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Abstract: Poor wound healing affects millions of people globally, resulting in increased mortality
rates and associated expenses. The three major complications associated with wounds are: (i) the
lack of an appropriate environment to enable the cell migration, proliferation, and angiogenesis;
(ii) the microbial infection; (iii) unstable and protracted inflammation. Unfortunately, existing
therapeutic methods have not solved these primary problems completely, and, thus, they have an
inadequate medical accomplishment. Over the years, the integration of the remarkable properties of
nanomaterials into wound healing has produced significant results. Nanomaterials can stimulate
numerous cellular and molecular processes that aid in the wound microenvironment via antimicrobial,
anti-inflammatory, and angiogenic effects, possibly changing the milieu from nonhealing to healing.
The present article highlights the mechanism and pathophysiology of wound healing. Further, it
discusses the current findings concerning the prospects and challenges of nanomaterial usage in the
management of chronic wounds.

Keywords: chronic wounds; nanomedicine; chronic inflammation; angiogenesis; infection; mecha-
nism; healing challenge

1. Introduction

The human body is covered by the skin, which is the largest organ. Approximately
2 m2 of the adult surface area is skin. The skin acts as a defensive barrier between the
humanoid body and the exterior milieu. Thus, it functions as moisturizer, sensory percep-
tion, temperature control, humoral equilibrium maintenance, and resistance to external
pathogens [1]. With prolonged exposure, the skin tolerates the impact of numerous exterior
stimuli. Injuries triggered by the destruction of the skin’s integrity led to ailments. The
most recurrent injuries are burns, medical incisions, contusions, cuts, and scratches caused
by trauma. The self-healing property of an organism results in wounds healing within
three months, depending upon the injury’s severity. However, an uncontrolled infection
transforms an acute infection into a chronic one that lasts for months or even years [2].

Recently, chronic ailments such as vascular dysfunction, obesity, and diabetes have
increased remarkably, causing a surge in patients suffering from chronic wounds. The
diabetic patient has a 15–25% risk of diabetic chronic abscesses [3]. Moreover, some com-
municable skin ailments, for instance, malignant skin tumors, sporotrichosis, autoimmune
skin diseases, dermatomyositis, and physical skin disease, can make patients vulnerable to
chronic wounds [4]. The hypodermic tissue of chronic and nonhealing wounds is bared
to the exterior environment for an extended period, predisposing patients to bleed and
osteomyelitis and thereby posing the risk of death for patients in severe conditions. The
occurrence of chronic infection decreases the quality of life in patients, upsurges their
financial burden, and leads to severe mental and psychosocial complications. In the United
States, for example, millions of patients are suffering from bone or skin imperfections.
The treatment sums for these defects are USD 39 billion and USD 75 billion annually,
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respectively [2]. In addition, prolonged medicinal resources have caused a burden on the
healthcare system.

Wound healing is continuously becoming more complex for clinicians, and novel mate-
rials and approaches are instantly desirable. Substantial developments in nanotechnology,
principally in nanochemistry and nanomanufacturing, have revolutionized the pharmaceu-
tical and biotechnology industries. Nanomaterials (with at least one dimension below 100
nm) display distinct physicochemical properties owing to their distinct structure, leading
to small size, surface, and macroscopic quantum tunneling effects. Recently, nanomaterials
have also been extensively utilized in wound healing owing to their better adsorption
capacity, antimicrobial properties, and drug loading [5].

Wound dressings act as impermanent skin alternates and play an essential part in
hemostasis, infection control, and wound closure. Several dressing materials have been
explored for many years. Traditionally, wound dressings, such as gauze and bandages,
were used for treating skin defects [6]. The model dressing must simulate with the extra-
cellular matrix (ECM) for a wet milieu, possess antimicrobial properties, and encourage
the proliferation of cells and angiogenesis, therefore, needing unique constituents with
remarkable properties. The huge demand in the market for such resources has enhanced
the growth of nanomaterial dressings [7]. Presently, novel nanomaterial-based bandages,
such as hydrogels, nanofibers, and films, are now being extensively utilized. Interestingly,
by 2021, the market for such materials is predicted to surpass USD 20.4 billion globally [8,9].

Even though a growing number of novel nanomaterials have been reported for their
utilization in wound healing, the mechanisms have not been thoroughly summarized.
Henceforth, in the present review, we explored recent nanomaterial applications, possible
mechanisms, and potential toxicity to aid in wound healing from diverse facets. Promi-
nently, we present the limits of the current application of nanomaterials in the medical
and mechanistic studies of wound healing and provide solutions and innovative research
concepts that can become future directions of investigation/research.

2. Physiology of Wound Healing

The restoration of skin is a complicated physiological procedure, which involves the
complex organization of numerous diverse cell types, chemokines, and various growth
factors in a chronological manner. Conventionally, the wound healing process is categorized
into four phases: (a) hemostasis, (b) inflammation, (c) proliferation, and (d) remodeling
(Figure 1).
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Figure 1. Four stages of cutaneous wound healing (upper) [10] (Reprinted with permission from 
Ref. [10]. Copyright Elsevier, 2020) and corresponding timelines (lower) [11] (Reprinted with per-
mission from Ref. [11]).  

Figure 1. Four stages of cutaneous wound healing (upper) [10] (Reprinted with permission from
Ref. [10]. Copyright Elsevier, 2020) and corresponding timelines (lower) [11] (Reprinted with permis-
sion from Ref. [11]).
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2.1. Hemostasis Phase

Initially, hemostasis is the primary response to injury, stopping bleeding and abating
hemorrhaging followed by vascular injury. Hemostasis involves three stages; vasoconstric-
tion followed by primary hemostasis and then secondary hemostasis, which is attained
through fast, synchronized, and mechanistically interrelated routes [11–14]. Table 1 repre-
sents the function of various biomolecules involved in wound healing. In addition, they
overlay the subsequent phase of the wound healing stage through the stimulation of ep-
ithelial cells, employing fibroblasts for collagen deposition and encouraging the restoration
of injured tissue [15,16].

Table 1. Function of various biomolecules involved in wound healing.

Growth Factor Cell Sources Role References

Platelet-derived growth factor (PDGF)

Platelets, macrophages,
epidermal cells, keratinocytes

Neutrophils and fibroblasts migration;
triggers macrophages [17,18]

Transforming growth factor (TGF)-β family

Platelets, macrophages Chemoattractant for inflammatory cells; clot
formation; fibrosis [18,19]

Vascular endothelial growth factor (VEGF)

Platelets, macrophages,
fibroblasts, epidermal cells Angiogenesis and migration of endothelial cells [18,20]

Endothelial growth factor (EGF) family (TGF-α and EGF)

Platelets, fibroblasts, Mesenchymal; migration of keratinocytes,
fibroblast and endothelial cells [20,21]

Insulin-like growth factor (IGF) family

Plasma, platelets Stimulate extracellular matrix deposition and
fibroblast growth; protein and DNA synthesis [22,23]

Fibroblast growth factor (FGF) family (FGF and keratinocyte growth factor (KGF))

Fibroblasts, Endothelial cells,
keratinocytes

Cell proliferation; cell stemness;
dedifferentiation; inflammation; angiogenesis [22]

Interleukin

Macrophages, keratinocytes,
endothelial cells, and

neutrophils

Release of proinflammatory cytokines;
differentiation, activation, and proliferation of

leukocytes, endothelial cells, keratinocytes, and
fibroblasts

[15,24]

Tumor necrosis factor (TNF)-α

Neutrophils, macrophages Promotes the formation of the extracellular
matrix; release of inflammatory cytokines [25]

2.2. Inflammation Phase

The inflammation arises instantly after the injury and frequently lasts for up to 3 days.
After the strong vasoconstriction of early hemostasis, the degranulation of platelets triggers
a complement cascade and produces strong complement peptides, which leads to the
discharge of histamine, serotonin, proteases, and additional cellular intermediaries from
basophils and mast cells. It causes vasodilation and amplified vascular permeability and
blood flow, developing inflammation and heat [26–28].

