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Abstract

those affected by this condition.

Scar formation is a common physiological process that occurs after injury, but in some cases, pathological scars can
develop, leading to serious physiological and psychological effects. Unfortunately, there are currently no effective
means to intervene in scar formation, and the structural features of scars and their unclear mechanisms make
prevention and treatment even more challenging. However, the emergence of nanotechnology in drug delivery
systems offers a promising avenue for the prevention and treatment of scars. Nanomaterials possess unique
properties that make them well suited for addressing issues related to transdermal drug delivery, drug solubility,
and controlled release. Herein, we summarize the recent progress made in the use of nanotechnology for the
prevention and treatment of scars. We examine the mechanisms involved and the advantages offered by various
types of nanomaterials. We also highlight the outstanding challenges and questions that need to be addressed to
maximize the potential of nanotechnology in scar intervention. Overall, with further development, nanotechnology
could significantly improve the prevention and treatment of pathological scars, providing a brighter outlook for
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Introduction

Skin serves as the primary barrier of the human body,
protecting against harmful pathogens and chemicals,
regulating temperature, and maintaining fluid balance
[1]. Therefore, complete and healthy skin is crucial to
the physiological health of the human body [2]. Scar
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formation is a normal physiological phenomenon that
often occurs in the process of wound healing and mani-
fests as the accumulation of extracellular matrix (ECM).
However, it may cause an extremely heavy burden to
patients and their families if it occurs after large-scale
burns, operations, and trauma [3]. In general, normal
skin tissues are viscoelastic, and the complete tissue
structure confers certain tensile resistance to the skin,
while the skin of scar tissue becomes harder and brittle,
resulting in inferior biomechanical properties [4, 5].
Scar tissue, formed after skin injury, often lacks many
functional structures, such as hair follicles, skin glands,
dermal papilla, and other auxiliary components. This
absence often leads directly to the permanent loss of
the original function of the skin [6, 7]. Meanwhile, limi-
tations of movement caused by wound contraction may
lead to dysfunction [8].
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Scar formation typically involves the inflammatory,
proliferative, and remodeling phases [9]. The prolifera-
tive phase begins with the accumulation and prolifera-
tion of fibroblasts and is characterized by the formation
of granulation tissue [10]. During this phase, fibroblasts
form collagen to promote endothelial cell growth, while
excessive proliferation of fibroblasts and deposition of
collagen can lead to poorly structured fibrous tissue. The
remodeling phase involves the degradation of type III
collagen and replacement with type I collagen over one
year [11]. Thus, preventing excessive fibroblast prolifera-
tion and collagen deposition and promoting well-struc-
tured fibrous tissue formation is crucial for effective scar
prevention and treatment [12].

Scar formation is a complex biological process involv-
ing multiple factors. Of these, bacterial infection in skin
wounds, inflammation, and disorganization of ECM are
the major causes for the development of abnormal scars
[13]. Skin flora or microbiota are associated with chronic
wound healing following injury. When the skin is dam-
aged, conditions become favorable for them to colonize
and instigate infection within the skin, leading to undesir-
able clinical consequences. This process can produce var-
ious substances, such as reactive oxygen species (ROS),
that cause oxidative damage and further kill the regener-
ating cells required for wound healing [14]. Meanwhile,
persistent infections from flora or microbiota trigger an
inflammatory cytokine storm, which further complicates
wound healing [15]. Abnormal wound healing culminates
in the formation of scars, including keloids and hyper-
trophic scars. Conversely, activated fibroblasts secrete
excessive ECM, contributing to scar formation [16]. The
abnormal accumulation and rearrangement of ECM pro-
motes scar development.
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Fig. 1 Strategies and nanomaterials to prevent and reduce scar formation
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Our current understanding of scar formation mecha-
nisms highlights three effective strategies to prevent
and mitigate scar formation, as outlined in Fig. 1. The
first strategy involves reducing inflammation and infec-
tion, which has been shown to be intimately related to
scar formation. During the inflammatory stage, exces-
sive reactive oxygen species (ROS) production can harm
biomacromolecules, such as proteins, carbohydrates, and
DNA. This damage spurs biochemical reactions lead-
ing to delayed healing and abnormal scar formation [17,
18]. Extended inflammation can stimulate the release of
proinflammatory cytokines such as interleukin-6 (IL-
6), interleukin-1 (IL-8), and matrix metalloproteinase
(MMP) [19, 20]. In turn, MMPs can alter the extracellu-
lar matrix (ECM) and increase granulation tissue, driving
the creation of excessive scarring [21, 22].

The second strategy is to curb undesired growth, par-
ticularly by attenuating the activity of cells contributing
to scar tissue formation. Scar development can be inhib-
ited by controlling key cytokines such as transforming
growth factor-beta (TGF-f) and prostaglandin E2 (PGE-
2). Reductions in TGF-P and increases in PGE-2 are asso-
ciated with augmented collagen buildup and restricted
collagen degradation [23, 24].

The third strategy emphasizes promoting healing. With
a reduced risk of infection, fast healing posttrauma less-
ens the likelihood of scar formation [25]. Hence, numer-
ous drugs targeting ROS and TGF-P can contribute to
the prevention and reduction of scarring.

