanoparticles. Copper is a necessary
component in many wound-healing processes.91 Copper
enhances healing through raising the levels of ECM particles
such as brinogen, collagen, and integrins, which are the
principal mediators of cell attachment to the ECM.92 The
copper-induced activity of vascular endothelial growth factor
(VEGF) is recognized to support angiogenesis in wounds.93

Copper NPs (Cu NPs) can also promote angiogenesis via inu-
encing the expression of hypoxia-inducible factor (HIF-1a) and
the control of VEGF.94

CuNPs have been produced using a variety of methods,
including sonochemical methods, metal vapour deposition,
electrochemical reduction, radiolytic reduction, thermal
decomposition, mechanical attrition, laser ablation, micro-
emulsion techniques, and chemical reduction.95 The chemical
reduction method is one of the most universal for fabricating
metal NPs due to its low cost and convenience.95

Generally, copper-containing nanomaterials show excellent
activity in wound dressings and can be potentially used in
biomedical applications.96 Alizadeh and his colleague observed
that 21 days exposure of CuNPs (80 nm/1 mM), could efficiently
enhance the wound healing process within the treated rats than
the rats in control set.94 Cu has the ability to speed up the skin
healing process in mice by increasing VEGF expression at the
woundmargin.97 Copper-containing biologically active egg shell
© 2023 The Author(s). Published by the Royal Society of Chemistry
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membrane nanocomposites were found to increase in vivo
angiogenesis rate and generate neo-epidermis, which are
benecial to wound healing.98
3.2. Ceramic nanoparticles

Several advanced nanocomposite hydrogel systems can be ob-
tained by integrating natural or synthetic polymers with
ceramic NPs that have a high variety of options such as silica,
hydroxyapatite and metal oxides.99,100 These nanocomposites
will be discussed in detail in the following topics.

3.2.1. Silicon derived ceramic nanoparticles. Silicon and its
derivatives are preferred in bone tissue applications due to their
ability to promote osteogenic differentiation in human stem
cells and collagen type I synthesis.101 Silicon dioxide is also
known to support bone regeneration. For instance, silicon
dioxide derived bioglass materials have shown to promote
regeneration by forming apatite bonds on surface layer.102

Silica is a type of mineral that is obtained from silicon
dioxide, which is known to be non-toxic and highly biodegrad-
able.103 When integrated with hydrogel systems, they have
shown to promote wound healing with different aspects. For
instance, silica-collagen type-I nanocomposite hydrogels have
been formed by encapsulating two types of antibiotics into silica
NPs (SiNP). These nanocomposites have been immobilized at
high silica dosage in concentrated collagen hydrogels without
changing their brillar structure or affecting their rheological
behavior. Additionally, it was observed that their proteolytic
stability was increased.104 By contrast, Öri and colleagues
designed SiNP-PVP nanocomposites that fastened re-
epithelization and promoted the wound healing property of
silica-based nanomaterials.105

Another research area related to nanocomposites is
adjoining cut wounds and different tissue adhesives. A simple
aqueous solution of SiNPs was developed by Rose et al.,106 which
was efficiently used as a tissue adhesive for exvivo bonding of
natural bovine tissue. The same group has further rened it as
a nanobridging technology for fast and powerful closure and
healing of deep wounds in the skin and liver of mice.106 In
addition, another study found that SiNPs helped skin broblast
cells proliferate and spread to the injured area, released silicic
acid, and improved topical wound repair in vitro.104 The very
rapid release of loaded drugs in some polymeric structures (e.g.,
collagen) has a serious limiting role in areas such as wound
dressing. Due to this limitation, silica NP integrated systems
have been developed to enhance the controlled drug release.

Mesoporous silica NPs (MSNPs) are acknowledged as ideal
candidates to drug carriers and promote wound healing due to
their high surface area-to-volume ratios. It has been shown that
basic broblast growth factor (bFGF) encapsulation into MSNPs
is possible, revealing high loading capacity and a highly
controlled release capacity. Reportedly, bFGF-loaded MSNPs
were capable of increasing bone regeneration and revealed
a promising system for wound healing.107

Silicates are mainly salts containing anions of silicon and
oxygen. Wang et al.108 reported that the acceleration of diabetic
wound healing has been demonstrated through the release of
© 2023 The Author(s). Published by the Royal Society of Chemistry
the silicon ions from silicate-based bioceramics during their
degradation. The basic form of silicate-based biomaterials
mainly includes silicate bioactive glass and bioceramic
powders. Typical silicate biomaterials for wound healing are
silicate-based bioglass or bioceramic powders combined with
natural or synthetic polymers to produce hydrogels.108,109 They
can also be loaded with clotting factors and due to their charged
interactions; they can induce blood clotting and, therefore, can
be used as homeostatic agents.110

Studies have reported an alendronate (ALN)-Ca2+/Mg2+-
doped supramolecular (CMS) hydrogel that improved the
hydrogel's mechanical properties and osteogenic activity.
Moreover, encapsulated bioglass particles in oxidized sodium
alginate (OSA) cross-linked with adipic acid dihydrazide (ADH)
modied g-polyglutamic acid, and bioglass NPs creating an
alkaline micro-environment providing the hydrogel stickiness
to different medical implants.111,112 Recent studies have shown
that silicate-based biomaterials actively promote wound healing
by regulating the function of various skin-related cells. It has
been proven that such bioactivities are attributed to bioactive
ions released from wound dressings.113,114

Chitosan-based injectable systems containing bioactive glass
NPs are silicate derivatives that induce the formation of bone
tissue that integrates well with the hydrogel structure that have
played an important role in stimulating cell proliferation,
angiogenesis and wound healing.115 Some other studies have
shown that bioactive glass NPs can bind to so tissue through
the apatite layers formed on their surface when they come into
contact with cells.116 Mao et al.117 investigated the effect of bio-
glass on cultures of human umbilical vein endothelial effects
(HUVECs). As a result, the bioglasses stimulated HUVEC
proliferation, accelerated cell migration, and up-regulated
maintenance of endothelial NO synthase.118

Nanoclays are composed of NPs of layered mineral silicates
with exceptional mechanical properties containing theminerals
found in bone tissue. These nanomaterials can successfully
interact and disperse within networks of polymeric hydrogels,
due to their interaction capacity.108 They have been researched
on traumatic wounds that require fast homeostasis and it was
shown that injectable nanosilicate-gelatin hydrogels decrease in
vitro blood clotting 77% and it formed stable clot-gel systems
under in vivo conditions.119 In addition, the integration of
nanosilicate to collagen stabilizes the nanocomposite network
due to strong physical interactions.