After 3–4 days of wound development, macrophages remove exhausted neutrophils
via efferocytosis, averting a nonspecific breakdown of the tissue and perseverance of
inflammation [12,29].
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2.3. Proliferation Phase

Four days after wound development, a proliferation stage begins and persists for
~21 days in chronic wounds. However, the period is also influenced by the wound size
and patient health. The proliferation stage is categorized primarily by granulation of
tissue, wound reduction, and angiogenesis [30]. During granulation, angiogenesis plays
an essential role, and the tissue growth is activated during hemostatic plug due to the
generation of TGF-β, PDGF, and FGF via the platelets. Further, the granulation tissue
developed during inflammation functions as a primary tissue and is eventually substitutes
the clot at the injured site [27].

The re-epithelialization process is supported by the granulation tissue, where sev-
eral epithelial cells frequently travel across new tissues resulting in the generation of
barriers amid the wounded area and the environment [31,32]. Granulation tissue gathers
cellular–ECM interactions, and biomolecules are released along with growth factors and
mechanosensory signals stimulating the differentiation of fibroblasts into myofibroblasts
that aids in drawing wound boundaries together via wound contraction [15].

2.4. Remodeling Phase

The last stage of wound healing is maturation and remodeling. This phase starts about
three weeks post wound development and can take one year or even more, based on the
type of wound, resulting in the natural epithelium growth and scar tissue maturation [11].
This phase is simply the balance between synthesis, deposition, and degradation. Several
myofibroblasts, endothelial cells, and macrophages help in wound remodeling. Fibroblasts
help in crosslinking collagen resulting in the collagen realignment into organized grids
that upsurge the tensile strength of the tissue, accomplishing about 80% of unwounded
skin [33]. Despite its seemingly important role in re-epithelialization, the absence of this
growth factor does not hinder wound healing. Finally, there is a completely matured
scar with reduced vascularity. Therefore, wound restoration is complex and contains an
appropriate arrangement of stages; any failure in the synchrony stages will result in chronic
wounds [15].

3. Pathophysiology of Wound Healing

In general, skin establishes a high capacity for restoration that is controlled by the
efficient and arranged order of cellular and molecular processes. Furthermore, a distur-
bance in the normal healing procedure may entirely stop wound healing, causing chronic
wounds, such as arterial ulcers, nonhealing surgical wounds, foot ulcers, and pressure
sores [15]. Conditions related to abnormal wound healing comprise numerous intercon-
nected aspects such as cell senescence/apoptosis, protracted inflammation, production of
matrix metalloproteinase (MMP), matrix degradation, infection, systemic reasons including
nutritional conditions of patient, strain, and other chronic comorbid [34,35].

The acute wound microenvironment establishes a well-ordered ECM and a matrix
synthesis rate that surpasses its breakdown. Normal injuries are typically categorized by a
low bacterial load (as the microbial infection is controlled by immune cells) and quickly
heal with propagation and restoration. The imbalance in the phases results in chronic,
nonhealing wounds [36–38]. Here, chronic wounds are described as those that have not
progressed due to an organized and appropriate process to attain the usual anatomic
and functional integrity [39,40]. Several investigators stated that 6–8 weeks are suitable
for wound healing; beyond that, the wound should be considered a chronic/nonhealing
wound. The delayed recovery can be due to wound infection, the perseverance of foreign
particles or microbial proteins, chronic irritation and shock, and ischemia [41–46].

The continuous interleukins (ILs) and inflammatory cytokine expression and over-
expression cause the imbalance in vital proteases, growth factors, and cytokines, which
results in excessive degradation, proteolysis, and inadequate accessibility of crucial recep-
tors, growth factors, and ECM. Cells during acute wound healing are different (functionally
and phenotypically) from that of chronic nonhealing wounds. The proliferation and move-
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ment of fibroblast cells are averted and do not respond to growth factors [36]. Some
immune cells responsible for bactericidal and phagocytic activity become disrupted, thus
accumulating necrotic debris near the edge of the wound [15]. Chronic wounds also lead
to biofilm formation compared to acute injuries [37]. Damaged vascularization and an
inadequate transfer of oxygen and nutrients to the cells stimulate avascular necrosis, which
later causes bacterial growth and the formation of a biofilm. Subsequently, biofilm for-
mations trigger the inflammation, thereby averting the deposition of ECM and wound
epithelialization. Figure 2 represents the molecular mechanisms of chronic wounds. The
wound site in chronic wounds is larger than the noticeable lesion, which is caused due
to the pathological injury to tissues around the wound where the integrity of the skin is
damaged [47–52]. The tissues around and underneath the chronic wounds are similarly
influenced by the primary abnormality causing ulceration [42,53–58]. The factors (local and
systemic) influencing wound recovery include insufficient blood supply, the existence of
foreign particles that hinder the tissue repair, the constant presence of microbes and infec-
tion, wound dehiscence, impairment of venous drainage, decreased macrophage activity,
and increased MMP levels [59–65].
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4. Significance of Nanoparticles in Wound Healing

Nonetheless, wound healing is a challenging issue making wound management crucial.
Nanotechnology delivers several novel approaches for regenerative medicine. Recently,
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numerous biocompatible self-assembling nanoparticles (NPs) were developed [66–70]. NPs
boost deferred wound recovery and injury treatment. The metal NPs, such as zinc oxide,
gold, and silver, have displayed favorable properties, such as less in vivo toxicity and bacte-
riostatic and bactericidal activities [15,71–74]. Typically, NPs are in the nm size range, and
the usage of nanomaterials in contemporary treatment is a rapidly growing area. It involves
the expansion of materials in the range of nanometers or in the molecular range [75]. The
decrease in the size of a material to a nanoscale leads to a surge in surface area and surface
area to volume ratio, which results in progressive physiochemical properties.

4.1. Metal and Metal Oxide NPs

NPs based on metal are extensively applied in biomedicine owing to their benefits,
such as easy synthesis with defined shapes and sizes, facile functionalization of the surface,
enhanced biocompatibility, and superior physicochemical properties [76]. The most exten-
sively used NPs in the biomedical area are gold and silver. Gold NPs are broadly considered
in biosensing due to their optical properties and for drug delivery as a nanocarrier [77].
Silver NPs are primarily used as antimicrobial agents and anticancer activity [78]. Three
hypothetical mechanisms have been demonstrated for their antibacterial activity: (i) the
perviousness of microbes will be altered due to the NP accumulation on the microbial
membrane therefore causing the release of membrane proteins, lipopolysaccharides, and
intracellular biomolecules; (ii) the generation of reactive oxygen species (ROS) via NPs,
instigating oxidative impairment to cells; (iii) NPs are metabolized by the microbes, caus-
ing a reduction of intracellular ATP and a disturbance in the replication of DNA [79,80].
Metal and metal oxide nanoparticles display a virtuous bactericidal capability towards the
existing drug-resistant strains [81]. However, it has also been stated that microbes would
advance the capacity to escape these NPs when used on a pilot scale [82], and this area
should be explored in future studies.

