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Engineering functional natural polymer-based
nanocomposite hydrogels for wound healing

Min Wang,i® Zexing Deng, ©1° Yi Guot© and Peng Xu @ *2

Skin injury occurs due to acute trauma, chronic trauma, infection, and surgical intervention, which can
result in severe dysfunction and even death in humans. Therefore, clinical intervention is critical for the
treatment of skin wounds. One idealized method is to use wound dressings to protect skin wounds and
promote wound healing. Among these wound dressings, nanocomposite natural polymer hydrogels
(NNPHSs) are multifunctional wound dressings for wound healing. The combination of nanomaterials and
natural polymer hydrogels avoids the shortcomings of a single component. Moreover, nanomaterials
could provide improved antibacterial, anti-inflammatory, antioxidant, stimuli-responsive, electrically
conductive and mechanical properties of hydrogels to accelerate wound healing. This review focuses on
recent advancements in NNPHs for skin wound healing and repair. Initially, the functions and
requirements of NNPHs as wound dressings were introduced. Second, the design, preparation and
capacities of representative NNPHs are classified based on their nanomaterial. Third, skin wound repair
applications of NNPHs have been summarized based on the types of wounds. Finally, the potential issues
of NNPHs are discussed, and future research is proposed to prepare idealized multifunctional NNPHs for

rsc.li/nanoscale-advances skin tissue regeneration.

1. Introduction

Skin serves as the largest organ, protects and covers us from
external injury (mechanical, heat, and UV radiation), maintains
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temperature and moisture, excretes waste from humans and
senses stimuli.*> However, both trauma and physiological
environment can cause harm to skin tissue, making skin
wounds become a common healthcare problem.** Skin usually
exhibits excellent regenerative properties, and normal skin
wound healing involves a series of highly ordered processes
including hemostasis, inflammation, proliferation, and extra-
cellular matrix (ECM) remodeling,*® as shown in Fig. 1. These
four stages of skin wound healing involve interactions among
cells, bioactive factors, and ECM.°*** However, some of the skin
wounds are difficult to heal by themselves on account of
infectious, chronic diseases and severe injuries."*® As a result,
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Fig. 1 Illustration of four consecutive stages of wound healing.

skin wound healing has been a major social and financial
burden.

The most successful strategies to date are the use of wound
dressings or skin substitutes, which can serve as temporary
substrates to protect the skin wound surface and provide
a therapeutic environment, thereby promoting skin wound
healing.”' Consequently, researchers have been developing
various types of wound dressings or skin substitutes for many
years, and trying to design and fabricate corresponding wound
dressings such as nanomaterials,”** microspheres,****
films,***” fibers,*®*?** and hydrogels®**** through advanced tech-
nology to mimic the microenvironment of skin to promote
wound healing. To date, different types of medical products
such as HemCon bandage, Tegaderm™ film, and QuikClot
bandage have been approved by the Food and Drug Adminis-
tration (FDA) for hemostasis and wound healing.*> However,
these products have limitations that cannot be ignored,
including the difficulty of simultaneous application on external/
internal wounds, and the external pressure when applying the
product may accompany the secondary injury.>**> To address
these concerns, hydrogels have been developed by researchers
for wound healing due to their good biocompatibility, mois-
turizing ability, similar structure to ECM and tunable func-
tions.® In addition, hydrogels can not only prevent bleeding of
external and internal wounds because of their shape adapting
ability and hemostatic performance, but also maintain the
moisture environment of wounds and absorb exudate to accel-
erate wound healing and skin tissue regeneration.?>*
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Hydrogels can be classified based on their source of raw
materials, degradability, electrical conductivity, crosslinking
method, and stimuli-responsive properties.**** According to the
source of raw materials, hydrogels can be divided into natural
polymer hydrogels (NPHs), synthetic polymer hydrogels, and
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Fig. 2 lllustration of representative natural polymers for building
wound dressings.
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Table 1 Functions and limitations of typical natural polymers for wound healing

Natural polymers Functions and advantages Limitations Ref.