The formation of scars is a complex but self-limiting
mechanism intrinsic to dermal wound healing. Despite
the extensive studies conducted on wound healing,
research on scar prevention and treatment remains
woefully inadequate, necessitating further exploration.
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Presently, several interventions show promise in enhanc-
ing the aesthetics of scars, including compression ther-
apy, laser treatment, radiotherapy, the use of silicone
gel-formulated band-aids, and the topical application of
corticosteroids via injections, tapes, plasters, and oint-
ments [26, 27]. However, surgical procedures such as
excision and skin grafting are reserved for scenarios
where the scar encircles a joint, leading to significant dys-
function [28].

It is worth noting that these treatments, while effec-
tive, are not without their downsides, as they often lead
to complications and adverse reactions. For example,
laser treatments commonly induce transient erythema,
a complication followed by the likelihood of blistering,
purpura, edema, and further scarring [29]. Another case
in point is compression therapy, which may give rise to
tissue ischemia and diminished tissue metabolism [30].
Additionally, the usage of corticosteroids is linked to
numerous negative effects that cannot be entirely cir-
cumvented [31].

As biotechnology evolves, the prospect of “scar-free
healing” has emerged and generated significant inter-
est. The underlying objective of this concept is to pre-
vent scar formation entirely and instead foster tissue
regeneration [32, 121]. It first took root in the study of
fetal wound healing during gestation [33]. Research indi-
cates that wounds heal quickly and without scarring in
early- to mid-gestational mammalian fetuses [34]. In a
promising progression, the concept of scarless healing
has been introduced into the wound healing market in
recent years. This was sparked by the discovery of target
cells and signaling pathways, including profibrotic cell
populations and the canonical Wnt/beta-Catenin signal-
ing pathway. These discoveries aim to enable regenerative
healing, and the early results have been promising [35].

While significant strides have been made in scar pre-
vention and treatment, reaching beneath the skin barrier
to the affected region remains a considerable challenge,
primarily due to the excessive accumulation of collagen.
The situation is further complicated by scar tissue lacking
auxiliary features such as hair follicles and skin glands,
making it even harder to penetrate [3]. On a positive
note, nanomaterials have burst onto the scene, exhibiting
great potential for scar treatment and prevention. Their
application as a unique drug delivery strategy, especially
in the domain of cancer research, is a promising develop-
ment that has garnered substantial medical interest. The
minute size of nanomaterials grants them an extensive
specific surface area, enabling high drug loading capacity.
Additionally, nanomaterials can be engineered to target
precise locations for more efficient drug delivery. They
can also solubilize hydrophobic drugs and extend drug
release time. These remarkable properties position nano-
materials as significant tools in scar treatment.
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This paper intends to consolidate and evaluate recent
advancements in nanomaterial application for scar inter-
vention and treatment in the past five years and analyze
their merits and drawbacks. The findings from this study
will provide valuable insights for the future deployment
of nanotechnology in the realm of scar treatment.

Nano drug delivery systems in scar intervention
The goal of scar intervention is to facilitate wound heal-
ing, prevent infection and inflammation, and inhibit
adverse hyperplasia [36], and drugs are crucial in
achieving these outcomes. However, drugs often face
issues such as poor solubility, low stability, and rapid
metabolism. The emergence of nanodrug delivery sys-
tems (NDDS) has helped address some of these issues.
Therefore, we divided nanomaterials based on their
composition into nanotechnology-based scaffolds, nano-
technology-based gels, and nanoparticles.

Nanotechnology-based scaffolds

When a wound occurs, it is important to cover the wound
site with a dressing that can prevent microbial invasion,
maintain a moist environment, promote skin regenera-
tion, and allow for gas exchange and exudate absorption
[37]. Nanotechnology-based scaffolds is a good choice for
their large surface area and high porosity, which are simi-
lar to the extracellular matrix of skin [38, 39]. These scaf-
folds not only provide suitable environment for wound
healing, but also are excellent for drug delivery. Scaffolds,
sponges, and membranes are common types of nano-
technology-based scaffolds that are often used as wound
dressings [36]. Meanwhile, nanotechnology-based scaf-
folds also have the potential to inhibit undesirable growth
due to their regular structure. Tables 1 and 2 summarize
in vivo nanotechnology-based scaffolds in skin scarring
and skin regeneration, respectively.

One important form of nanotechnological application
in wound care is the use of nanofibrous scaffolds. PLA,
PLLA, PCL and PLGA are the most frequently used bio-
degradable materials for biomedical applications [62],
and common material for nanofibrous scaffold. Nanofi-
brous scaffolds have a high surface-volume ratio, small
aperture, and adjustable and flexible function, as well
as being porous enough to allow for cell infiltration and
intercellular interactions [63—65]. They can create an
artificial environment that resembles natural tissue, pro-
viding greater mechanical support for cell attachment
and migration [66].