Nanocomposite hydrogels have also been shown to promote
tubule formation of cultured endothelial cells.118 Synthetic
silicate nanoplatelets such as LAPONITE® (Lap), which is
a commercial name for synthetic nanoclay, are highly charged
NPs that have been shown to induce blood coagulation. It has
been proven that Lap can support bone mineralization without
the help of external growth factors (GFs). Due to the presence of
both positive and negative charges on the nanosilicate surface,
they interact strongly with proteins and the presence of these
strong ionic interactions mean that chemical conjugation is not
required. It has been shown that the incorporation of vascular
endothelial growth factor (VEGF) into Lap-collagen gel
enhances angiogenesis in vivo. The ability of the nanocomposite
RSC Adv., 2023, 13, 21345–21364 | 21349
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gel to increase angiogenesis can be used to promote wound
healing.118 Therefore; Lap-coupled hydrogels have emerged as
promising options for applications such as tissue engineering
and wound healing without the need for GFs. Moreover, it has
been reported that the integration of Lap and polyethylene
glycol (PEG) stimulated cytoskeletal arrangement and cell
binding.120 It was shown that Lap is a potential antibacterial
agent and assists in homeostatic processes. Moreover, it can
also be used to encapsulate drug-like molecules.121 Studies have
also shown that mafenide (Maf) can be added between layers of
nanosized Lap to be used as an antibiotic elution gel for healing
burn wounds. The lm showed a water absorption capacity
higher than alginate alone.119

45S5 is one of the most representative bioglasses. It has been
used for bone tissue regeneration osteogenesis stimulation, and
angiogenesis promotion at a high rate.122 This system is useful
for acute wounds,123 chronic wounds,124 infected wounds,125 and
burns.126 Mesoporous bioglasses (MBGs) have also been used
extensively to repair bone tissues, as they form a direct and rm
bond with living tissues. To repair large bone defects, porous
structures with proper vascularization that can allow migration
and proliferation of osteoblasts are critical. Studies have shown
that (PEGSH)4 homopolymer MBGs form an injectable and self-
healing dynamic hydrogel for bone regeneration. It has also
been observed that the dimensions, surface areas, surface
chemistry and other properties of MBGs will signicantly affect
the biocompatibility and mechanical properties of the prepared
bioink.127

3.2.2. Calcium and phosphate salts. Calcium phosphate
NPs can be easily combined with different polymers to form
a hydrogel mesh. With this hydrogel complex, bone regenera-
tion can be achieved with promoted angiogenesis and osteo-
genesis. Also, they have shown to enhance drug release and
antibacterial effect. It has been shown that bicalcium phos-
phate (BCP) NPs combined with chitosan/gelatin hydrogels
form bone scaffolds for bone tissue engineering.128 In that
study, physicochemical and biological properties were investi-
gated by preparing chitosan/gelatin/BCP NPs in different weight
ratios.128 It was observed that the porosity, swelling rate and
mechanical strength of 3D printed bone scaffolds were mainly
affected by the dosage of BCP NPs. In addition, in the same
study, it was shown that BCP NPs can improve the hMSC
proliferation of scaffolds and, therefore, have a great potential
in bone tissue engineering both in vitro and in vivo.128

Tricalcium phosphate (TCP) can be cited as another
example. There are two main types of TCP: a-TCP and b-TCP.
Because b-TCP is more stable than a-TCP, it is more commonly
used as a bone scaffold. b-TCP NPs can promote the mechanical
functioning of bone structures and proliferation of osteoblasts.
These qualities predominate b-TCP in bone scaffolds.129 In
active and rapid chemical regeneration, the support is obvious
as they are the main minerals in the bone structure and,
therefore, b-TCP NPs have been integrated into the PEGylated
specic membrane.130 In that study, the membrane exhibited
a controllable degradation rate and enhanced mechanical
properties based on different b-TCP dosages. It is believed to be
21350 | RSC Adv., 2023, 13, 21345–21364
capable of promoting the adhesion and proliferation of rat bone
marrow-derived mesenchymal stem cells (rBMSCs).130

Hydroxyapatite is a natural form of calcium apatite that is
found in the nature. It is known to support homeostasis,
prevent inammation and promote proliferation and re-
epithelization.131 It also provides high mechanical strength.111

Due to their high physiological stability, HA structures are
preferred as injectable llers in orthopaedic applications.
Moreover, considering its highly elastomeric structure, it
provides control on tissue viscoelasticity.132

3.2.3. Metal oxides. Metal oxides are one of the most
important and widely characterized classes of ceramics. Some
of the most used types of metal oxides for wound healing
applications are zinc oxide (ZnO), titanium dioxide (TiO2) and
zirconium dioxide (ZrO2).

Due to their high mineral content and combinability,
magnesium oxides (MgO) and aluminium oxides (Al2O3) are
promising candidates for tissue healing applications.108

Furthermore, metal oxides such as copper oxide (CuO) and NO
are known to act as antibacterial agents and promote wound
healing.133

3.2.3.1 Zinc oxide nanoparticles. Zinc oxide NPs (ZnO NPs)
are used in numerous hydrogel-based wound treatments due to
their exceptional antibacterial characteristics.130 ZnO is known
to regulate homeostasis131 and high antibacterial potential.119,134

The antibacterial efficacy of ZnO NPs with diameters of 20 nm,
70 nm, and 100 nm was quantied against Gram-negative (E.
coli) and Gram-positive (S. aureus and B. subtilis) bacterial
strains.135 ZnO NPs are far more effective against Gram-positive
bacteria, most probably due to its interaction mechanisms with
bacterial cell walls that lack lipopolysaccharides (LPS).135 The
utilization of ZnO NPs is benecial because of its signicant
activity against harmful bacteria even at low concentrations.
Moreover, they are long-lasting, with high selectivity and
temperature resistance.136 It is also antineoplastic, promoting
keratinocyte mobility, angiogenesis and wound healing.134,137

Due to these characteristics, it is mainly used for the control of
inammation during wound healing.138 Studies have shown
that ZnONPs exhibit therapeutic activities against bacterial
infection and inammation, and showed potential for wound
healing applications.139

Zinc is one of the most important trace elements that regu-
late burns and slow-healing wounds through regulation of DNA
and RNA polymerases, ribonuclease and thymidine kinase. It
has been reported that it has low toxicity but preserving its
permeability in engineered chitosan–ZnONP hydrogels. These
dressings have been reported to have excellent biocompatibility,
inhibit bacterial growth, and improve wound closure in vitro
and in vivo.140,141

3.2.3.2 Titanium dioxide nanoparticles. Titanium dioxide
NPs (TiO2NPs) are appropriate for the recovery of wounds
materials due to their bactericidal and anti-inammatory
activities, higher bump, hydrophilicity, and biocompatibility.
Bacterial cellulose (BC) and TiO2 were conjugated by Khalid
et al.142 to create nanoconjugates that may be used as bandages
for wounds.142 In that work, the authors noted that BC was
highly water-retentive, porous, and biocompatible, making it an
© 2023 The Author(s). Published by the Royal Society of Chemistry
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ideal material for wound care applications. The same research
group also demonstrated that incorporating TiO2NPs into BC
improved its potency as a material for wound treatment. The
biocompatibility and antibacterial activity of these newly
created nanocomposites were increased. Similarly, a synthetic
skin-equivalent nanocomposite from chitosan and TiO2 was
produced. Such synthetic skin substitutes show low density,
good thickness, moderate biodegradability, and adequate water
absorption capabilities. Also, it was seen that the titanium
increased the strength and showed excellent antimicrobial
effects on pathogenic bacteria whilst increasing wound healing
in albino rat models.143

Additionally, Sivaranjani et al.144 produced TiO2NPs from
Moringa oleifera leaves under optimum conditions. Upon anal-
ysis, it was discovered that the NPs were 100 nm in size. TiO2-
NPs have improved wound healing and acted as an antibacterial
agent against Gram-positive and Gram-negative bacteria
because of their superior mechanical properties.144 Future
research will benet from these ndings, and wound care
products may use TiO2NPs.