4.1.1. Silver NPs

Silver is a bactericidal agent and is generally used for the treatment of blisters, wound
disease, and abscesses. For instance, silver nitrate is still used for the treatment of non-
healing chronic disease. For effective drug distribution, diverse silver coatings in wound
bandages are accessible nowadays, which play a significant role during chronic wound
ailment [83,84]. Dressing based on silver nanoparticles (AgNPs) does not lead to a compli-
cation, even when applied for a protracted period. The combination of collagen and AgNPs
displays robust antibacterial activity, thus making it an appropriate element during wound
covering [85]. Metal nanoparticles as a single conjugate have been known to carry efficient
properties for wound healing. In view of their remarkable antimicrobial properties, AgNPs
have been used in various types of wound coverings, for instance, chitosan [86], poly(vinyl
alcohol)/sodium alginate hydrogels [87], and plasma-treated electrospun polycaprolactone
scaffold [88]. The wound coverings loaded with AgNPs developed from diverse biocom-
patible polymers showed virtuous repressive activity against Staphylococcus aureus, E. coli,
S. epidermidis, and Salmonella typhimurium.

The combination of collagen/chitosan scaffolds with AgNPs (AgNP–collagen/chitosan
hybrid scaffolds) was observed to be effective against bacterial infection in the skin [89].
The formation of biofilms in the infected area may obstruct the diffusion of therapeutic
agents that significantly reduce the antiseptic effectiveness [90]. It was found that within 1
h, AgNPs (~20 nm) could enter an E. coli (40 µm) biofilm, and AgNPs dispersing inside the
biofilm can then dissolve, and Ag+ is released, resulting in enhanced antibacterial activity.
Nevertheless, AgNP antibacterial efficiency toward biofilm will be significantly decreased
owing to their propensity to aggregate [91]. In addition, AgNPs are comparatively lethal to
humanoid cells, which is one of the foremost hindrances for their implication in wound
healing.



Nanomaterials 2022, 12, 618 8 of 20

4.1.2. Copper NPs

In wound healing, copper NPs (CuNPs) have been extensively investigated due to their
remarkable antibacterial property and observed to suppress a wide spectrum of bacterial
strains [92]. CuNPs release Cu2+, which causes disruption in cell walls and membranes by
hardening the protein structure or altering the enzyme function. The antibacterial efficiency
of CuNPs displays size- and concentration-dependent activity [93]. For instance, at high
concentrations, CuNPs showed complete inhibition of E. coli [94]. The CuNPs adhered
to the bacteria and showed penetration ability to the cell membrane. First, released Cu2+

damaged the cell walls of bacteria, followed by cytoplasm degradation and finally bacterial
death. Earlier, the various sizes and concentrations of CuNPs were investigated for the
treatment of bacteria in the wound healing procedure [93]. It was found that CuNPs with
40 nm and 80 nm sizes and 10 µM and 1 µM were not lethal to the skin.

Additionally, Cu atoms showed a catalytic activity similar to Fenton chemistry. During
recycling redox reactions amid Cu+ and Cu2+, hydrogen peroxide was released, which
resulted in damage to the bacterial cytoplasmic membrane leading to bacterial death [95].
After CuNPs were taken up by bacteria, ROS was generated in the bacteria, and it was
examined that CuNPs augmented the ROS level by 2.5 fold compared to the control [96].
The ROS overproduction will eventually kill the bacteria via cellular lipid and protein
peroxidation and DNA degradation. Moreover, CuNPs can help avert the development of
Pseudomonas aeruginosa biofilm at more budding phases [97]. CuNPs (100 ng/mL) displayed
94% Pseudomonas biofilm inhibition, representing a higher antimicrobial efficiency than
AgNPs [97]. CuNP-coated wound dressing showed the rapid and efficient killing of
Acinetobacter in skin wounds [98]. CuNPs stimulate angiogenesis by affecting the expression
of the hypoxia-inducible factor (HIF-1a) and regulation of the secretion of VEGF, thereby
promoting wound healing [97].

4.1.3. Gold NPs

Biocompatible gold nanoparticles (AuNPs) are widely used in wound healing, tissue
regeneration, and targeted drug delivery [99]. Unlike Ag, AuNPs by themselves do not
show any antimicrobial activity. Therefore, AuNPs should be combined with the other
biomolecules to be utilized efficiently in the biomedical field. The crosslinking of AuNPs
with collagen makes it easy to be combined with other biomolecules such as peptides,
growth factors, polysaccharides, and cell adhesion molecules by impending at the surface of
Au without altering the collagen structure [100]. These altered AuNPs displayed properties
such as biodegradability and biocompatibility, and henceforth they might be utilized
extensively in wound healing.

Likewise, chitosan and gelatin might further be included easily with AuNPs, which
offer innocuous and beneficial effects in increasing wound healing [101]. Au can be coupled
to other current NPs or antimicrobial drugs, thus enhancing their effectiveness toward
killing microbes. For instance, vancomycin-conjugated AuNPs improved the activity of
vancomycin (50 fold) against vancomycin-resistant enterococci and presented substantial
activity against E. coli [102]. AuNPs can be coupled with pathogen-specific antibodies
and photosensitizing molecules for photothermal therapy [103] and photodynamic ther-
apy [104], respectively. For example, AuNP-conjugated photosensitizer exhibited enhanced
antifungal activity in mice wounds against Candida albicans [105]. Recently, the topical
application of AuNPs to cutaneal wounds in rats displayed improved recovery charac-
terized by augmented re-epithelialization, granulation tissue formation, ECM deposition,
and collagen fibres content [106]. These differences are mainly found in the initial healing
phases and decrease the overall healing duration. AuNP and AgNP monotherapy were
equated for in vitro wound healing utilizing rats; the AuNP therapy presented better free
radical scavenging activity and improved wound healing [106].

With the conjugation of AuNPs with polymers or stem cells, AuNP wound healing ac-
tivity was significantly enhanced [77,107]. Chitosan–AuNP conjugate upsurged the AuNP
free radical scavenging activity numerous times and offered improved biocompatibility.
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A study on a rat surgical wound model exhibited that chitosan–AuNPs significantly en-
hanced the hemostasis, formation of epithelial tissue with a high healing rate, and closure
of wounds in comparison to the standard chitosan and Tegaderm bandage alone [108].
In another investigation in rats, AuNPs were conjugated with human cryopreserved fi-
broblasts and applied on the surface of burn wounds. The wounds showed an improved
recovery rate, decreased inflammation, and enhanced collagen deposition [107].

4.1.4. Zinc Oxide NPs

In cosmetics and fillings in therapeutic products, zinc oxide NPs (ZnO NPs) have been
widely utilized due to their biosafety, biocompatibility, and bactericidal properties [15].
ZnO NPs are adsorbed and accumulated on the bacterial cell surface and cytoplasm,
respectively, and hinder the cell membrane leading to the death of the bacteria. Earlier
investigations revealed that the ZnO NP size plays a crucial role in eliminating a wide range
of pathogenic microbes [109]. For instance, ZnO NPs measuring 8 nm (1 mM) showed >95%
growth inhibition of the S. aureus strain RN6390, but NPs measuring size 50–70 nm (5 mM)
displayed only 40–50% bactericidal activity [109]. Likewise, a confocal laser scanning
microscopy study demonstrated that smaller-sized ZnO NPs resulted in high inhibition
of S. aureus, signifying the NP size-dependent antibacterial activity. This was possibly
because of the higher amount of ZnO NP deposition on the bacterial surface owing to the
smaller sizes, which eventually accumulate in the cytoplasm and cell membrane, causing
cell death [109].

ZnO NP aqueous suspensions generate a high quantity of ROS, displaying antibacte-
rial activity [110]. It was also observed that ZnO NPs could significantly kill Mycobacterium
through direct contact and high ROS generation [110]. In addition, ZnO NPs could prevent
P. aeruginosa and S. aureus biofilm formation in a dose-dependent manner [110]. The embed-
ded ZnO NPs in chitosan hydrogel [111], collagen dressing [112], or cellulose sheets [113]
showed both antibacterial and tissue regeneration activity, which made them suitable to
decrease the risk of infections during wound healing [112,114].