Moreover, silk fibroin (SF) is a kind of natural polymer
fibroin extracted from silk with good biocompatibility
and partial biodegradability. It has no skin irritation, no
toxic side effects, and has sustained release performance,
gas permeability and moisture permeability [67]. How-
ever, the degradation of silk fibrin is very slow. To solve
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Table 1 In vivo Nanotechnology-based Scaffold in skin scarring
Nanomaterial biomolecule or Model Major outcomes Ref
drug
Aligned carbon nanotubes (ACNTs) film — Rabbit ear model of  Ideal inhibitory effect on HS; suppressing cell [40]
hypertrophic scars proliferation, and guiding growth direction
(HS)
Polycaprolactone(PCL) based electrospun nano-  a-lactalbumin(ALA)  Rat deep second- Reduction of scar formation; accelerated [41]
fibrous mats (ENMs) degree burn model  wound healing and anti-inflammatory effects
Anisotropic Silver Nanoparticles (AgNPs) loaded  Cur Rat full-thickness Less scar formation; promotion of wound heal-  [42]
Composite chitosan(Ch) electrospun nanofiber skin wound model  ing and antibacterial activity
Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) — Mouse full-thickness  Mitigated excessive scar formation; improved [43]
(PHBV) nanofibrous meshes skin wound model re-epithelization and mitigated wound
contraction
Cellulose acetate (CA)/soy protein hydrolysate — Mouse excisional Reduced scar formation; accelerated wound [44]
(SPH) nanofibers scaffolds wound splinting closure and tissue regeneration
model
Bilayer membranous (BLM) nanofiber scaffold Decellular dermis Rabbit ear wound Inhibit the formation of hypertrophic [45]
matrix model scars; inhibit collagen fiber deposition and
angiogenesis
Functionalized electrospun double-layer nanofi-  Quaternized chito-  Rabbit ear wound Inhibits scar formation, resists bacteria, pro- [46]
brous scaffold san and silicone model motes wound healing
Poly(e-caprolactone)/gelatin (Gel) nanofibrous Palmatine Rabbit ear model Significantly inhibition of HS formation; ac- 471
scaffolds (PCL/GE/PALs) of HS celerated wound healing, decreased density of
microvascular
Electrospun poly (L-lactide-co-glycolide)/gelatin ~ ZnO nanoparticles  Rat bacterial-infect-  Scar length reduction; fast wound healing rate  [48]
(PLGA/Gel) membranes and liraglutide ed wound model and antibacterial effect
Electrospun nanofibrous silk fibroin (SF)/GEL Astragaloside IV Rat acute wound Anti-scar effect; accelerated healing, enhanced  [49]
electrospun nanofiber model angiogenesis, and arrangement of collagen
Nanofibrous Electrospun Heart Decellularized Ex- — Rat full-thickness Reduced scarring in the wound healing process [50]
tracellular Matrix-based Hybrid Scaffold(NEhdHS) skin wound model
Rg3-loaded nanoin-micro electrospun compos- 20 S-Ginsenoside Rabbit ear model Inhibition of HS formation; reduced collagen [51]
ite fibers Rg3 (Rg3) of HS deposition and vascularization; more sustain-
able drug release
PLGA nanoparticles in polyethylene glycol hydrophobic Rabbit ear wound Exhibited suppress scar formation; sustainable  [52]
diacrylate (PEGDA) core/alginate shell structured  corticosteroid model drug release over 4 weeks
hydrogel particles
Cerium oxide (CeO,) nanocapsules (NCs) Ad- Pirfenidone(PFD) Mouse wound- Satisfactory wound-repairing and anti-scarring ~ [53]
hered plasma-etched polylactic acid (PLA)-fiber healing odel effects
membranes
Cerium oxide nanoparticles (CONPs)-loaded — Rats scalding model  Better scar remodeling effect and regenerative  [54]

Poly-L-lactic acid (PLLA)-gelatin composite fiber
membranes

performance compared to other groups

this problem, researchers added gelatin to develop AS-
loaded SF/GT nanofiber dressing, which shows acceler-
ated healing and excellent anti-scaring effect [49].
Permutation structure materials have the potential to
promote the arrangement of wound fibers and enhance
tissue regeneration. Research has shown that the orderly
alignment of polymeric biomaterials can induce cell
arrangement and affect the structure of the ECM, thereby
influencing keratinocyte behavior [68, 69]. However, the
methods of fabricating nanofibrous scaffolds are limited,
most nanofibrous scaffolds are fabricated by electrospin-
ning technique, which means mass production is difficult
[70]. ACNT, as a kind of inorganic nanomaterial, comes
into being. The most obvious advantages of ACNT
are acceptable cost and potential for scale production.

Researchers found that it has an arranged structure with
appropriate fiber diameter and spacing, which curbs
undesirable growth by inhibiting the TGF-B pathway,
with an impressive effect on preventing HS [40].