ZrO2 and TiO2 are also known to promote bone regenera-
tion.145 This combination has displayed improved antibacterial
properties and increased mechanical strength through ROS
production. In this context, it has been stated that it accelerates
the healing of open excision wounds.146 It has been shown that
TiO2NPs promote wound healing through the production and
secretion of critical molecules for the process.147 Moreover,
wound dressings made out of TiO2NPs showed an improvement
in structural, textural, thermal, optical, mechanical, vapour
barrier properties and their biodegradability in a dose-
dependent manner.148

3.2.3.3 Magnesium oxide nanoparticles. Investigations on the
role of magnesium oxide nanoparticles (MgO NPs) on wound
healing were intensied due to their biocompatibility, low
toxicity, thermal stability and antibacterial properties. In
a study, carboxymethyl cellulose hydrogels containing magne-
sium hydroxide nanoparticles (Mg(OH)2 NPs) were produced as
a scaffold owing to increased wound healing as well as anti-
bacterial activity.149 In a separate study, Qu et al.150 designed
a hybrid nanocomposite hydrogel composed of MgO NPs and
chitosan. They observed excellent mechanical properties, high
biocompatibility, and improved antibacterial activity. Their
results showed that the integration of MgO NPs signicantly
enhances in vivo wound healing process in a skin defect rat
model.

3.2.3.4 Aluminium oxide nanoparticles. Aluminium oxide
nanoparticles (Al2O3 NPs) are one of the metal oxides that have
antibacterial activity.151 Tanveer and colleagues152 designed
a biodegradable superabsorbent hydrogel derived from acrylic
acid and Al NPs exhibited antibacterial activity. Rahmanpour
et al. reported that the potential of TiO2/Al2O3/Chitosan nano-
composites as effective and multi-functional dressings for the
treatment of infected wounds, exhibiting antibacterial activity,
reduced bacterial count, decreased expression of inammatory
genes, and increased expression of proliferative genes, bro-
blast, and collagen, thus highlighting their promising healing
capabilities and potential as a competitive alternative to
© 2023 The Author(s). Published by the Royal Society of Chemistry
commercial ointments.153 There are studies in which tubular
aluminium oxide particles, grown in a contiguous manner
using an anodizing system, are employed as molds for the
production of nanopatterned polymer surfaces, presenting
a novel perspective. For example, Altuntas et al. worked on
multiple studies regarding ossteointegration and wound heal-
ing have demonstrated that chitosan:gelatin nanorods, which
take the form of the Al2O3nanotubes, play a benecial role in
these processes.154,155

3.2.3.5 Copper oxide nanoparticles. Copper ions promote
wound healing due to their promotion of angiogenesis. During
the applications, one possible outcome for the patient is the
potentially toxic levels due to the exposure to copper ions. Due
to this risk and to develop a potential system that may eliminate
this toxicity, researchers have designed a novel antioxidant
copper metal–organic framework-thermo responsive poly-
diolcitrate hydrogel composite that accelerates chronic wound
healing with reduced toxicity and apoptosis in a splinted exci-
sional wound healing diabetic mouse model.156 Another study,
Li et al.157 designed a hydrogel system including CuO NPs that
increased antibacterial effects and skin tissue regeneration due
to the ions release from the hydrogel stimulating proliferation
and angiogenesis.

3.2.3.6 Cerium oxide nanoparticles. Non-healing wounds in
patients with diabetic complications are a major issue that
frequently leads to amputations and death. Cerium nano-
particles, in this connection, have exhibited potential results in
several experimental studies.158–161 Diabetic wounds are distin-
guished by impaired wound healing as a result of elevated
oxidative stress, anomalies in its defence mechanism and pro-
longed inammation.

Notably, biodegradable and highly porous gelatin meth-
acryloyl hydrogel patches combined with cerium oxide NPs have
showed promising exudate uptake capability, ROS scavenging
activity, in vitro cellular proliferation (i.e. keratinocyte, bro-
blast etc.), and in vivomechanisms of diabetic wound healing.159

Cerium NPs-miR146a composite raises wound collagen,
improves angiogenesis, and reduces inammation as well as
oxidative stress, eventually encouraging faster wound closure in
diabetic wounds.160 Furthermore, chitosan/PVA hydrogels
combined with Cerium NPs could be a competing candidate as
a strong wound dressing material that effectively reduces
infection without the usage of antibiotics.161
3.3. Polymer nanoparticles

Polymer NPs have gained signicant attention over the last few
years because of its size-related properties.162 Polymer NPs are
in the family of nanocarriers (nanoparticle-based drug carriers).
Nanocarriers also include lipid-based nanocarrier (liposome or
micelle), gold (Au) NPs (nanoshell or nanocage), magnetic
nanoparticle, carbon nanoparticle (nanotube), quantum dot,
dendrimer etc.163,164 Nanocarriers are used for drug delivery
applications. Herein, the polymer NPs provide safeguarding
and managing controlled release of drugs, as well as increase
the bioavailability and the therapeutic index.165 They are
advantageous over other nanocarriers because of easy
RSC Adv., 2023, 13, 21345–21364 | 21351
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fabrication, cost-effectiveness, biocompatibility, biodegrad-
ability, non-immunogenicity and water solubility. In compar-
ison to cationic lipids, cationic polymer generates a more stable
complex which aids the cellular migration.163

Polymeric NPs can be used in the form of either nano-
capsules or nanospheres, and also in the form of carrier system
with diameter less than 1 mm.166 Nanocapsules are based on
a lipid core enclosed within a polymeric shell. The drugs are
typically dissolved within the lipid core and the shell regulates
controlled drug release from the core.167 The lipid core
composed of vegetable oil or fatty acids acts as lipophilic drug-
dissolving medium, facilitates the encapsulation of lipophilic
chemical compounds and act as an alternative therapeutic. It is
also possible to create polymeric nanocapsules with an aqueous
core that will serve as a platform for the controlled delivery of
hydrophilic compounds.167 Nanospheres are comprised of
matricial network of polymeric chains where the drug may
adhere to the surface or be preserved within.165,168 Polymer NPs
have a size distribution ranging from 10 nm to 100 nm, a posi-
tive or negative surface charge, a signicant drug carrying
capacity and diverse component matrices.169 Its component
matrices can be either synthetic (e.g., poly-caprolactone) or
natural (e.g., gelatin or chitosan). They can be synthesized from
nonbiodegradable materials (e.g., cyanoacrylate or poly(lactic-
co-glycolic acid)) or biodegradable materials (e.g., poly-
urethane).169 These nanostructures demonstrate signicant
drug loading efficiency for a wide range of drugs. One of the
most widely used polymers for generating NPs is poly(lactic-co-
glycolic acid), as it presents benecial properties, including
biocompatibility, biodegradability, and non-toxicity. Moreover,
surface PEGylation is frequently employed to extend their in vivo
half-life. As a result of surface-tuning of these NPs with PEG
chains, the immunogenicity is signicantly decreased as well as
the stability and longevity is increased. Also, the aqueous
solubility is improved, and opsonization is minimized.169