4.2. Peptide Nanostructures

Peptide nanoparticles (PNPs) are formed via self-assembly and molecular chemistry
methods. PNPs are a developing area in synthetic biology for various applications in the
biomedical field, primarily for targeted drug delivery. PNPs are employed in biological
drugs and are beneficial in interpreting cell signaling [115]. The self-assembled peptide
frameworks closely impersonate the natural ECM and might further be improved func-
tionally to upsurge their contact with other cells [116]. For instance, peptide hydrogel
displays high biocompatibility and cytocompatibility in biological systems and numerous
mammalian cells [117]. The synthesized peptides are turned into fibrils and are thus trans-
formed into hydrogels and are activated in precise cell culture media without change in
their viability [118].

Few newly formed peptide hydrogels showed a stimulative part in the in vitro studies,
with the capability to aid in the attachment of cells and initiate the progenitor cell differen-
tiation of liver into hepatocytes, helping significantly in liver tissue revival [119]. Several
studies exhibited that peptide hydrogels delivery could start the endogenous endothelial
cell survival by improving the neighboring microenvironment [120]. With the incorporation
of peptide amphiphile into the cell adhesion epitope, the developed hydrogels display a
growing cell-responsive environment and provide an appropriate environment for dental
stem cell growth [121].

Similarly, a novel approach to combining various hyaluronic acids together to create
a self-sealing pouch has recently been established. Encapsulated human mesenchymal
stem cells (MSCs) were filled into this pouch to transport MSCs to desired places for tissue
regeneration [122]. Recently, studies demonstrated that self-assembled conjugated peptides
encouraged chondrocyte revival and functional repossession in bone damage [123]. These
peptide hydrogels showed a positive effect in the regeneration of tissue, in contrast to
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contemporary natural biomaterials. Initially, these self-assembled nanostructures deliver
a suitable condition for cell development and differentiation during tissue regeneration.
Second, amino acid-derived PNPs retain better biodegradability and biocompatibility.
Finally, these peptide sequences can be tailor made and combined into nanostructures
for desired target sites depending on the requirement. Moreover, PNPs do not show any
immunogenic properties and graft rejection [124].

4.3. Polymeric Nanostructures

Polymers are substances that are made up of small organic molecules (i.e., monomers)
linked together in long, repeating chains. The polymer’s chain length is determined by the
molecular weight of separate monomers and the degree of polymerization. Changes in
polymer production processes can enhance the functional properties of synthetic polymers,
and they can further be modified accordingly to be used for specific applications. The ma-
jority of the polymers are biomaterials commonly used in healthcare sectors, specifically in
drug delivery systems, surgical tools, tissue engineering, and medical device coatings [125].

Polyethylene, polypropylene, polystyrene, polyvinyl chloride, polylactides, polyte-
trafluoroethylene, polymethylmethacrylate, polyamides (nylon), polysiloxanes (silicone),
and polyurethanes (PUs) are examples of synthetic polymers. In contrast, DNA, hyaluronic
acid, gelatine, and collagen are a few examples of natural polymers [126,127]. Polymers
have several advantages, including ease of manufacture, inexpensive cost, and the ability
to be employed in a variety of dressing materials. Synthetic polymeric nanostructures are
mainly used as graft materials in tissue engineering applications and as a biological carrier
in drug delivery applications as well as in the preparation of medical devices. Furthermore,
they are less expensive than biological scaffolds and have a longer shelf life [77].

In a scientific study conducted on rats, researchers discovered that PU promotes cellu-
lar proliferation indirectly by successfully inducing angiogenesis and reepithelization [128].
In addition to PU, polymeric hydrogels were also found to have the potential to aid in
tissue repair. The hydrogel scaffold stimulates inflammatory cell infiltration in the early
stages of healing and enhances the necessity of angiogenic cells in later stages of recovery,
resulting in the development of delayed healing. In the case of any wound, cells and
cytokines are added to the polymer, which additionally promotes the development of new
blood vessels and the improvement of the milieu around the wound [129]. As a result,
these polymeric compositions could be useful in the treatment of both normal and delayed
infectious wounds.

According to the recent discovery, cross-linked polymer chains may swell from their
native state when present in an aqueous environment. This distinguishing feature of
polymers highlights the important function that polymers play in wound healing. For
example, gelatin, a natural polymer synthesized from collagen, has mostly been used to
make biodegradable and biocompatible wound dressing products. It was further reported
that the porosity and interfiber spacing of a gelatin scaffold play a major role in skin
repair [130]. Gelatin-based scaffolds also showed improved wound healing in rats [131].

Fibrin is also a different natural polymer derived from fibrinogen and then polymer-
ized into fibrin, and this process is catalyzed by the enzyme thrombin. Fibrin has several
unique qualities, including the ability to reduce inflammation, increase immunological
response, and improve cell adhesion, and it is commonly employed in tissue engineering
and wound healing [132]. Hydrogels have many characteristics, including their mechani-
cal strength, water retaining ability, and biocompatibility that helps in preventing tissue
dehydration. Thus, hydrogels can be used to make bandages and dressings for wounds
and ulcers. Alternatively, scaffolds deliver strong mechanical support as well as permit
growth factor delivery at the targeted sites, both of which are critical properties needed for
tissue regeneration. Yet, the main disadvantage of scaffolds is that they must be implanted
at the target site, limiting their application [133].

At present, hydrogel usage is more prevalent due to its injectable nature and the
ability to attain a defect shape. Additionally, hydrogels are also exceedingly elastic and
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flexible due to their capacity to hold enormous amounts of water. The delivery of growth
factors by hydrogels and scaffolds follows a similar delivery mechanism involving covalent
bonding between growth factors and hydrogels. FGF-2 combined with a 3% hydroxypropyl
cellulose (HPC) gel for periodontal tissue regeneration yielded minimal results in recent
clinical research [134]. Another clinical study indicated that injecting recombinant human
FGF-2 combined with a biodegradable gelatine hydrogel into the knee during surgery
in osteoarthritic patients was safe and effective [135]. Other clinical experiments using
hydrogels include the use of FGF in a fibrin gel to treat cervical spinal cord damage, which
exhibited effective nerve regeneration characteristics [136].

4.4. Liposomes

Liposomes are comprised of hydrophobic shells and a hydrophilic inner core. They
have been widely investigated as carriers for wound healing due to their ability to encapsu-
late hydrophobic and hydrophilic therapeutic agents, such as antibiotics and bactericidal
ions [64]. Liposomes can enable the diffusion of therapeutic agents into bacterial cells
and therefore upsurge the drug concentration intracellularly to inhibit bacterial growth
and biofilm formation. The liposome composition can be explicitly modified to enhance
uptake and sorption via the bacterial cellular membrane. So far, numerous liposomes
(with various surface alterations) loaded with antibiotics have been studied for bacterial
infections inhibition [64,65].

Liposomes carry a negative charge and bind more efficiently with the bacterial
cell membrane carrying the positive charge than with the negative or neutral carrying
charge [54,64]. For instance, liposomes (cationic) laden with vancomycin were effective
against methicillin-resistant Staphylococcus aureus or S. epidermidis [65]. Liposome-based
carriers are extremely biocompatible and have comparatively low immunogenicity as the
conformation of the lipid bilayer can be modified. Furthermore, liposomes can be altered
and implanted in wound bandages to deliver therapeutic agents constantly and adequately
to inhibit bacteria to the wounded area [66,67].