Traditional nanofiber materials like Poly-3-hydroxybu-
tyrate (PHB) and PHBV possess large stiffness and high
levels of endotoxin for which have hindered their use. To
address this issue, researchers have developed methods
for synthesizing PHBV polymers using haloarchaea as
a cell factory, resulting in significantly lower endotoxin
levels compared to those produced by bacteria [43]. In a
study using a full-thickness wound mouse model, these
PHBV nanofiber scaffolds effectively mitigated excessive
scar formation, demonstrating their potential for use in
tissue engineering applications [71].
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Table 2 In vivo Nanotechnology-based Scaffold in skin regeneration
Nanomaterial biomolecule or Model Major outcomes Ref
drug
Nanofibrous scaffolds comprising polyvinyl -~ Curcumin(Cur) Rat full-thickness skin  Scarless wound healing; reduced local oxidative [55]
pyrrolidone (PVP), cerium nitrate hexahy- wound model stress
drate (Ce(NO;)3-6H,0)
Dextran based bionanocomposite Clove oil (CO) and Mouse full-thickness  Scarless wound healing; proper collagen formation  [56]
membranes sandalwood oil (SO) skin wound model and organization, and presence of hair follicles
Sulphonated polyether ether ketone Aloe vera Rat excision skin Scarless wound healing; excellent pathogenic [57]
(SPEEK) nanofibrous scaffold wound model inhibition
Amniotic membrane (AM)/SF membrane Adipose tissue-de-  Mouse third degree Scarless wound healing; accelerated wound healing, [58]
rived mesenchymal  burn wound model neo-vascularization and early re-epithelialization
stem cells
Ag/Glass—ceramics (GC)-Ch/polyethylene  Mouse embryonic  Mouse full-thickness  Scarless cutaneous wound regeneration; enhanced  [59]
oxide (PEO)/Gel electrospun scaffolds. fibroblasts skin wound model angiogenesis, and collagen synthesis as well as
regeneration of the sebaceous glands and hair
follicles
Silver-catechin nanocomposite tethered Silver-catechin Rat full-thickness skin  Scarless wound healing; increased angiogenesis [60]

collagen scaffolds

ZnO-curcumin nanocomposite tethered
collagen scaffolds

nanocomposite

ZnO-curcumin
nanocomposite

wound model

Rat burn wound heal-
ing model

Scarless wound healing; upregulates angiogenesis
and TGF-33 expression thereby

Multifunctional composite scaffolds are superior to
single-material scaffolds because they can simulate the
structure of ECM, creating a more suitable microenvi-
ronment for tissue regeneration. ALA is a dietary protein
that is rich in tryptophan, which acts as a precursor to
the neurotransmitter serotonin. ALA has the potential
to promote burn wound healing and reduce scarring. By
adding ALA to PCL using different mass ratios and elec-
trospinning the mixture, ALA/PCL-based ENMs can be
fabricated. These ENMs are more similar in structure
to natural ECM than traditional scaffolds [41], and can
promote the synthesis of type I collagen and increase
the ratio of type I collagen to type III collagen, which
improves collagen maturation [72]. Soy protein is another
material that is similar in bioactive molecules to ECM
proteins and estrogen. SPH nanofiber scaffolds are devel-
oped using rotary jet spinning, and this scaffold success-
fully simulates the physicochemical properties of natural
skin ECM. It exhibits a high water retention ability, ulti-
mately reducing scar formation and collagen anisotropy
[43].

Recently, there has been a growing interest in the use
of three-dimensional (3D) printing to help develop nano-
fiber scaffolds that resemble skin structures. One such
scaffold is BLM nanofiber scaffold, which uses 3D print-
ing technology to prepare double-layer scaffold first, and
then prints dECM solution on the surface of the prepared
PLGA membrane [44]. BLM stents have been shown to
inhibit the deposition of collagen fibers and angiogenesis,
thereby preventing the formation of hyperplastic scars.
The use of 3D printing technology means that there is a
broader application prospect for nano scaffolds.

In addition to these, nanotechnology-based scaffolds
have also been bestowed with antibacterial properties.

Essential oils (EOs), such as lemongrass, cinnamon, and
mint, have also been studied for their antibacterial activ-
ity with low toxicity and high biocompatibility [73, 74].
CO and SO encapsulated in dextran-based nanocompos-
ite membranes have been found to be effective in pre-
venting microbial invasion [56]. This modification of the
wound healing cascade results in complete healing within
14 days, indicating a significant effect on scar prevention.
Nanotechnology-based scaffolds are also suitable for
the delivery. CeO2 is a type of ROS scavenger, but it is
easily adsorbed by biomacromolecules, which reduces its
enzyme-like activity. To address this limitation, He et al.
[53] designed NCs with a sophisticated structure carrying
PFD and adhering to PLA fiber film using layer-by-layer
methods. The resulting scaffold demonstrated significant
wound repair and an anti-scar effect. To address the issue
of poorly soluble drug delivery, two-stage loading has
been used to prolong the release of the loaded drug, as
shown in Fig. 2. This involves using a poly(N-isopropyl
acrylamide) nanoparticle with reversible hydrophilic-to-
hydrophobic properties as a drug delivery carrier that is
introduced into electronspun fibrous as a medical scaf-
fold. The results of this approach suggest that the nano-
micro scaffold is effective in inhibiting scarring [51].

Nanotechnology-based gel

To put it simply, nanotechnology-based gel refers to
the introduction of nanoparticles or nanostructures
into the molecular network of gels through physical or
chemical crosslinking methods [75]. This has become
a popular area of research in the past decade due to the
rapid development of nanotechnology and its poten-
tial for drug delivery. Tables 3 and 4 summarize the in
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Fig. 2 Through one-step precipitation, Rg3 was highly effectively loaded in nanoparticles (PN/Rg3), and finally, through nano-micro strategy technology,
electrospun fibers loaded with PN/Rg3 were successfully engineered (P-PN-Rg3 fibers). Adapted, with permission

vivo nanotechnology-based gel in skin scarring and skin
regeneration, respectively.