Several biological applications, including anti-inammatory
therapy, anti-cancer therapy, and immunotherapy, use nano-
capsules or nanospheres as delivery vehicles for preserving and
encapsulating metabolites, peptides, enzymes, hormones,
genes, and other pharmaceuticals.164–169 Polymeric NPs also
involve organ targeted drug delivery and genetic drug delivery to
alter the central dogma of the cell along with bioimaging, bio-
sensing and theragnostic applications in clinical settings.170–172
3.4. Self-assembled nanoparticles

The mechanism of self-assembly is the organization of the
nano-sized molecules such as polymers, peptides, nucleic acids,
and other NPs.173 Various processes lead to the synthesis of self-
assembling in ordered structures for gaining fully function of
the molecules in living cells, causing several biological changes.
The main processes comprise the enzyme instructed self-
assembly such as alkaline phosphatase induction,
polymerization-induced self-assembly that comprises another
intracellular alteration, host–guest interaction as non-covalent
interactions, and pH-changes.174 The self-assembly processes
can also be stimulated articially to control biological
21352 | RSC Adv., 2023, 13, 21345–21364
mechanisms in living cells.175 Consequently, nanotechnological
advances around self-assembled systems present features of
structural adjustability, biocompatibility and functionality that
are of great signicance.176,177 They focus on improving treat-
ment strategies,178 vaccination,179,180 wound healing,177,181 DNA
origami-nanorobot for drug nanodelivery system,182,183 disease
detection applications,172 neural tissue repair,184 and other
nanoscale therapeutic delivery systems.185 Self-assembled NPs
represent the most potential cost-efficient and high-throughput
practical technique to nano-production.175

Self-assembled NPs especially used for wound healing
strategies can be classied according to its material types,
including metal, peptide amphiphiles, peptide-based self-
assembled NPs, and elastin-like polypeptides. The fabrication
methods can be divided into three major mechanisms: spon-
taneous (non-covalent) self-assembly, enzyme-catalysed self-
assembly and chemical/physical cross-linked self-assembly.177

Metal-based self-assembled NPs are the prominent bioma-
terials in wound healing studies, primarily attributable to their
antibacterial effects. In 2015, Chen et al. developed 2.5 nm
hybrid nanodots via immobilization of self-assembled antimi-
crobial lipopeptides (surfactin, SFT) with 1-dodecanethiol (DT)
anchored gold NPs (Au). The hybrid nanodots demonstrate
excellent antibacterial properties for multi- and non-multi-drug
resistant bacteria. Moreover, it is worth highlighting the impact
of SFT and DT/Au-nanodots synergistically. The underlying
mechanism of this is through bacterial membranes damage. In
vivo experiments with SFT/Dt-Au nanodots revealed that bacte-
rially infected wounds healed quicker and constituted improved
epithelization, and it was productive in terms of collagen ber
formation.186

In another study, an antibacterial hybrid silver nanoparticle
was developed as an alternative therapeutic strategy for wound
healing. In vitro and in vivo studies demonstrated that this
hybrid material which is formed by the incorporation of
magnetic carboxymethyl cellulose-3-polylysine hybrids (FCE)
and silver nanoparticles (Ag NPs), has superantibacterial and
wound healing promoting effects.187 Moreover, in a study by
Perez-Rafael and co-workers, silver-incorporated NPs were
developed for chronic wound healing. The developed nano-
material is an injectable self-assembly of hyaluronic acid (HA)
modied with 2-iminothiolane, mixed with bioactive silver-
lignin NPs in physiological conditions, as shown in Fig. 2A.
Because of the silver-lignin NPs in its construction, this
combined multifunctional hydrogel demonstrated high anti-
oxidant and antimicrobial characteristics. Moreover, these
biocompatible hydrogels block myeloperoxidase and matrix
metalloproteinases. Furthermore, in in vivo experiments with
a diabetic mouse model skin integrity restoration and remod-
elling were observed.188

By contrast, a chimeric non-metallic nanocomposite
composed of phenolated-lignin, thiolated-HA, and silk bril
(Fig. 2B) showed around 52% of disruption of myeloperoxidase
and matrix metalloproteinases enzymatic event, which is asso-
ciated with the wound chronicity. Indeed, this self-assembled
hydrogel showed high S. aureus and P. aeruginosa load reduc-
tion. Additionally, cell viability assays conducted with BJ5ta
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Wound healing strategies developed by self-assembling NPs. (A) Schematic diagram showing multifunctional hydrogel production and
images of the wound healing process on mouse skin exposed to the modified HA-silver-lignin NPs has been reproduced from Perez-Rafael
et al.,188 with permission from Elsevier, copyright 2023. (B) Representative illustration of the interactions between thiolated-HA, silk fibroin, and
phenolated-lignin. The illustration shows that the mixture has turned into a gel, successfully has been reproduced fromMorena et al.,189 available
under CC-BY 4.0 license. (C) Schematic representation of GA hydrogel self-assembled via hydrogen bond and p–p stacking that enhances the
wound healing has been adapted from Huang et al.,192 with permission from Wiley-VCH, copyright 2023.
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broblasts and HaCaT keratinocytes cell lines revealed
approximately 93% of cell viability. Therefore, this mechanically
and functionally tunable dressing material has a high potential
for wound treatment.189

The tripeptide glycyl-L-histidyl-L-lysine (GHK)-Cu NPs has
been shown to promote wound healing and repair DNA
damage. At the same time, its instability in physiological
condition limits its applications. The physical structure of GHK-
Cu NPs has gained uorescence characteristics. The research on
uorescent GHK-Cu peptides has a potential to create novel
uorescent peptides class to advance healing strategies.190

Additionally, growth factors have role in chronic wound healing
process, and have also been combined with self-assembly
peptides.191 The RADA 16-I nano hydrogel, which includes
PDGF-BB incorporated ionic self-complementary peptide
(RADARADARADARADA), is one of the examples. This self-
assembled hydrogel showed capability for angiogenesis and
chronic wound healing in cell culture and animal studies,
offering a high potential strategy for wound treatment.191

Naturally small molecules such as gallic acid, a natural poly-
phenol having anti-inammatory and antibacterial properties
was used as a self-assembled NPs to accelerate wound healing
processes (Fig. 2C).192 One example of antibacterial self-
© 2023 The Author(s). Published by the Royal Society of Chemistry
assembled wound dressing studies is a synthetic polymeric
hydrogel (oxadiazole-group-decorated quaternary ammonium
salts (QAS)-conjugated poly(3-caprolactone)-poly(ethylene
glycol)-poly(3-capro-lactone; PCEC-QAS) created by Liu et al.,
especially for healing wounds infected with Gram-negative and
Gram-positive bacteria. Methicillin-resistant S. aureus-infected
skin wound on mouse was recovered successfully 12 days aer
hydrogel sealing of wound with PCEC-QAS.193
3.5. Composite nanoparticles

Researchers have shown that a healthy wound healing can be
achieved with a proper and multifunctional wound dressing.
Although there are some certain criteria for a hydrogel wound
patch, for different stages of wound healing process, different
properties are required for a healthy healing.194 To achieve
a multifunction or a time-dependent functionality, the advan-
tages of different materials can be used. Also, for more serious
skin injuries like skin ulcers and skin burns, more effective
wound dressings are needed. The advanced functions can be
achieved by composite NPs incorporated in hydrogels as the
hydrogels are typically used as a physical isolation and provide
a moist environment.11 These functional modications are
performed to gain the patches certain properties that can be
RSC Adv., 2023, 13, 21345–21364 | 21353
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Table 1 Various nanoparticle loaded hydrogel materials used for wound healing