Hyaluronic acid Hemostasis; maintaining wound High price 12, 62, 68, 70, 73 and 74
moisture

Gelatin Hemostasis; promoting cell High price and easy degradation 58, 62, 80, 82, 87, 98 and 102
proliferation

Chitosan Hemostasis; antibacterial ability; Slow degradation rate 49, 57, 60, 61, 93, 172, 178 and 207
promoting granulation tissue
formation

Alginate Hemostasis; maintaining wound Low chemical stability and 75, 90, 99, 102, 103 and 210
moisture; promoting granulation mechanical properties
tissue formation

Dextran Hemostasis; promoting cell — 61, 93, 95 and 96
proliferation

Cellulose Hemostasis; antibacterial ability Slow degradation rate 67, 84 and 203

hybrid hydrogels.*® Natural polymers coming from animals or
plants include gelatin,*** agarose,* collagen,* polypeptide,**
pullulan,** cellulose,*® chitosan,** and hyaluronic acid** and so
on, as shown in Fig. 2. Natural polymers can be easily
functionalized/modified due to their abundance of -NH,, -OH,
and -COOH groups, and generally exhibit good biocompati-
bility, biodegradability, and gel-forming ability.***” Therefore,
many natural polymers such as chitosan, gelatin, hyaluronic
acid, alginate and dextran have been investigated for wound
healing. Their functions and limitations in wound healing are
summarized in Table 1.

However, the disadvantages of weak mechanical properties,
poor antioxidant properties, and undesirable stimuli-
responsive properties of NPHs greatly block their application
in skin wound healing.*** To address these limitations, some
functional nanomaterials were incorporated into the hydrogel
network to improve antibacterial, antioxidant, and mechanical
properties, and electrical conductivity of NPHs as wound
dressings to accelerate wound healing.”»*® In addition, the
combination also reduces the limitations of nanomaterials in
wound healing, such as causing inflammation on wounds due
to a large amount of abrupt release of nanomaterials with
a small size.’>** Moreover, some nanomaterials can be easily
removed due to their undesirable adhesive performance to
biological tissue.*® Representative nanomaterials commonly
used in NNPHs for wound healing mainly include carbon-

based,”*** metal-based,”*”® MXene-based’*”® and silicon-
based’®”® nanomaterials, as shown in Table 2 and Fig. 3.
Specifically, typical carbon-based nanomaterials involve multi-
walled carbon nanotubes (MWCNTS),”® pluronic F127 (F127)-
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Fig. 3 Classification of NNPHs based on their nanomaterials.

Table 2 Functions and limitations of typical nanomaterials for wound healing

Nanomaterials Functions and advantages

Limitations

Ref.

Carbon-based Light-induced antibacterial
properties; stimuli-responsive
properties; electrical conductivity
Antibacterial properties; stimuli-
responsive properties; electrical
conductivity

Good dispersion; stimuli-
responsive properties; electrical
conductivity

Stability; mechanical
reinforcement; cost-effectiveness

Metal-based

MXenes-based

Silicon-based

© 2023 The Author(s). Published by the Royal Society of Chemistry

Undesirable dispersion

Potential toxicity

Dangerous chemicals during
production

Undesirable dispersion and
multifunctionality

12, 49, 57, 58, 60-62, 80, 82, 83, 172
and 178

67-70, 85, 87, 90, 91, 93, 95-99, 102
and 103

71, 73-75 and 84

203, 205, 207, 209 and 210
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dispersed MWCNTSs,* polydopamine (PDA)-coated
MWCNTSs,?®" graphene oxide (GO)® and PDA reduced gra-
phene oxide (rGO).** MXene-based nanomaterials contain
MXene nanosheets,® PDA-coated MXene nanosheets,” and
cerium dioxide (CeO,)-loaded MXene nanosheets.” The repre-
sentative metal-based nanomaterials include silver (Ag)
nanoparticles,® " Ag nanowires,” Ag nanoclusters,” gold (Au)
nanorods,” molybdenum disulfide (MoS,) nanosheets,”®
copper sulfide (CuS) nanoparticles,”® zinc oxide (ZnO)
nanomaterials,”® CeO, nanoparticles,'® and metal-organic
frameworks (MOFs)."***** Moreover, silicon-based nano-
materials include silica nanoparticles,'**'* polyhedral oligo-
meric silsesquioxane (POSS),'* bioactive glass nanoparticles
(BGNs)'” and nanoclay."*®

Representative preparation methods of nanocomposite
hydrogels were divided into three categories: (1) nanomaterials
were not grafted with chemical functional groups and then
dispersed in hydrogel precursor solution, followed by physical
crosslinking to form nanocomposite hydrogels. For example,
Haraguchi et al. first used nanoclay as a physical crosslinker to
fabricate nanocomposite hydrogels with superior mechanical
performance in 2002, which was a significant study for nano-
composite hydrogels;'* (2) nanomaterials are embedded in the
hydrogel matrix through physical interactions including
hydrogen bonding, hydrophobic interactions, and electrostatic
interactions;"**** (3) nanomaterials are first functionalized and
loaded into the hydrogel matrix through chemical interactions,
including imine bonds (Schiff-base interaction), disulfide
bonds, and borate-catechol.*> The physical interaction and
chemical interaction between natural polymers and nano-
materials are shown in Fig. 4.