Hydrogels themselves are known for their strong
hydrophilicity and biocompatibility, making them ideal
for medical applications. According to the “wet wound
healing theory’, wounds heal twice as fast in a wet envi-
ronment as they do in a dry environment [92]. The com-
bination of nanomaterials and hydrogels can further
enable functions such as exogenous stimulus response
to achieve more precise drug release. Nanoparticles
have unique physical and chemical properties that, when
combined with hydrogels, can enhance their mechanical
properties, and facilitate controlled drug release.

Different gel materials have different properties in pre-
venting scars. A nanocomposite self-healing hydrogel is
developed that can be injected into irregular and deep
burn wound, followed by rapid self-healing into a com-
plete hydrogel, thoroughly filling the wound area and
protecting the wound site from the external environment.
The hydrogel is made from naturally occurring polymers,

CMC and DACNC. And finally it dissolves as needed and
take advantages of amino acid solution to accelerate the
healing of deep burn wound and prevent scarring [77].
Inappropriate wound healing and scar formation can
be caused by two major problems in wound tissue: ele-
vated levels of ROS and high expression levels of TGF-f3
[44]. Inflammatory immune cell bursts can lead to the
overproduction of ROS, which can also damage biomac-
romolecules [93]. However, delivering anti-ROS drugs
and agents can be challenging. Hence, using an effective
enzyme-like ROS scavenger can be an effective strategy
for managing ROS levels. PED is an antifibrotic agent
that can inhibit the expression of TGF-B, making it a
promising treatment for scars. However, due to its small
molecular weight and instability to ROS, efficient cellu-
lar delivery of PFD can be challenging [94]. To address
this issue, a hyaluronic acid combined lyotropic liquid
crystal-based spray dressing (HLCSD) loaded with PFD
has been developed for managing DPT burn wounds
[76]. The material has a low viscosity liquid form before
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Table 3 In vivo Nanotechnology-based gel in skin scarring
Nanomaterial biomol- Model Major outcomes Ref
ecule or
drug
In situ gel composed of self-assembled  PFD Mouse deep partial thickness Scar inhibition: accelerated healing process and [76]
lattice nanostructures (DPT) burn shortened inflammation phase
Carboxymethyl chitosan (CMC)/ — Rat deep partial thickness burn  Prevent scarring; accelerated deep partial thickness — [77]
aldehyde-modified CNC (DACNC) nano- model burn wound healing
composite self-healing hydrogels
Nanoethosome Gels ALA Rabbit HS models Improved HS; remodeling collagen fibers [78]
Gelatin methacryloyl-dopamine(GelMA-  CONPs Rat wound and infection model  Decreased scar formation; accelerated wound [79]
DOPA) hydrogel and an healing.
antimicro-
bial peptide
(AMP)
AgNPs gels — Methicillin-Resistant Staphylo- Reduced scar appearance; improved collagen fiber  [80]
coccus pseudintermedius(MRSP)  alignment and reduced pus formation
infected mice wound model
Fe-Si02 nano composites membrane Curcumin  Mouse full-thickness skin wound  Inhibiting scar hyperplasia; promoting hair follicle [81]
and hydrogel model regeneration.
Nanoethosomes gel IR-808 Rabbit ear HS model Remarkable therapeutic effects on improving the [82]
HS appearance, promoting HSF apoptosis and
remodeling collagen fibers
Self-assembled peptide-hydrogels Resveratrol  Rat full-thickness skin wound Scar inhibition; Accelerated wound healing, well-or-  [83]
model ganized collagen deposition, reduced inflammation
Composite hydrogel is composed of — Mouse full-thickness skin wound  No obvious scar; promotion of skin wound healing ~ [84]
modified polycaprolactone nanofiber model
with plasma treatment
Table 4 In vivo Nanotechnology-based gel in skin regeneration
Nanomaterial biomoleculeor  Model Major outcomes Ref
drug
Sodium alginate gum acacia polymeric nano-  Zinc oxide Rabbit full-thickness excision Scarless wound healing; reduced inflam-  [85]
composite hydrogels nanoparticles model mation, accelerated healing,
(ZnO NPs)
Intercalated N-CNS polymer nanocomposites  Losartan Rat deep second-degree Excellent scarless [86]
(ICPN) and HCPN (heptazine N-CNS polymer wound model healing
nanocomposites)
(PAGE)-based nanogel CONPs and Rat full-thickness skin wound Scarless healing; early resolution of in- [87]
curcumin model flammation and regrowth of hair follicles
MXene nanofibers @ VEGF core with dopa- VEGF Mouse wound-healing model  Scarless healing; appropriate vasculariza- ~ [88]
mine-hyaluronic acid hydrogel@dopamine tion, anti-inflammatory effects
shell(MNFs@V-H@DA)
AgNPs/Glucose oxidase nanocapsules Glucose oxidase  Rabbit coli-induced inflamma-  Rapid scarless skin recovery; significant [89]
(nGOx)/apramycin (Apra) nanocomposite gel  (GOx) tion model and mice Propi- bacterial growth inhibition and broad
onibacterium acnes-induced antimicrobial spectra
inflammation model
Silk nanofiber hydrogels Bone marrow Rat full-thickness skin wound Scarless healing with hair follicle recovery  [90]

silk nanofiber hydrogels

mesenchymal
stem cells (BMSCs)

Asiaticoside(AC)

model

Rat full-thickness skin wound
model

Scarless wound repair; regulated inflam-

matory reactions and angiogenesis

administration, making it easy to apply as a spray and
ensuring even wound coverage. Once in contact with the
wound, water triggers a unique phase transition from the
spray precursor to a gel. The PFD-loaded HLCSD has
demonstrated effectiveness in promoting healing and

preventing scars, showing significant promise as a spray
dressing for DPT burn injuries.