4.5. Lipid NPs

Lipid NPs are propitious vehicles for medicinal agents, for example, drugs [137],
growth factors [138], and small interfering RNA (siRNA) [139]. Two kinds of lipid NPs, i.e.,
solid lipid NPs (SLNs) and nanosized lipid carriers (NLCs), have been formed as efficient
carriers for wound treatment [68,69]. These carriers deliver biocompatible components that
proficiently save medicinal agents from degradation and offer drug release sustainably.
SLNs and NLCs displayed an advantage over the conventional delivery vehicles. Addi-
tionally, their small sizes may enable diffusion into biofilm, thus encouraging close contact
between drug and bacterial cells.

The antimicrobial peptide LL37 plays a key role in defending the human body against
pathogenic infections [70]. Peptide LL37 was delivered by SLNs to the wound and ob-
served to be released continuously for 14 days. In addition, the peptide encapsulation in
SLNs prevented them from degradation for a much increased duration, and the contin-
uous LL37 release displayed strong bactericidal properties against S. aureus and E. coli,
which eventually boosted wound healing. NLCs or SLNs have been transformed into
sponges [137], hydrogels [68], and films [140] to transport and release active molecules
at specific sites and aid wound recovery. For instance, a SLN carrying silver sulfadiazine
(SSD) was captured into a chitosan hydrogel matrix for safe SSD delivery to wounds [68].
SSD–SLN enabled the SSD distribution and diffusion into biofilm, leading to protracted
and enhanced antibacterial activity. Specifically, in contrast to free SSD, SSD–SLN improved
the antibacterial activity toward planktonic bacteria and P. aeruginosa biofilm. The repres-
sive action of SSD–SLN on the planktonic growth was extended to 48 h at 18.75 µg/mL
minimum concentration [68].
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5. Limitations of NPs in Wound Healing

NPs have an admirable capability to encourage wound recovery, and there are still
tremendous prospects for their implementation and progress in the future. Yet, it ought
to be noteworthy that the wound surface is not secured by intact skin. NPs used during
wound healing are in direct contact with the wound tissue, and therefore the biological
safety of the NPs is crucial before application [141]. The frequently described transdermal
noxiousness of NPs is skin irritation and allergies. For instance, carbon nanotubes and
nickel NPs have been reported to cause skin hypersensitivity because of the ions released
and surface coverings from NPs [142]. Research displayed that NP exposure to transdermal
skin can exacerbate skin inflammation, irritation, and psoriasis [143,144]. Some studies
also showed oxidative stress, autophagy, and programmed cell death in fibroblasts and
keratinocytes when exposed to NPs [145]. The noxiousness of NPs (nickel, gold, and silver,
etc.) depends on the shape, size, surface charge, steadiness, and concentration. Thus, when
novel NPs are developed for wound treatment, it is crucial to adjust the physicochemical
properties to decrease the harmfulness toward skin cells [146]. The increase in the NP
stability decreases dermatitis caused by NPs. Stabilizers, for instance, metal shells, a
polymer, or surfactants, can be used [147,148].

Furthermore, low sensitization materials should be used for NP surface coating to
reduce skin irritation. Additionally, it has been stated that NPs lead to DNA damage
and reduce gene methylation, signifying the possibility of cell canceration [149,150]. Yet,
there is no clear indication to demonstrate that NPs can lead to malignant alterations
and hereditary gene mutations in skin cells. In addition, there is no clear evidence that
the prolonged exposure of NPs to percutaneous and deposition in the skin will result
in profound effects, which is essential to establish by extended exposure studies in the
future. Once NPs enter the body, they directly contact blood cells via damaged blood
vessels in lesions and enter the blood circulation, leading to hemolysis. A few metal NPs,
such as AgNPs and ZnO NPs, have been shown to cause hemolysis. To overcome the
aforementioned complication, the material’s physicochemical properties can be adjusted,
or the surface of NPs can be wrapped with biologically active substances, for example,
polysaccharides and phospholipids [151].

Another problem is that NPs will spread all over the body and to various organs,
instigating multisystem defects. Compared with the initial concentration of the NPs, the NP
amount after entering the blood circulation decreases significantly and might be partially
defecated in urine and feces. In animal studies, weight loss and death have been detected.
However, there is no convincing indication concerning whether NPs will lead to organ
damage and/or tumors in practical use. In addition, the introduction during pregnancy will
disturb progeny [152]. Generally, NP toxicity evaluation in wound curing have primarily
focused on local acute adverse responses. In contrast, several studies have been based
on metal NPs, carbonaceous NPs, and nanotubes, while nanofibers, nanofilms, and other
innovative NPs are still infrequently considered [153]. Thus, an immediate NP toxicity
investigation is required to resolve these complications.

6. Future Perspectives and Challenges
6.1. Lacunae in the Current Research

Here, NPs have shown a beneficial influence during each wound healing process.
However, the primary limiting factor for NP implications in wound healing is the formu-
lation costing. The formulations might be minimized by reducing NP doses. Primarily,
the addition of adjuvants with a lower price or formulating composite NPs can boost the
therapeutic efficiency [154]. Second, specific or sustained drug delivery and release can be
exploited, such as microneedle methods, NP layered self-assembly, and controlled release
of laden medicines maintained by nanoscale systems [155–157]. Improving formulations
and procedures is also an efficient approach to lower production expenses. Most recent
investigations have been studied in vitro, and in vivo research needs to be upgraded.
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Rats, mice, rabbits, and pigs were investigated for the research. Due to the alterations
in size, price, and availability of the animals, the most commonly used ones were mice and
rats. However, their skin geomorphologies and wound healing processes are dissimilar
to that of humans. In contrast, pig’s skin is the utmost analogous to humans. Pigs are
not extensively used in wound healing investigations due to the high price and bulky
nature of experiments with bigger animals [158]. The processes and drugs for the treat-
ment of wounds are changing quickly, and NPs are being used on wounds in numerous
formulations. Nevertheless, the mechanism via which the NPs help in wound recovery
has been investigated superficially. For instance, the frequently described pathways for
proliferation and inflammation are transforming growth factor-β1/ Suppressor of Mothers
against Decapentaplegic (TGF-β1/SMAD) signaling pathway and macrophage polariza-
tion, respectively. The mechanism by which NPs aid in wound healing after reconstruction
has rarely been examined. There are various categories of NPs with diverse characteris-
tics, and wound healing advancements should also be multidimensional. In the future,
more profound and advanced mechanisms need to be discovered, which would expand
treatment approaches and evade redundant side effects [159,160].

6.2. Future Challenges

Since NPs have an admirable drug carrying capacity, a large number of novel drugs
have been laden onto NPs. For immune skin infections, the development of various bio-
logical agents has progressively substituted traditional drugs. The loading of monoclonal
antibodies onto NPs also increases the absorption rate and efficiency of the drug. Even
though the present study has established that NPs may play a beneficial role in all stages of
wound recovery, the same NPs cannot be effective during the whole course, and diverse
kinds of NPs may be needed at various phases. It is difficult to visually know each phase’s
dividing point; thus, developing real-time monitoring of the wound state is crucial. Re-
cently, ZnO nanowire-based self-powered implantable electronic skin altered by enzymes
(uricase and urease) has been produced for human health detection transdermally, includ-
ing humidity, temperature, blood pressure, electrolyte metabolites, etc. [161,162]. In the
future, with the help of this technology, electronic skin monitoring of the inflammatory
factors, pH, humidity, and signaling pathway proteins can be developed. This will help the
medical practitioner regulate wound treatment precisely and select suitable NPs based on
the real-time situation. The wound treatment follows the filling of imperfections and needs
complete functional and visual recovery. Currently, researchers have efficaciously applied
NPs in wound healing and averted scar development. Further, nanotechnology has a great
possibility in hair follicle regeneration, paresthesia regulation, and abnormal pigmentation
improvement. Recently, the development of electronic skin and the combination of elec-
tronic technology and nanotechnology have provided new-found concepts for paresthesia
recovery after wound development and brought a smart idea for wound healing.