Types of hydrogels Nanomaterial used
Dosages/exposure to
wound area Advantages Applications References

Guar gum hydrogels Silver NPs 16 days Boost up the proliferation,
migration, and collagen
production of human dermal
broblasts

Antibacterial
agent

220

Calcium alginate hydrogel Chitosan NPs MBC of 100 mg mL−1 Induced skin wound healing
and re-epithelialization by
promoting the secretion of IL-6
in vascular endothelial cell

Antibacterial
agent against
E. coli and S.
aureus

227

Poly ethylene glycol and
cationic poly allyl amine
hydrochloride hydrogel

Gold NPs 21 days Enhanced skin re-
epithelization and collagen
deposition

Antibacterial
agent against
S. aureus and
P. aeruginosa

228

Polycaperlactone and gelatin
scaffold

Chitosan NPs 14 days Promoted cell attachment and
proliferation

Suitable
scaffold for
epidermis
engineering
and
regenerative
medicine

229

Carboxymethylcellulose
hydrogel

Silver NPs 50 ppm Maintains moist wound
environment and facilitate
early wound healing

Suitable for
the treatment
of deep
infected
wounds and
antibacterial
agent against
methicillin
resistant S.
aureus

230

Cellulose hydrogel Silver NPs — High cytocompatibility and
better antioxidant properties

Suitable for
moist wound
dressing,
antimicrobial
agent against
S. aureus, P.
aeruginosa,
and C. auris

231

Pullulan microneedle patch Chitosan/fucoidan NPs 7 days Helps to restore the collagen
deposition by accelerated cell
proliferation, granulation, and
reduced pro-inammatory
cytokines

Smart and
combined
therapy for
high-quality
wound
healing

232

Chitosan hydrogel Silver NPs 250 ppm Biodegradable porous
hydrogels showed fast wound
healing with no scar marks

Effective for
diabetic
patients and
chronic burn
wounds and
antimicrobial
agent against
S. aureus, and
E. coli

233

Gelatine hydrogel Silver NPs MIC of 63 mg mL−1 Suitable as a vehicle for wound
drug delivery due to its better
physical properties

Antibacterial
and anti-
biolm agent
against S.
aureus, B.
subtilis, P.
aeruginosa
and E. coli

234

Collagen/chitosan scaffolds Silver NPs 10 ppm Modulate local inammatory
responses and promote

Ideal dermal
substitute for

235

21354 | RSC Adv., 2023, 13, 21345–21364 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 (Contd. )

Types of hydrogels Nanomaterial used
Dosages/exposure to
wound area Advantages Applications References

broblast migration by
interacting with macrophages
and broblasts

wound
regeneration

Poloxamer 407-based
polymeric hydrogel

Polyurethane NPs 10 days Boost up the drug retention
time in the tumor tissue

Effective
against
glioblastoma
multiforme

236

Polymeric hydrogel Simvastatin polymeric
nanoparticles

11 days Induced epithelialization,
collagen ber formation, and
growth of hair follicle

Suitable for
the topical
wound
healing

237

Cell loaded nanobrous
hydrogel

Glass–ceramic nanoparticles 21 days Promoted cell attachment and
proliferation, angiogenesis,
collagen formation,
regeneration of the sebaceous
glands and hair follicles

Antibacterial
agent

226

Gelatin collagen bioactive
glass nanocomposite

Bioactive glass nanoparticles 14 days Triggers expression of VEGF
and angiogenesis

Suitable for
the
myocardial
tissue
engineering

238

Thiolated hyaluronic acid/silk
broin dual-network hydrogel

Bioglass nanoparticles 14 days Stimulate the migration of
both broblasts and human
umbilical vein endothelial
cells

Suitable for
the wound
healing

239

Chitosan hydrogel Nano bioglass — Cytocompatible and induce
rapid blood clotting

Bleeding
controlling
agent

240

Chitosan/silk broin/
glycerophosphate hydrogel

Bioactive glass nanoparticles 8 weeks Induces osteogenesis and
angiogenesis

Suitable for
bone
regeneration

241

Polymeric hydrogel Eudragit nanoparticles 13 days Acts as an efficient free radical
scavenger

Promising for
diabetic
wound
dressing

242

Gelatin based hydrogel Asiaticoside polymeric
nanoparticles

— Improved collagen
biosynthesis

Promising
wound
dressing

243

Polyvinyl alcohol nanober
based hydrogel

Chitosan nanoparticles — Cytocompatible and shows
continuous and slow release of
drugs

Antibacterial
agent

244

Dextran based hydrogel Cerium oxide nanoparticle — Prolonged drug release,
accelerated cell migration, in
vivo anti-inammatory activity

Ideal wound
dressing

245

Poly(N-isopropylacrylamide)
(PNIPAM) hydrogel

Silk broin-sodium alginate
nanoparticles

20 days Induces proliferation and
growth of the broblast cells

Promising
wound
dressing

246

Silica-collagen type I
nanocomposite hydrogel

Gentamicin and rifamicin,
encapsulate silica
nanoparticles

37 mg mL−1 Shows prolonged antibacterial
activity against Pseudomonas
aeruginosa and Staphylococcus
aureus

Anti-bacterial
wound
dressing

104

Chitosan/gelatin hydrogel Calcium phosphate
nanoparticles

— Modulates the porosity,
swelling rate and mechanical
strength as well as hMSC
proliferation of bone scaffolds

Bone tissue
engineering

128

Gelatin hydrogel Titanium dioxide and zinc
oxide nanoparticles

— Exhibits adhesive effects
between hydrogels, hydrogel/
polymer, and tissues
promoting wound closure and
healing

Effective
antimicrobial
tissue
adhesive

141

Carboxymethyl cellulose
hydrogels

Magnesium hydroxide
nanoparticles

— Shows biocompatibility,
hemocompatibility and the

149

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 21345–21364 | 21355
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Table 1 (Contd. )

Types of hydrogels Nanomaterial used
Dosages/exposure to
wound area Advantages Applications References

high antibacterial activity
against P. aeruginosa biolm
formation

Potential
wound
dressing

Chitosan/sodium alginate/
polyacrylamide hydrogel

Magnesium hydroxide
nanoparticles

— Shows mechanical properties,
high biocompatibility,
improved broad-spectrum
antibacterial activity and
enhances in vivo wound
healing process in a skin
defect rat model

Next-
generation
wound
dressing

150

Chitosan hydrogel Titanium dioxide/aluminum
oxide nanoparticles

— Decreases total bacterial
count, the expression of
inammatory genes, and
increases the expression of
proliferative genes, broblast,
and collagen

Promising
wound-
healing
material

153

Poly-(polyethyleneglycol
citrate-co-N-
isopropylacrylamide) hydrogel

Copper metal organic
framework nanoparticles

— Enhances dermal cell
migration in vitro and wound
closure rates along with
angiogenesis, collagen
deposition, and re-
epithelialization, in vivo

Promising
innovative
dressing for
the treatment
of chronic
wounds

156

3-(Trimethoxysilyl)propyl
methacrylate hydrogel

Mesoporous silica (mSiO2)
modied CuS nanoparticles

— Stimulates broblast
proliferation, angiogenesis
and skin tissue regeneration as
well as antibacterial effect

Skin tissue
engineering
and
antimicrobial
wound
dressing

157

Gelatin methacryloyl hydrogel Cerium oxide nanoparticles — Shows free radical scavenging
activity, in vitro cell
proliferation, and in vivo
diabetic wound healing
activity

Promising
wound
dressing for
treating
diabetic
wounds

159

Polyvinyl alcohol/chitosan
hydrogel

Cerium oxide nanoparticle 5 days Shows antibacterial activity
and healthy human dermal
broblast viability

Robust
wound
dressing
agent

161
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listed but not limited to antibacterial property, adhesion,
mechanical strength, hemostasis, antioxidant/anti-
inammatory, controlled delivery, self-healing, stimulus
response, and conductivity.