Numerous achievements of NNPHs for skin wound healing
have been made by scientists and researchers in recent years.
This review highlights and focuses recent publications related
to skin wound healing of NNPHs. Initially, the functions and
requirements of NNPHs as wound dressings are introduced and
discussed. Second, NNPHs are classified based on the types of
nanomaterials. Finally, the potential issues of NNPHs are
concluded, and future research is proposed to prepare idealized
multifunctional NNPH wound dressings.
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2. Functions and requirements of
NNPHs as wound dressings for skin
wound healing

In this section, the functions and requirements of NNPHs as
wound dressings are introduced and discussed in detail,
including biocompatibility, hemostatic and adhesive perfor-
mance, antibacterial properties, anti-inflammatory and antiox-
idant properties, moisturizing ability and air permeability,
stimuli-responsive properties, electrical conductivity, and self-
healing, as shown in Fig. 5.

2.1 Biocompatibility

As biomaterials, the basic requirement of NNPHs should be
biocompatibility so that they would not cause adverse effects on
the human body."™* The composition, structure, surface prop-
erties, stability, and mechanical properties can affect the
biocompatibility of NNPHs."*'*®* NNPHs serve as wound
dressings that come into contact with healthy human skin,
damaged tissue and blood, and they might cause inflammation,
hyperplasia, thrombosis, and calcification in surrounding
tissues and blood."” Therefore, it is significant to evaluate the
biocompatibility including histocompatibility, cytocompati-
bility and hemocompatibility of NNPHs before clinical trials.
The good histocompatibility of NNPHs ensures that they will
not cause severe toxicity, inflammation, or immune response
during use."® The good cytocompatibility of NNPHs means that
they can maintain cell communication, viability, proliferation,
and differentiation.***"** Blood plays an important role in the
transport of nutrients, oxygen, and waste, so it is necessary to
maintain the stability of the blood environment.****** The good
blood compatibility of NNPHs requires that NNPHs will not
cause damage to blood, such as changing the composition of
blood and destabilization of the blood environment, leading to
blood coagulation."**** It is worth noting that the composition
of blood is very complex, including blood cells, genetic
components, proteins, electrolytes, enzymes, and nutrients, so
NNPHs should also undergo strict in vivo blood compatibility
evaluation before clinical use.'*>?¢
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Illustration of representative interactions between natural polymers and nanomaterials.
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Fig. 5 Illustration of functions and requirements of NNPHs as wound dressings for four consecutive stages of wound healing.

2.2 Hemostatic and adhesive performance

Hemostasis is the first stage of wound healing. Specifically,
hemostasis controls bleeding at the injury site, closing ruptured
blood vessels through the formation of blood clots, thereby
preventing bleeding.'””"*** When injury occurs, platelets in the
blood aggregate and become activated at the bleeding site, and
subsequently participate in all stages of hemostasis including:
(1) activated platelets secreting chemicals that induce vaso-
constriction, thereby reducing blood loss; (2) activated platelets
forming adhesions with each other and clumping together to
form hemostatic platelet plugs and attracting other nearby
platelets through secreted substances to accelerate the forma-
tion and spread of hemostasis by forming a positive feedback
loop; (3) the surface of activated platelets acting as coagulation
sites to form blood clots and stop bleeding.*****

NNPH dressings with hemostatic effects have positive effect
on wound healing. Studies have shown that hemostatic prop-
erties of NNPHs can be achieved not only by physical sealing,
but also by enriching coagulation factors through the absorp-
tion of wound exudates.* Notably, adhesive NNPHs can be
attached to the wound site seamlessly, which can avoid the
potential infection risk caused by the external environment.
Moreover, they can also seal the wound quickly to achieve
hemostasis."*"**> Moreover, in the past 10 years, inspired by the
excellent dry and wet adhesive properties of mussels, biomi-
metic NNPHs were designed and fabricated to mimic the 3,4-
dihydroxyphenyl chemical structure of mussel foot proteins,
which was considered to be the origin of strong adhesiveness
due to strong interfacial interactions with skin tissues through
hydrogen bonding, cation-m interactions, and Schiff-base
bonding.”** In addition to mussel inspired chemistry, Schiff-
base interactions between the aldehyde groups of NNPHs and

© 2023 The Author(s). Published by the Royal Society of Chemistry

-NH, groups of native skin tissues are believed to be another
adhesive mechanism.?