7. Conclusions

Nowadays, there is a rapid increase in the application of nanomaterials for wound
treatment. The present work has reviewed the recent advancements in nanomaterials
facilitating wound healing and the mechanisms involved. Most of the literature is on the
promotion of hemostasis, anti-infection, immunoregulation, and proliferation; nonetheless,
there is research lacuna for the proper mechanisms and postwound modifications. Owing
to the peculiar physicochemical and biological properties of NPs, possessing a highly
specific surface area also showed potential application in the wound dressings for the
delivery and release of the therapeutic agents in a sustainable way. In addition, NPs for
wound healing can absorb light and further transform it to heat or ROS, ultimately resulting
in the bacterial death present in the wounds. Further, NPs may be unified for developing a
keen wound dressing to treat microbial infections based on endogenous triggers, such as
pH, temperature, enzymes, and toxins secreted by the bacteria.
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In spite of the vast growth in the efficient NP-based wound dressings for bacteria
detection and treatment, there are yet numerous unavoidable hurdles, for example, repro-
ducibility, stability, toxicity, and histocompatibility that vastly hinder the translation of
NPs from a laboratory experiment to the clinical application. In addition, understanding
the behavior of NP-based wound dressings in vivo is usually examined in animal trials.
Hence, it is vital to find an alternative solution for the preclinical studies because of the
varied alterations between the human and animal models. Recently, there has been an
increase in the interest and breakthrough for intelligent wound dressings in relation to
the NPs that is able to detect bacterial infections within the time period and treat bacteria
without removing the dressings from the wound. This quickly monitors and treats bacterial
infections via the multimodal method for synergistic and effective therapy. Consequently,
NP-based wound healing holds future hope for the detection and therapy of infections in
wounds.
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112. Balaure, P.C.; Holban, A.M.; Grumezescu, A.M.; Mogoşanu, G.D.; Bălşeanu, T.A.; Stan, M.S.; Mogoantă, L. In vitro and in vivo
studies of novel fabricated bioactive dressings based on collagen and zinc oxide 3D scaffolds. Int. J. Pharm. 2019, 557, 199–207.
[CrossRef]

113. Rakhshaei, R.; Namazi, H. A potential bioactive wound dressing based on carboxymethyl cellulose/ZnO impregnated MCM-41
nanocomposite hydrogel. Mater. Sci. Eng. C 2017, 73, 456–464. [CrossRef] [PubMed]

http://doi.org/10.1016/j.nantod.2015.04.002
http://doi.org/10.1088/0957-4484/25/13/135101
http://doi.org/10.1016/j.bbrc.2019.07.110
http://doi.org/10.1134/S1995078013030063
http://doi.org/10.1128/AEM.02766-10
http://doi.org/10.1016/j.jinorgbio.2016.02.012
http://doi.org/10.1080/08927014.2015.1048686
http://doi.org/10.1002/adfm.201100123
http://doi.org/10.1021/acs.biomac.7b01180
http://doi.org/10.1038/s41598-018-31895-4
http://doi.org/10.1177/0885328216644536
http://www.ncbi.nlm.nih.gov/pubmed/27095659
http://doi.org/10.1021/nl034396z
http://doi.org/10.1021/nl0727056
http://doi.org/10.1039/b706615e
http://doi.org/10.1371/journal.pone.0131684
http://doi.org/10.1016/j.msec.2016.01.069
http://doi.org/10.1186/s11671-016-1242-y
http://doi.org/10.1016/j.colsurfb.2011.02.029
http://doi.org/10.1021/la104825u
http://doi.org/10.1016/j.nano.2014.02.012
http://doi.org/10.1016/j.ijbiomac.2018.08.103
http://www.ncbi.nlm.nih.gov/pubmed/30149082
http://doi.org/10.1016/j.ijpharm.2018.12.063
http://doi.org/10.1016/j.msec.2016.12.097
http://www.ncbi.nlm.nih.gov/pubmed/28183632


Nanomaterials 2022, 12, 618 19 of 20

114. Yang, G.; Zhang, M.; Qi, B.; Zhu, Z.; Yao, J.; Yuan, X.; Sun, D. Nanoparticle-Based Strategies and Approaches for the Treatment of
Chronic Wounds. J. Biomater. Tissue Eng. 2018, 8, 455–464. [CrossRef]

115. Wong, I.Y.; Bhatia, S.N.; Toner, M. Nanotechnology: Emerging tools for biology and medicine. Genes Dev. 2013, 27, 2397–2408.
[CrossRef] [PubMed]

116. Zhu, J.; Marchant, R.E. Design properties of hydrogel tissue-engineering scaffolds. Expert Rev. Med. Devices 2011, 8, 607–626.
[CrossRef] [PubMed]

117. Giano, M.C.; Pochan, D.J.; Schneider, J.P. Controlled biodegradation of Self-assembling β-hairpin Peptide hydrogels by proteolysis
with matrix metalloproteinase-13. Biomaterials 2011, 32, 6471–6477. [CrossRef]

118. Haines-Butterick, L.; Rajagopal, K.; Branco, M.; Salick, D.; Rughani, R.; Pilarz, M.; Lamm, M.S.; Pochan, D.J.; Schneider, J.
Controlling hydrogelation kinetics by peptide design for three-dimensional encapsulation and injectable delivery of cells. Proc.
Natl. Acad. Sci. USA 2007, 104, 7791–7796. [CrossRef]

119. Wang, S.; Nagrath, D.; Chen, P.C.; Berthiaume, F.; Yarmush, M.L. Three-dimensional primary hepatocyte culture in synthetic
self-assembling peptide hydrogel. Tissue Eng. Part A 2008, 14, 227–236. [CrossRef]

120. Webber, M.J.; Tongers, J.; Renault, M.-A.; Roncalli, J.G.; Losordo, D.W.; Stupp, S.I. Development of bioactive peptide amphiphiles
for therapeutic cell delivery. Acta Biomater. 2010, 6, 3–11. [CrossRef]

121. Capito, R.M.; Azevedo, H.S.; Velichko, Y.S.; Mata, A.; Stupp, S.I. Self-Assembly of Large and Small Molecules into Hierarchically
Ordered Sacs and Membranes. Science 2008, 319, 1812–1816. [CrossRef]

122. Jayawarna, V.; Smith, A.; Gough, J.E.; Ulijn, R.V. Three-dimensional cell culture of chondrocytes on modified di-phenylalanine
scaffolds. Biochem. Soc. Trans. 2007, 35, 535–537. [CrossRef] [PubMed]

123. Smith, A.M.; Williams, R.J.; Tang, C.; Coppo, P.; Collins, R.F.; Turner, M.L.; Ulijn, R.V. Fmoc-diphenylalanine self assembles to a
hydrogel via a novel architecture based on π–π interlocked β-sheets. Adv. Mater. 2008, 20, 37–41. [CrossRef]

124. Mohamed, A.; Xing, M. Nanomaterials and nanotechnology for skin tissue engineering. Int. J. Burn. Trauma 2012, 2, 29–41.
125. Bhat, S.; Kumar, A. Biomaterials and bioengineering tomorrow’s healthcare. Biomatter 2013, 3, 24717. [CrossRef]
126. Ramasamy, M.; Lee, J. Recent Nanotechnology Approaches for Prevention and Treatment of Biofilm-Associated Infections on

Medical Devices. BioMed Res. Int. 2016, 2016, 1851242. [CrossRef] [PubMed]
127. Ngo, Y.H.; Li, D.; Simon, G.; Garnier, G. Paper surfaces functionalized by nanoparticles. Adv. Colloid Interface Sci. 2011, 163, 23–38.