In the previous sections, the effect of incorporating different
types of NPs in hydrogels as wound dressings were discussed
and the effect of each type of nanoparticle incorporation to
a hydrogel wound patch system were presented. Here, we will
also discuss the use of composite NPs in hydrogels that are
developed for wound patches. The use of composite NPs can
enhance the effect and/or has multifunction for serious skin
damages or fastened healing without any damage or abnor-
mality on the skin tissue.

Avoiding the bacterial inammation, causing an improper
deposition of collagen and delaying the wound repair is one of
the most crucial aspects for developing a wound patch.195

Especially for antibiotic resistant bacteria, different
21356 | RSC Adv., 2023, 13, 21345–21364
antibacterial strategies must be followed. The use of inorganic
metals such as silver, gold and zinc in composite NPs has been
widely studied for its contribution to create antibacterial
hydrogels. Among the inorganic metals, Ag NPs are the most
widely used.196 Aggregation is a challenge for such particles,
thus hydrogels with composite NPs containing Ag are favour-
able.197,198 Another strategy is to use ceramic NPs such as ZnO,199

and graphene oxide200 for antibacterial patches. Multifunctional
antibacterial hydrogel wound patches can be fabricated by
using composite NPs composed of oxides or inorganic metal
NPs.201 In a study by Fan and his coworkers,202 Ag and graphene
nanocomposite in polyacrylic acid and N,N′-methylene bisa-
crylamide hydrogels were fabricated to obtain antibacterial and
high mechanical strength patches with accelerated wound
healing.202 They reported a high swelling ratio despite its
enhanced tensile strength and elongation at break of hydrogel
due to the use of graphene and antibacterial effect against both
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Gram-positive and Gram-negative bacteria and a full-thickness
skin wound healing was achieved. In another study, zinc-
doped bioactive glass NPs incorporated in succinyl chitosan/
oxidized alginate hydrogel was developed as an antibacterial
wound dressing, which promotes the enrichment of broblasts,
production of vascular endothelial growth factor and broblast
growth factor 2.203 Also, the incorporation of zinc-doped bioac-
tive glass NPs has signicantly enhanced the release of angio-
genic factors from the cells at the wound area of rats, which
fulls the multifunction purpose of the composite nanoparticle
embedded hydrogel.

Another strategy for achieving antibacterial wound dressings
is to use light-assisted antibacterial therapy that is locally
raising the temperature to achieve the mortality of bacteria,
which is also effective for drug resisted bacteria and produce
less side effects.204,205 This technique can also be used to fabri-
cate hydrogels containing composite NPs that can show pho-
tothermal effect. It has been shown that polyvinyl alcohol
hydrogel was incorporated with reduced graphene oxide/MoS2/
Ag3PO4 nanocomposite particles to obtain efficient sterilization
of the wound area under light irradiation.206 The antibacterial
effect of Ag+ was enhanced with the ability to raise the local
temperature with NIR illumination with the use of graphene
oxide-based nanomaterials and MoS2. Reduced graphene oxide
further enhanced the mechanical property and swelling ratio of
the hydrogel. The efficiency of in vitro and in vivo antibacterial
activity of the reduced graphene oxide/MoS2/Ag3PO4 PVA
hydrogel was reported with no abnormalities in major organs in
rats during the wound healing process.

Apart from achieving multifunctioning wound dressings,
broad spectrum of antibacterial performance can also be ach-
ieved by incorporating composite NPs into hydrogel wound
dressings. It has been reported that multiple targeting
approaches were employed to achieve efficient antibacterial
activity with a reduced risk of resistance.207 ZnO impregnated
mesoporous silica NPs were used in carboxymethyl cellulose
hydrogel and dual antibacterial effect of a broad-spectrum
antibiotic tetracycline, which was loaded in mesoporous silica
NPs and Zn2+, was achieved. The results proved that this
composite nanoparticle structure effectively enhanced the
antibacterial property with a wider inhibition zone against E.
coli. This study also shows that composite NPs can also be used
to efficiently develop a hydrogel wound patch with a drug
release system.

Another strategy to overcome the increase of the drug-
resistant microorganisms due to the over usage of antibiotics
is to mimic the property of natural enzymes to generate ROS for
disinfection by constructing articial nanozymes.208,209 This
articial nanozymes can catalyze a low concentration of H2O2

into $OH, which destroys the bacterial membrane via oxida-
tion.210,211 Iron oxide,212 V2O5,213 and graphene quantum dots214

can be used as articial enzyme catalysts to have antibacterial
performance. However, the low efficiency of the nanozymes is
still a challenge for effective antibacterial application. The use
of composite NPs can enhance the efficiency of the nanozymes,
as well as the multifunctional nanocomposites can be more
benecial. For example, in a study, Au nanoparticle with its
© 2023 The Author(s). Published by the Royal Society of Chemistry
superb glucose oxidase-like activity was combined with Pt NPs
that can convert H2O2 into O2 was used to obtain a synergistic
effect in an oxidized hyaluronic acid/carboxymethyl chitosan
hydrogel.215 The results showed that the developed wound
dressing was antibacterial, reduced blood glucose, alleviated
the oxidative stress and the supply of oxygen due to the glucose
oxidase-like and catalase-like activity of Au/Pt alloy nano-
particle, also accelerating the wound healing in vivo. In another
study tannic acid-chelated Fe-decorated MoS2 nanosheets were
incorporated in polyvinylalcohol, dextran and borax hydrogel
and due to the peroxidase-like activity of MoS2 and catalase-like
activity tannic acid-chelated Fe, high and affective disinfection,
and supply of O2 was achieved.216 Also, photothermal therapy
was also integrated to the healing via tannic acid-chelated Fe. As
a result, antibacterial, anti-inammatory, adhesive, self-healing
multifunctional hydrogel was developed for wound healing
applications.