To prevent infection and promote wound healing, anti-
bacterial ingredients are often added to wound dressings.
Silver ions are a popular additive for skin tissue engineer-
ing scaffolds due to their antibacterial properties. When
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combined with nGOx and Apra, the nanocomposite
gel matrix successfully inhibit bacteria [89]. Inspired by
mussels, researchers prepared a hydrogel dressing with
improved binding affinity to wet skin surfaces by the
combination of GelMA with DOPA and adding AMP.
The results show thatAMP released from the hydrogel
has strong antibacterial activity and has obvious effects
on the four representative strains [79].

In addition, nanotechnology-based gel can achieve tar-
geted delivery and controlled release of drugs. In recent
years, photodynamic therapy (PDT) has gained signifi-
cant attention as a new therapeutic method, particularly
for the treatment of tumors. In this therapy, nanomateri-
als with photodynamic ability are irradiated to produce
ROS, which can effectively destroy and eliminate tumor
cells. 5-Aminolevulinic acid (ALA) is a second-genera-
tion photosensitizer that is commonly used in PDT and
has the potential to target PDT for hypertrophic scars.
However, the main challenge with its application is how
to penetrate the skin barrier and stay at the scar site for
an extended period. To address this challenge, nanoetho-
some gels (EGs) are applied as delivery carriers [78]. The
experimental results demonstrated that EGs could effec-
tively pass through the scar model, exert a photothermal
effect, and inhibit hyperplasia of the scar.

Nanofiber and hydrogel materials each have unique
advantages that make them useful in wound dressing
applications. Nanofibers are often used to meet mechani-
cal requirements, while hydrogels are better at exchang-
ing with cells or tissues due to their high water content.
However, fiber materials used as drug carriers can be
limited by fiber interface dilatation affecting drug release.
Hydrogels, on the other hand, can regulate exchange
rates with cells or tissues through the microenviron-
ment. Therefore, combining nanofibers and hydrogels
as carriers can be an excellent wound dressing material
that allows for accurate drug release [90]. For example, a
hydrophobic drug, AC, was loaded inside silk nanofiber

Table 5 In vivo nanoparticles in skin scarring
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hydrogels to create bioactive and injectable matrices for
skin regeneration. AC retains its biological functions of
regulating the inflammatory response and vasculariza-
tion by dispersing in water-based silk nanofiber hydro-
gels, achieving scarless wound repair [91].

Nanoparticles

In addition to nanotechnology-based hydrogels and scaf-
folds, some nanoparticles are applied to the wound site
in solution to prevent scarring. On the one hand, any
wound dressings of hydrogels and scaffolds play a role in
the middle and late stages. However, for diabetic patients,
hyperglycemia induces excessive production of ROS
through the mitochondrial electron transport chain and
advanced glycation end products, leading to sustained
oxidative stress and inflammation in diabetic wounds [95,
96]. Hence, early interventions to wound are warranted.
On the other hand, the solution with Nanoparticles in
contact with the wound can exert a sustained release
effect. Tables 5 and 6 summarize in vivo nanoparticles in
skin scarring.

Damage to cell membrane repair plays a crucial role
in the occurrence and development of inflammation in
the early stage of diabetic wound formation. However,
rhMG53, which plays a key role in the repair of cell mem-
brane damage, is easily degraded in tissues [102]. To
address this issue, a remote light-controlled thermosen-
sitive nanoformulation was developed. This formulation
integrates the photothermal conversion properties of a
photosensitizer and rhMG53 (Fig. 3). Under photother-
mal stimulation, the nanoformulation can protect and
effectively release thMG53 to control cell membrane
damage at an early stage, thereby inhibiting excessive
skin fibrosis and angiogenesis and promoting scar-free
healing [99].

It is well known that ROS can cause the destruction of
cell membranes, which can be detrimental to the wound
healing process. To maintain the benefits of scavenging

Nanomaterial biomolecule or Model Major outcomes Ref
drug

CONPs — Rabbit ear scar model  Improved the scar appearance and collagen arrangement [3]

Liposome Statins Rabbit ear models Significantly reduced hypertrophic scarring; reduced ery- [97]

of HS

DNA-Fe nanoparticles Doxorubicin hydro-  Rabbit HS models

chloride (DOX)
Cell membrane
repair protein
(rhMG53)
Papain elastic

Rat diabetic model
with full-thickness
cutaneous wounds

Light-controlled
thermosensitive
Nanoformulation(TSLC)

Papain elastic liposomes (PEL) Rabbit ear model

Selenium@SiO, nanoparticles  —

(Se@SiO2NPs) wound model

Rat full-thickness skin

thema/vascularity of scars
Scar-inhibiting effects; penetration ability, rapid drug release  [98]

Reduction in scar formation; inhibited excessive skin fibrosis, ~ [99]
angiogenesis, and increased wound closure rate

Improved HS; significantly decreased microvascular density, [100]
and collagen fiber
Suppressed the formation of hypertrophic scars and acceler-  [101]

ated dermal wound healing, accompanied by oxidative stress
inhibition
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ROS, it is essential to develop a drug delivery system with
a slow-release effect. To achieve the purpose of sustained
release, Selenium, which is a common component of
antioxidant drugs through glutathione peroxidase [103],
also capsuled into the nanoparticles. Se@SiO,NPs shows
excellent slow-release ability, and biosafety and can pro-
mote scarless wound healing [101].