[CrossRef]
128. Heit, Y.I.; Dastouri, P.; Helm, D.L.; Pietramaggiori, G.; Younan, G.; Erba, P.; Münster, S.; Orgill, D.P.; Scherer, S.S. Foam Pore Size Is

a Critical Interface Parameter of Suction-Based Wound Healing Devices. Plast. Reconstr. Surg. 2012, 129, 589–597. [CrossRef]
[PubMed]

129. Jiang, B.; Larson, J.C.; Drapala, P.W.; Pérez-Luna, V.H.; Kang-Mieler, J.J.; Brey, E.M. Investigation of lysine acrylate containing
poly(N-isopropylacrylamide) hydrogels as wound dressings in normal and infected wounds. J. Biomed. Mater. Res. Part B Appl.
Biomater. 2012, 100B, 668–676. [CrossRef]

130. Powell, H.M.; Boyce, S.T. Fiber density of electrospun gelatin scaffolds regulates morphogenesis of dermal–epidermal skin
substitutes. J. Biomed. Mater. Res. Part A 2008, 84A, 1078–1086. [CrossRef]

131. Bilgic, H.; Demiriz, M.; Ozler, M.; Ide, T.; Dogan, N.; Gumus, S.; Kiziltay, A.; Endogan, T.; Hasirci, N. Gelatin Based Scaffolds and
Effect of EGF Dose on Wound Healing. J. Biomater. Tissue Eng. 2013, 3, 205–211. [CrossRef]

132. Patel, H.; Bonde, M.; Srinivasan, G. Biodegradable polymer scaffold for tissue engineering. Trends Biomater. Artif. Organs 2011, 25,
20–29.

133. Ehrlich, H.P.; Hunt, T.K. Collagen Organization Critical Role in Wound Contraction. Adv. Wound Care 2012, 1, 3–9. [CrossRef]
[PubMed]

134. Kitamura, M.; Nakashima, K.; Kowashi, Y.; Fujii, T.; Shimauchi, H.; Sasano, T.; Furuuchi, T.; Fukuda, M.; Noguchi, T.; Shibutani,
T.; et al. Periodontal Tissue Regeneration Using Fibroblast Growth Factor -2: Randomized Controlled Phase II Clinical Trial. PLoS
ONE 2008, 3, e2611. [CrossRef] [PubMed]

135. Kawaguchi, H.; Jingushi, S.; Izumi, T.; Fukunaga, M.; Matsushita, T.; Nakamura, T.; Mizuno, K.; Nakamura, T.; Nakamura, K.
Local application of recombinant human fibroblast growth factor-2 on bone repair: A dose–escalation prospective trial on patients
with osteotomy. J. Orthop. Res. 2007, 25, 480–487. [CrossRef] [PubMed]

136. Wu, J.-C.; Huang, W.-C.; Chen, Y.-C.; Tu, T.-H.; Tsai, Y.-A.; Huang, S.-F.; Huang, H.-C.; Cheng, H. Acidic fibroblast growth factor
for repair of human spinal cord injury: A clinical trial. J. Neurosurg. Spine 2011, 15, 216–227. [CrossRef]

137. Sanad, R.A.-B.; Abdel-Bar, H.M. Chitosan–hyaluronic acid composite sponge scaffold enriched with Andrographolide-loaded
lipid nanoparticles for enhanced wound healing. Carbohydr. Polym. 2017, 173, 441–450. [CrossRef]

138. Choi, J.U.; Lee, S.W.; Pangeni, R.; Byun, Y.; Yoon, I.-S.; Park, J.W. Preparation and in vivo evaluation of cationic elastic liposomes
comprising highly skin-permeable growth factors combined with hyaluronic acid for enhanced diabetic wound-healing therapy.
Acta Biomater. 2017, 57, 197–215. [CrossRef]

139. Rabbani, P.; Zhou, A.; Borab, Z.M.; Frezzo, J.A.; Srivastava, N.; More, H.T.; Rifkin, W.; David, J.A.; Berens, S.J.; Chen, R.; et al.
Novel lipoproteoplex delivers Keap1 siRNA based gene therapy to accelerate diabetic wound healing. Biomaterials 2017, 132, 1–15.
[CrossRef]

http://doi.org/10.1166/jbt.2018.1776
http://doi.org/10.1101/gad.226837.113
http://www.ncbi.nlm.nih.gov/pubmed/24240230
http://doi.org/10.1586/erd.11.27
http://www.ncbi.nlm.nih.gov/pubmed/22026626
http://doi.org/10.1016/j.biomaterials.2011.05.052
http://doi.org/10.1073/pnas.0701980104
http://doi.org/10.1089/tea.2007.0143
http://doi.org/10.1016/j.actbio.2009.07.031
http://doi.org/10.1126/science.1154586
http://doi.org/10.1042/BST0350535
http://www.ncbi.nlm.nih.gov/pubmed/17511646
http://doi.org/10.1002/adma.200701221
http://doi.org/10.4161/biom.24717
http://doi.org/10.1155/2016/1851242
http://www.ncbi.nlm.nih.gov/pubmed/27872845
http://doi.org/10.1016/j.cis.2011.01.004
http://doi.org/10.1097/PRS.0b013e3182402c89
http://www.ncbi.nlm.nih.gov/pubmed/22090246
http://doi.org/10.1002/jbm.b.31991
http://doi.org/10.1002/jbm.a.31498
http://doi.org/10.1166/jbt.2013.1077
http://doi.org/10.1089/wound.2011.0311
http://www.ncbi.nlm.nih.gov/pubmed/24527271
http://doi.org/10.1371/journal.pone.0002611
http://www.ncbi.nlm.nih.gov/pubmed/18596969
http://doi.org/10.1002/jor.20315
http://www.ncbi.nlm.nih.gov/pubmed/17205557
http://doi.org/10.3171/2011.4.SPINE10404
http://doi.org/10.1016/j.carbpol.2017.05.098
http://doi.org/10.1016/j.actbio.2017.04.034
http://doi.org/10.1016/j.biomaterials.2017.04.001


Nanomaterials 2022, 12, 618 20 of 20

140. Arantes, V.T.; Faraco, A.A.; Ferreira, F.B.; Oliveira, C.A.; Martins-Santos, E.; Cassini-Vieira, P.; Barcelos, L.S.; Ferreira, L.A.;
Goulart, G.A. Retinoic acid-loaded solid lipid nanoparticles surrounded by chitosan film support diabetic wound healing in
in vivo study. Colloid. Sur. B 2020, 188, 110749. [CrossRef]

141. Palmer, B.C.; DeLouise, L.A. Morphology-dependent titanium dioxide nanoparticle-induced keratinocyte toxicity and exacerba-
tion of allergic contact dermatitis. HSOA J. Toxicol. Curr. Res. 2020, 4, 019.