Recently, injectable and in situ forming hydrogels have
emerged as a promising candidate for wound patches due to its
advantage for fabricating different-shaped patches depending
on the wound area.217 It has been shown that an irreversible
gelation of poly(N-isopropylacrylamide-co-n-butyl acrylate)-
poly(ethylene glycol)-poly(N-isopropylacrylamide-co-n-butyl
acrylate) copolymer in situ forming hydrogel containing silver
NPs-decorated reduced graphene oxide nanosheets (Ag@rGO)
was developed as a potential wound dressing. It was reported
that the incorporation of Ag@rGO improved the stability and
provides the irreversible gelation as well as signicantly
enhance the wound healing of methicillin-resistant S. aureus-
infected wound.
4. Nanoparticle-loaded hydrogels for
wound healing

Skin, being a 1st-line of defence of the human body, plays a vital
role in regulating body temperature, shielding the human body
from external injuries or pathogens, and is most likely to receive
injuries. The skin wound is one of the most common clinical
cases; hence it is of utmost necessity to develop an effective
wound dressing. Wound dressings cover up the peri-wound
area to provide a suitable wound-healing environment and
prevent tissue dehydration. Conventional dressing systems are
cheaper and easy to use but cannot provide a suitable wound-
healing environment. Ideal dressing platforms should be
biocompatible and have the ability to retain moisture with
better mechanical strength.218 A new wound-dressing approach
has emerged in the current hunt for effective wound dressings,
using both drugs and various innovative biomaterials to opti-
mize and promote wound healing.219 Researchers suggested
that nanoparticle-loaded hydrogels for wound healing can be
a better alternative to traditional dressing (Table 1). Hydrogels
are three-dimensional with vigorous hydrophilic networks and
can mimic the skin's ECM structure. Along with this, hydrogels
have some inherent properties like better absorption and
retention of water, biocompatible, and biodegradability to
promote the healing process. Modern-day, wound dressing
RSC Adv., 2023, 13, 21345–21364 | 21357
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systems focuses on the natural polymer (e.g., chitosan, gelatin,
collagen, cellulose, hyaluronic acid, etc.) hydrogel dressings
over synthetic polymers because of their excellent biodegrad-
ability and biocompatibility and the ability to improve the
microenvironment of the wound and promote healing at
different stages.220 Nanomaterials in hydrogels have signi-
cantly enhanced mechanical strength by forming electrostatic
interactions, hydrophobic interactions, hydrogen bonds, cova-
lent bonds, etc.221 NPs, mainly metal-based NPs (e.g., silver,
gold, copper), metal oxide NPs (e.g., zinc oxide, titanium oxide,
cerium oxide), polymer (e.g., polyurethane, poly(lactic-glycolic
acid), etc.) and glass-ceramic nanoparticles are exploited for
wound healing. A study of nanogel based wound healing, Zhao
and co-workers developed a genetically engineered polypeptide
nanogel loaded with silver NPs as a wound healing as well as an
antibacterial agent.222 An earlier study suggested that cerium-
doped biotype Linde type a zeolite-based NPs loaded chitosan
hydrogel have the ability to healing the diabetic wound by
eliminated mitochondrial ROS and promoted the angiogen-
esis.223 Similarly, advanced bioceramics and polymer based
hydrogel play an integral role in wound healing process. Addi-
tionally, these nanoparticles showed antibacterial and antitu-
moral activity along with the enhanced osteogenesis and
angiogenesis.224,225 Shari and co-workers developed a skin
substitute in the form of silver-doped bioactive glass-ceramic
nanoparticles-based embryonic broblast cell loaded hydro-
gel. This substitute could enhance the cell attachment, prolif-
eration and angiogenesis.226

5. Ethical aspects

The emergence of the concept of nanomedicine is nearly 35
years ago and the technological developments in this area
raised ethical issues concerning the use of nanomaterials due to
the concept of “nanotoxicity”. As the nanomaterials exhibit
different properties compared to their bulk counterparts, new
knowledge, and research are needed for the use of each nano-
particle, especially in medicine. Especially due to the increase in
the surface area to volume ratio, nanomaterials have enhanced
reactivity both in vitro and in vivo which brings the necessity to
a serious tracing.247,248 Despite the various advantages of using
NPs as a part of therapy/healing, there is an increased risk of
cyto- and/or genotoxicity. This risk is also dependent on the
size, shape, and concentration of the NPs.249,250 As the material
type, size, and route of exposure change, the risks can also be
changed. Therefore, one must consider every situation and
material separately.251 Also, the accumulation of nanomaterials
in the body can have its own potential toxic effects.252 While
investigating the benets and research areas of NPs, it is an
ethical response to point out the safety issues regarding nano-
medicine products before being used in clinical trials.253 It is
stated that the ethical issues about using NPs in medicine,
including patient's rights, safety, and clinical trials, are also
valid for other medical science and technologies. Knowing that
every medication can have the risk of causing a side effect,
deciding whether a technology is proven to be effective and safe
can have some uncertainties. Also, it is a matter of fact how
21358 | RSC Adv., 2023, 13, 21345–21364
much risk can be taken by the patients to accept new tech-
nology.254 If the potential risks of human exposure to nano-
materials can be stated certainly, scientists can work on risk
minimization more effectively.255

6. Conclusions

Four overlapping and interdependent phases make up the well-
organized process of wound healing where intricate cellular and
molecular mechanisms regulate these phases. However, these
stages occur naturally, but distinctive dressing strategies may
improve and speed it up. Dressings have evolved in recent years
with new options, such as polymer blends and nanotechnology
tools, to produce better materials while ensuring an ideal
climate for wound healing. The current review has covered the
various wound healing techniques in great detail and shown
both the benets and pitfalls of using nanomaterials in
hydrogel wound patches. In addition to strengthening the
mechanical characteristics, water solubility, and cell adhesion,
nanotechnology can also load different particles with special-
ized biological functions or antibacterial activities in the
hydrogels to accomplish long-term and slow drug delivery.
Moreover, it shows a more effective curative impact than
traditional topical medications. Additionally, a lesser amount of
medications can function better due to the huge surface area of
the NPs, which also somewhat reduces its toxicity.
Nanomaterial-enhanced custom wound dressings have enor-
mous promise for customised wound treatment. To achieve
minimal resistance and rapid wound healing, one should be
aware of the major difficulties linked to nanomaterial wound
wraps and how they interact with the wound. To comply with
international health norms, manufacturing expenses should be
decreased overall. As a result, the potential applications of
hydrogels-NPs composites amalgamation are endless and
should be further investigated in future studies.

The commercialization of nanoparticle-loaded hydrogels for
wound healing has emerged as a promising eld with signi-
cant potential for clinical applications. Silver, zinc oxide, or gold
nanoparticles have been incorporated into these advanced
hydrogel formulations, which have demonstrated impressive
therapeutic properties facilitating healing of wounds. For
instance, commercially available products like Nanomedic's
SpinCare®,256 Systagenix's Acticoat™,257 and Mölnlycke's
Mepilex® Ag258 utilize nanoparticle-decorated wound patches
with antimicrobial activity, accelerated wound closure, and
enhanced tissue regeneration. Commercial products containing
nanoparticles have earned the attention of researchers, clini-
cians, and industry stakeholders, which has further accelerated
the commercialization of nanoparticle-loaded hydrogels.259 The
successful outcomes reported in studies evaluating the efficacy
of silver nanoparticle-loaded hydrogels in treating chronic
wounds256 and the accelerated wound healing capabilities
demonstrated by zinc oxide nanoparticle-loaded hydrogels259

provide strong evidence for their commercial viability. More-
over, the biocompatibility and ease of synthesis of these
hydrogel systems contribute towards their attractiveness for
commercialization. The availability of commercial products
© 2023 The Author(s). Published by the Royal Society of Chemistry
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and their prospects are poised to increase as ongoing research
continues to reveal new insights and rene the properties of
nanoparticle-loaded hydrogels, ultimately beneting patients
and contributing to the advancement of wound healing thera-
pies in the future.
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P. Warszyński, Colloids Surf., B, 2015, 128, 17–22.