Fibroblasts are the most important effector cells asso-
ciated with scar formation, and they are typically acti-
vated in inflammatory responses and closely related to
scar hyperplasia. Therefore, inhibiting the growth of
fibroblasts is an essential strategy for inhibiting scar for-
mation. In recent years, nanoparticles have shown great
potential in inducing endogenous and extrinsic apoptotic
pathways. CONPs have been widely used in many anti-
tumor therapies in recent years due to their extensive
antitumor properties, which include inhibiting tumor
cell proliferation and inducing tumor cell apoptosis. To
test the effectiveness of CONPs in inhibiting fibroblast
growth and promoting apoptosis, an intralesional injec-
tion of CONPs infused with cuprous oxide was applied in
vivo [3]. This approach has shown therapeutic potential
for treating hypertrophic scars.

Discussion

Skin scarring refers to fibrous tissue that is not com-
pletely remodeled by skin injury. It can cause stiffness,
loss of function, and poor appearance, leading to a vari-
ety of physiological and psychological problems. This
can result in a heavy burden for both patients and the
healthcare system. Despite the serious situation, there is
still a lack of effective strategies for preventing scar for-
mation, let alone methods for remodeling mature scars
[104]. Traditional methods for preventing scar forma-
tion include incisions along the Langers line, special deep
sutures, and dressings to reduce wound tension [105].
The prevention and treatment of scars are challenging.

The adverse effects of infection on wounds are indis-
putable. Nanomaterials have significant advantages in
anti-infection. First, wound dressings based on nanoma-
terials can meet the needs of gas exchange due to their
high porosity and can also act as a microbial barrier. It
can adsorb excess exudates, inhibit microbial growth, and
promote healing [106]. In addition, the introduction of
some antibacterial components, such as silver nanopar-
ticles, can kill harmful bacteria and keep the wound in a
suitable environment for healing.

Despite numerous methods used to reduce scars,
the insignificant therapeutic effect and numerous side
effects make the achievement of scarless wounds a sig-
nificant challenge. The limited efficacy of topical plaster
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and ointment, the risk of infection due to injection and
surgery, and adverse reactions caused by treatment, such
as pain, permanent hypopigmentation, and skin atro-
phy, make drug delivery for scars a challenging endeavor
[107]. Traditional wound dressings, such as gauze, can
only temporarily cover and protect the wound. However,
these dressings do not effectively control the humidity of
the wound microenvironment and can cause secondary
damage by generating adhesion to the wound site lead-
ing. Additionally, it is difficult to prevent and inhibit the
invasion of pathogenic microorganisms during long-term
use, which increases the risk of wound infection.

Scars often result in cuticle barrier dysfunction due
to the absence of skin glandular structures such as hair
follicles and skin glands and the lack of mature cuticle
cells [108, 109]. Excessive proliferation of fibroblasts
and excess collagen deposition are often involved in scar
maturation [110]. The abnormal structure of these scar
tissues creates a biological barrier that limits drug pen-
etration to the fibroblasts in the deep scar tissue [111].
This makes it difficult to achieve effective drug delivery
to scar tissues, and fluid dilution, enzyme degradation,
and natural obstacles are the main obstacles that limit
drug retention time and efficacy. Routine administration
is often associated with systemic adverse reactions due
to nonspecific biological distribution and uncontrolled
release [112].

In addition to adverse reactions, drugs used for scar
treatment also face other challenges, such as poor solu-
bility, low stability, and fast metabolism, which can affect
their efficacy. Furthermore, these drugs often lack tar-
geting functions and may have potential toxic and side
effects. Scar formation also involves the abnormal align-
ment of collagen fibers, which is difficult to address with
traditional drugs, making scar-free healing even more
challenging.

Preventing and treating scars while minimizing toxic
side effects is a great challenge. However, percutane-
ous administration and nanotechnology-based materials
have shown promise in delivering therapeutic drugs into
the body safely and effectively. Nanotechnology-based
materials have good biocompatibility and can penetrate
biological barriers easily, which can solve the problem of
deep penetration of drugs. They can also be absorbed and
utilized by tissues, thus stimulating tissue regeneration
[113]. Nanocarriers can protect drugs and release them
slowly, improving the blood circulation time of drugs in
the body. Additionally, the response ability of the nano-
drug delivery system can be adjusted to various stimuli,
such as magnetic fields, light, electric fields, ROS and
other exogenous stimuli, to achieve accurate drug deliv-
ery location and reduce the toxicity and side effects of
drugs [114]. In addition, NDDSs have high drug loading
efficiency and can deliver two or more drugs at the same
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time, inhibiting microbial infection and promoting tissue
regeneration. What’s more, nano scaffolds provide a high
surface area for growth, promoting wound healing, rapid
cell proliferation, and granulation. Furthermore, they can
induce the orderly arrangement of collagen fibers, which
has significant potential to promote wound healing and
skin repair.