142. Palmer, B.C.; Phelan-Dickenson, S.J.; DeLouise, L.A. Multi-walled carbon nanotube oxidation dependent keratinocyte cytotoxicity
and skin inflammation. Part. Fibre Toxicol. 2019, 16, 3. [CrossRef] [PubMed]

143. Lai, X.; Wang, M.; Zhu, Y.; Feng, X.; Liang, H.; Wu, J.; Shao, L. ZnO NPs delay the recovery of psoriasis-like skin lesions through
promoting nuclear translocation of p-NFκB p65 and cysteine deficiency in keratinocytes. J. Hazard. Mater. 2021, 410, 124566.
[CrossRef] [PubMed]

144. Xiao, H.; Zhang, H. Skin inflammation and psoriasis may be linked to exposure of ultrafine carbon particles. J. Environ. Sci. 2020,
96, 206–208. [CrossRef]

145. Wang, M.; Lai, X.; Shao, L.; Li, L. Evaluation of immunoresponses and cytotoxicity from skin exposure to metallic nanoparticles.
Int. J. Nanomed. 2018, 13, 4445–4459. [CrossRef]

146. Hashempour, S.; Ghanbarzadeh, S.; I Maibach, H.; Ghorbani, M.; Hamishehkar, H. Skin toxicity of topically applied nanoparticles.
Ther. Deliv. 2019, 10, 383–396. [CrossRef]

147. Pan, Y.; Paschoalino, W.J.; Blum, A.S.; Mauzeroll, J. Recent Advances in Bio-Templated Metallic Nanomaterial Synthesis and
Electrocatalytic Applications. ChemSusChem 2021, 14, 758–791. [CrossRef]

148. Kang, H.; Buchman, J.T.; Rodriguez, R.S.; Ring, H.L.; He, J.; Bantz, K.C.; Haynes, C.L. Stabilization of Silver and Gold Nanoparti-
cles: Preservation and Improvement of Plasmonic Functionalities. Chem. Rev. 2019, 119, 664–699. [CrossRef]

149. Sooklert, K.; Nilyai, S.; Rojanathanes, R.; Jindatip, D.; Sae-Liang, N.; Kitkumthorn, N.; Mutirangura, A.; Sereemaspun, A.
N-acetylcysteine reverses the decrease of DNA methylation status caused by engineered gold, silicon, and chitosan nanoparticles.
Int. J. Nanomed. 2019, 14, 4573–4587. [CrossRef]

150. Ali, A.; Suhail, M.; Mathew, S.; Shah, M.A.; Harakeh, S.M.; Ahmad, S.; Kazmi, Z.; Alhamdan, M.A.R.; Chaudhary, A.; Damanhouri,
G.A.; et al. Nanomaterial Induced Immune Responses and Cytotoxicity. J. Nanosci. Nanotechnol. 2016, 16, 40–57. [CrossRef]

151. Bakshi, M.S. Nanotoxicity in Systemic Circulation and Wound Healing. Chem. Res. Toxicol. 2017, 30, 1253–1274. [CrossRef]
[PubMed]

152. Hadrup, N.; Sharma, A.K.; Loeschner, K. Toxicity of silver ions, metallic silver, and silver nanoparticle materials after in vivo
dermal and mucosal surface exposure: A review. Regul. Toxicol. Pharmacol. 2018, 98, 257–267. [CrossRef] [PubMed]

153. Teixeira, M.A.; Paiva, M.C.; Amorim, M.T.P.; Felgueiras, A.H.P. Electrospun Nanocomposites Containing Cellulose and Its
Derivatives Modified with Specialized Biomolecules for an Enhanced Wound Healing. Nanomaterials 2020, 10, 557. [CrossRef]
[PubMed]

154. Xu, L.; Chu, Z.; Wang, H.; Cai, L.; Tu, Z.; Liu, H.; Zhu, C.; Shi, H.; Pan, D.; Pan, J.; et al. Electrostatically Assembled Multilayered
Films of Biopolymer Enhanced Nanocapsules for on-Demand Drug Release. ACS Appl. Bio Mater. 2019, 2, 3429–3438. [CrossRef]

155. Chen, G.; Chen, Z.; Wen, D.; Wang, Z.; Li, H.; Zeng, Y.; Dotti, G.; Wirz, R.E.; Gu, Z. Transdermal cold atmospheric plasma-mediated
immune checkpoint blockade therapy. Proc. Natl. Acad. Sci. USA 2020, 117, 3687–3692. [CrossRef]

156. Xu, L.; Wang, H.; Chu, Z.; Cai, L.; Shi, H.; Zhu, C.; Pan, D.; Pan, J.; Fei, X.; Lei, Y. Temperature-Responsive Multilayer Films of
Micelle-Based Composites for Controlled Release of a Third-Generation EGFR Inhibitor. ACS Appl. Polym. Mater. 2020, 2, 741–750.
[CrossRef]

157. Yu, J.; Wang, J.; Zhang, Y.; Chen, G.; Mao, W.; Ye, Y.; Gu, Z. Glucose-responsive insulin patch for the regulation of blood glucose
in mice and minipigs. Nat. Biomed. Eng. 2020, 4, 499–506. [CrossRef]

158. Abazari, M.; Ghaffari, A.; Rashidzadeh, H.; Momeni Badeleh, S.; Maleki, Y. Current status and future outlook of nano-based
systems for burn wound management. J. Biomed. Mater. Res. Part B Appl. Biomater. 2020, 108, 1934–1952. [CrossRef]

159. Dukhinova, M.S.; Prilepskii, A.Y.; Shtil, A.A.; Vinogradov, V.V. Metal Oxide Nanoparticles in Therapeutic Regulation of
Macrophage Functions. Nanomaterials 2019, 9, 1631. [CrossRef]

160. Janjic, J.M.; Gorantla, V.S. Peripheral Nerve Nanoimaging: Monitoring Treatment and Regeneration. AAPS J. 2017, 19, 1304–1316.
[CrossRef]

161. Ma, Z.; Li, S.; Wang, H.; Cheng, W.; Li, Y.; Pan, L.; Shi, Y. Advanced electronic skin devices for healthcare applications. J. Mater.
Chem. B 2019, 7, 173–197. [CrossRef] [PubMed]

162. Asif, M.H.; Danielsson, B.; Willander, M. ZnO Nanostructure-Based Intracellular Sensor. Sensors 2015, 15, 11787–11804. [CrossRef]
[PubMed]

http://doi.org/10.1016/j.colsurfb.2019.110749
http://doi.org/10.1186/s12989-018-0285-x
http://www.ncbi.nlm.nih.gov/pubmed/30621720
http://doi.org/10.1016/j.jhazmat.2020.124566
http://www.ncbi.nlm.nih.gov/pubmed/33323305
http://doi.org/10.1016/j.jes.2020.06.028
http://doi.org/10.2147/IJN.S170745
http://doi.org/10.4155/tde-2018-0060
http://doi.org/10.1002/cssc.202002532
http://doi.org/10.1021/acs.chemrev.8b00341
http://doi.org/10.2147/IJN.S204372
http://doi.org/10.1166/jnn.2016.10885
http://doi.org/10.1021/acs.chemrestox.7b00068
http://www.ncbi.nlm.nih.gov/pubmed/28478677
http://doi.org/10.1016/j.yrtph.2018.08.007
http://www.ncbi.nlm.nih.gov/pubmed/30125612
http://doi.org/10.3390/nano10030557
http://www.ncbi.nlm.nih.gov/pubmed/32204521
http://doi.org/10.1021/acsabm.9b00381
http://doi.org/10.1073/pnas.1917891117
http://doi.org/10.1021/acsapm.9b01051
http://doi.org/10.1038/s41551-019-0508-y
http://doi.org/10.1002/jbm.b.34535
http://doi.org/10.3390/nano9111631
http://doi.org/10.1208/s12248-017-0129-x
http://doi.org/10.1039/C8TB02862A
http://www.ncbi.nlm.nih.gov/pubmed/32254546
http://doi.org/10.3390/s150511787
http://www.ncbi.nlm.nih.gov/pubmed/26007730

	Introduction 
	Physiology of Wound Healing 
	Hemostasis Phase 
	Inflammation Phase 
	Proliferation Phase 
	Remodeling Phase 

	Pathophysiology of Wound Healing 
	Significance of Nanoparticles in Wound Healing 
	Metal and Metal Oxide NPs 
	Silver NPs 
	Copper NPs 
	Gold NPs 
	Zinc Oxide NPs 

	Peptide Nanostructures 
	Polymeric Nanostructures 
	Liposomes 
	Lipid NPs 

	Limitations of NPs in Wound Healing 
	Future Perspectives and Challenges 
	Lacunae in the Current Research 
	Future Challenges 

	Conclusions 
	References