96 S. K. Nethi, S. Das, C. R. Patra and S. Mukherjee, Biomater.
Sci., 2019, 7, 2652–2674.

97 C. Sen, C. K. Khanna, S. Venojarvi, M. Trikha, P. Ellison,
E. C. Hunt and S. Roy, J. Physiol. Heart Circ. Physiol., 2002,
282, 1821–1827.

98 J. Li, D. Zhai, F. Lv, Q. Yu, H. Ma, J. Yin and C. Wu, Acta
Biomater., 2016, 36, 254–266.

99 F. Buyukserin, S. Altuntas and B. Aslım, RSC Adv., 2014, 4,
23535–23539.

100 G. H. Gwak, A. J. Choi, Y. S. Bae, H. J. Choi and J. M. Oh,
Biomater. Res., 2016, 20, 1–8.

101 N. Shadjou and M. Hasanzadeh, J. Biomed. Mater. Res. A,
2016, 104, 1250–1275.

102 J. A. Killion, S. Kehoe, L. M. Geever, D. M. Devine,
E. Sheehan, D. Boyd and C. L. Higginbotham, Mater. Sci.
Eng. C, 2013, 33, 4203–4212.

103 N. Wang, S. T. Dheen, J. Y. Fuh and A. S. Kumar, Int. J.
Bioprinting, 2021, 23, 00146.

104 G. S. Alvarez, C. Hélary, A. M. Mebert, X. Wang, T. Coradin
and M. F. Desimone, J. Mater. Chem. B., 2014, 29, 4660–
4670.
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165 A. Zielińska, F. Carreiró, A. M. Oliveira, A. Neves, B. Pires,
D. N. Venkatesh, A. Durazzo, M. Lucarini, P. Eder,
A. M. Silva and A. Santini, Molecules, 2020, 25, 3731.

166 S. S. Guterres, M. P. Alves and A. R. Pohlmann, Drug Target
Insights, 2007, 2, 117739280700200002.

167 S. Deng, M. R. Gigliobianco, R. Censi and P. Di Martino,
Nanomaterials, 2020, 10, 847.

168 K. S. Soppimath, T. M. Aminabhavi, A. R. Kulkarni and
W. E. Rudzinski, J. Control Release, 2001, 70, 1–20.

169 A. Cano, M. Ettcheto, J. H. Chang, E. Barroso, M. Espina,
B. A. Kühne, M. Barenys, C. Auladell, J. Folch, E. B. Souto
and A. Camins, J. Control Release, 2019, 301, 62–75.

170 S. A. Dilliard and D. J. Siegwart, Nat. Mater., 2023, 19, 1–9.
171 X. Chen, S. Hussain, A. Abbas, Y. Hao, A. H. Malik, X. Tian,

H. Song and R. Gao, Mikrochim. Acta, 2022, 183, 83.
172 R. Rai, S. Alwani and I. Badea, Polym. J., 2019, 11, 745.
173 M. Varga, Self-assembly of nanobiomaterials, William

Andrew, Publishing, 2016, ch. 31, pp. 57−90.
174 M. Dergham, S. Lin and J. Geng, Angew. Chem., Int. Ed.

Engl., 2022, 61, e202114267.
175 X. Sun, Y. Dong, Y. Liu, N. Song, F. Li and D. Yang, Sci.

China Chem., 2021, 65, 31–47.
176 Nanochemistry: Synthesis, Characterization and

Applications,ed. A. Sharma, and G. Oza, CRC Press, 1st
edn, 2023.

177 H. J. Kang, N. Chen, B. C. Dash, H. C. Hsia and
F. Berthiaume, Adv. Wound Care, 2021, 10, 221–233.

178 L. B. Vong, Y. Sato, P. Chonpathompikunlert, S. Tanasawet,
P. Hutamekalin and Y. Nagasaki, Acta Biomater., 2020, 109,
220–228.

179 C. Pan, J. Wu, S. Qing, X. Zhang, L. Zhang, H. Yue, M. Zeng,
B. Wang, Z. Yuan, Y. Qiu, H. Ye, D. Wang, X. Liu, P. Sun,
B. Liu, E. Feng, X. Gao, L. Zhu, W. Wei, G. Ma and
H. Wang, Adv. Mater., 2020, 32, e2002940.

180 M. Melo, E. Porter, Y. Zhang, M. Silva, N. Li, B. Dobosh,
A. Liguori, P. Skog, E. Landais, S. Menis, D. Sok,
D. Nemazee, W. R. Schief, R. Weiss and D. J. Irvine, Mol.
Ther., 2019, 27, 2080–2090.

181 P. Kolimi, S. Narala, D. Nyavanandi, A. A. A. Youssef and
N. Dudhipala, Cells, 2022, 11.

182 V. Linko, A. Ora and M. A. Kostiainen, Trends Biotechnol.,
2015, 33, 586–594.

183 D. Muraoka, N. Harada, H. Shiku and K. Akiyoshi, J. Control
Release, 2022, 347, 175–182.
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra03477a


Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Ju

ly
 2

02
3.

 D
ow

nl
oa

de
d 

on
 6

/1
9/

20
26

 2
:5

7:
17

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
184 S. Peressotti, G. E. Koehl, J. A. Goding and R. A. Green, ACS
Biomater. Sci. Eng., 2021, 7, 4136–4163.

185 S. Yadav, A. K. Sharma and P. Kumar, Front. Bioeng.
Biotechnol., 2020, 8, 127.

186 W.-Y. Chen, H.-Y. Chang, J.-K. Lu, Y.-C. Huang,
S. G. Harroun, Y.-T. Tseng, Y.-J. Li, C.-C. Huang and
H.-T. Chang, Adv. Funct. Mater., 2015, 25, 7189–7199.

187 H. Jia, X. Zeng, S. Fan, R. Cai, Z. Wang, Y. Yuan and T. Yue,
Int. J. Biol. Macromol., 2022, 210, 703–715.

188 S. Perez-Rafael, K. Ivanova, I. Stefanov, J. Puiggali, L. J. Del
Valle, K. Todorova, P. Dimitrov, D. Hinojosa-Caballero and
T. Tzanov, Acta Biomater., 2021, 134, 131–143.

189 A. G. Morena, S. Perez-Rafael and T. Tzanov, Pharmaceutics,
2022, 14, 1–20.

190 L. Sun, A. Li, Y. Hu, Y. Li, L. Shang and L. Zhang, Part. Part.
Syst. Char., 2019, 36, 1800420.

191 E. Santhini, R. Parthasarathy, M. Shalini, S. Dhivya,
L. A. Mary and V. V. Padma, Int. J. Biol. Macromol., 2022,
197, 77–87.

192 H. Huang, W. Gong, X. Wang, W. He, Y. Hou and J. Hu, Adv.
Health Mater., 2022, 11, e2102476.

193 W. Liu, W. Ou-Yang, C. Zhang, Q. Wang, X. Pan, P. Huang,
C. Zhang, Y. Li, D. Kong and W. Wang, ACS Nano, 2020, 14,
12905–12917.

194 J. Zhu, H. Zhou, E. M. Gerhard, S. Zhang, F. I. Rodŕıguez,
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