Scarless wound healing is still the goal to be pursued.
According to the existing research, combining one or
more nanomaterials can be more effective in combating
scars. If the nanotechnology-based scaffold is combined
with gel, the advantages of both are reflected, such as
forming a wound dressing more like ECM. In addition,
the fusion of multiple anti-scar strategies was also asso-
ciated with better scar healing. A combination of strate-
gies to promote healing and inhibit undesirable growth is
also commonly used and has been shown to bring more
significant anti-scarring effects. Based on this idea, con-
sidering appropriate anti-scar strategies based on their
mechanisms when designing nanomaterials may bring
better results.

Despite the potential benefits of NDDS for scar treat-
ment, there are still challenges that need to be addressed.
First, is the biological safety of nanomaterials. Biomedi-
cal use of nanomaterials requires low or no toxicity.
Generally, the cytotoxicity of nanomaterials is related
to the surface properties, size and in vivo distribution
of nanoparticles. Nanomaterials are associated with
more pronounced toxic reactions due to their small size
[115]. Nanoparticles smaller than approximately 10 nm
in diameter may affect the kidney, while nanoparticles
larger than 200 nm may activate the complement system
[116]. At the same time, the distribution of nanomateri-
als in the body is very important. Skin is a relatively safe
application site, and the nanomaterials applied to skin are
generally nontoxic and low toxic by in vitro experiments
and have less impact on wounds. For example, ACNTs
have been proven to be highly biocompatible and non-
toxic by in vitro toxicity experiments, but relevant tox-
icity studies in vivo are lacking [40]. Therefore, whether
the nanomaterials applied to the wound site will enter the
blood circulation and reach other parts of the body after
contact with the skin is a question worth considering.

Moreover, large-scale clinical studies are needed to
demonstrate their effectiveness in scar treatment. In
terms of scar treatment, research on the molecular mech-
anism of fibrosis has produced several new targets, such
as TGF-P [117]. However, these targets have been tested
clinically, and the results are not optimistic. The biode-
gradability and cytotoxicity of some nanomaterials still
need further investigation. For example, some nanofiber
scaffolds have poor biocompatibility in vivo, and a con-
siderable amount of research can improve their biocom-
patibility by fusing nanofibers with gels. In addition, the
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toxicity of drugs can also be solved by enhancing target-
ing. At present, most nanodelivery systems for scar inter-
vention are mainly passive targeting, so active targeting
with a stimulus response can be considered. For example,
the delivery vector of 5-aminolevulinic acid adopts a
photothermal response. It allows the drug to be released
at the target site to reduce the impact on other sites to
achieve precision therapy.

The healing of large wounds requires skin substitutes
to reduce wound contracture, realizing scar-free healing
and improving skin regeneration. The skin has a mul-
tilayered structure, and a composition similar to that of
the skin is more conducive to wound healing. However,
the current methods of making nanofiber scaffolds have
a single composition and structure, and it is difficult to
achieve many functions. Three-dimensional printing
nanocomposites have emerged as a solution to overcome
the deficiencies associated with these nanomaterials. For
example, a novel skin substitute was developed by com-
bining a multilayer skin tissue reconstruction method
with nanofibers and microfibers loaded with human
keratin extract using electrospinning and support struc-
tures using 3D printing. Keratinocytes and fibroblasts
form epidermis and dermis on PCL/keratin scaffolds,
respectively, and realize skin regeneration [118]. Wu et al.
the Silver-Ethylene Interaction and 3D Printing develop
Antibacterial Superporous Hydrogels. They used 3D
printed templates and HPMC as the pore-making mate-
rials. Printed templates and HPMC as the pore-making
materials resulted in regular large pores. Promote the
healing of infected wounds and inhibit the formation of
scar tissue [119]. Moreover, a dual piezoelectric response
model that can be used to simulate and amplify endog-
enous bioelectricity can also be produced by 3D printing.
The researchers used zinc oxide nanoparticles to improve
the hydrophilicity of PVDF and polarized 3D printing
piezoelectricity, two hydrogel materials with opposite
wetting behaviors, and added sodium alginate (SA) to
make PVDF easy to cross link through Ca2+. Finally, a
porous mesh structure with a dual piezoelectric response
model was fabricated to significantly improve skin regen-
eration [120].

To date, there have been few reports on the clini-
cal application of electrospun nanofiber membranes as
wound dressings. This may be due to the complex pro-
duction processes involved in many nanomaterials used
for drug delivery, as well as strict equipment require-
ments, which make mass production difficult to achieve.
Meanwhile, diverse parameters affecting the morphol-
ogy, complex structure of nanomaterials, and uncontrol-
lable electrospinning process make it difficult to obtain
nanofibers accurately and stably. The current challenge is
to scale up the production of these devices and achieve
clinical translation of these technologies. One possible
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solution is to combine 3D printing technology to prepare
nanomaterials, which may help to optimize the produc-
tion process to some extent. However, there are still many
technical challenges to be addressed before 3D printing
of biological materials can be successfully translated from
research to clinical use. Another potential approach is
to learn from the improvements made in the production
efficiency of ACNTs and make further efforts to improve
the efficiency of nanomaterial production.

Despite the challenges, it is clear that nanomedicine has
great potential and has already seen significant advances.
However, there is still a long way to go before these tech-
nologies can be widely adopted in clinical practice.
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