2.3 Antibacterial properties

Although bacteria are a normal part of the skin and wound, it
has been suggested that a value of 10> bacteria should be
considered as a critical point between normal and clinical
infections.*>***'** Bacteria can cause persistent inflammation at
the site of infection after wound infection, delaying the wound
healing process, and severe inflammation can even result in
non-healing wounds and serious complications.****” Physical
or chemical methods have been applied to kill or hinder the
growth of bacteria, and reduce their activity."*”**®* Owing to the
abuse of antibiotics, drug-resistant bacteria induced wound
infection is a great challenge for wound healing.”*® Although
clinical antibacterial drugs can control infection effectively, the
drug resistance of bacteria is becoming an increasing
problem.™* Thence, it is of great significance to propose better
antibacterial strategies. Integration of bioactive antibacterial
components in NNPHs has been utilized to address drug
resistance of bacteria and accelerate wound healing."”*®
Representative bioactive antibacterial materials include metal-
based nanomaterials (Ag, Zn, Au, and Cu, etc.),"*>*** photo-
thermal antibacterial agents (PDA, CNTs, and GO, etc.),"*>'*
photodynamic antibacterial agents (MoS, and TiO,, etc.),"****
antibacterial polymers (chitosan, polyethyleneimine (PEI) and
e-polylysine (EPL), etc.),"**"** and extracts from natural products
(honey and essential oil, etc.).****>*

2.4 Anti-inflammatory and antioxidant performances

The second stage of wound healing is inflammation."”

Inflammatory cells would kill bacteria or other harmful agents,

Nanoscale Adv., 2023, 5, 27-45 | 31
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followed by healing injured wounds." Inflammation causes
redness, pain, warmth, and swelling, and can lead to an
increase and accumulation of reactive oxygen species (ROS),
which cause damage to skin tissue.® However, low levels of
ROS are believed to have a positive effect on wound healing."*
Antioxidant agents can consume accumulated ROS and restrain
the production of ROS, reducing inflammation to protect cells
and promote wound repair.**® The representative natural anti-
oxidants are mercaptan compounds, vitamins, and enzymes.**’

2.5 Moisturizing and air permeability

Gauze is often used as a wound dressing to simply cover the
wound for traditional wound healing in a dry environment.**
Because gauze cannot prevent the evaporation of water, the
wound surface would be dehydrated easily, causing large
numbers of cell death and scab of wound, which cannot provide
an ideal environment for wound healing.**® In addition, gauze
cannot effectively prevent bacterial infection, and it can cause
pain when changing gauze due to its adherence to granulation
tissue, which even causes multiple injuries and hinders the
wound healing process.'®*"¢>

Since scientists first discovered that wounds show a faster
healing rate in a wet environment than in a dry environment in
1962, many scientific studies and clinical trials have been
carried out to verify the wound healing mechanism in a wet
environment.'”® Research has shown that wound healing in
a wet environment can mimic and maintain the physiological
state of wounds, which can prevent wounds from drying up,
avoid scab formation and scarring, and reduce tissue
necrosis.'® In addition, it is beneficial to maintain the enzyme
activity in wound exudate, clear necrotic tissue, stimulate
growth factor activity, promote angiogenesis, and fibroblast and
epithelial cell growth, accelerate epithelialization and collagen
generation, reduce bacterial infection, maintain wound
temperature, and reduce pain, and finally accelerate wound
healing.'® NNPHs are one of the wet wound dressings, which
could maintain a moist healing environment and absorb
exudate for wound healing.

Apart from their moisturizing ability, the air permeability of
NNPHs is also important for skin tissue regeneration because
healthy skin possesses respiratory functions that can absorb
oxygen and release carbon dioxide.'® While oxygen plays an
important role in skin repair and regeneration processes,
oxygen can interact with a variety of cytokines, promote cell
proliferation, participate in the synthesis of collagen, and
accelerate angiogenesis and epithelialization.'®” Oxygen supply
affects the rate of wound healing. Researchers have reported
that oxygen-permeable dressings can significantly promote
wound healing compared to oxygen-impermeable dressings.**®
NNPHs were engineered to create a moist environment with gas
exchange performance mimicking the physiological environ-
ment of wounds.

2.6 Stimuli-responsive properties

Stimuli-responsive properties of NNPHs, which can respond to
environmental stimuli such as temperature, light, and pH are

32 | Nanoscale Adv, 2023, 5, 27-45
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also an interesting function for wound healing.******"* This
section mainly highlights the heat, light, and pH responsive-
ness of NNPHs because of their interesting performance in
smart wound dressings.

Some polymer solutions can undergo a phase transition
from sol to gel at the physiological temperature of 37 °C, and
they can be injected into wound and form hydrogels immedi-
ately, which greatly simplifies the application of wound dress-
ings and makes treatment simple and convenient.®® On the
other hand, some thermoresponsive hydrogels exhibit
shrinking behavior at body temperature, causing pre-shrink
stress of skin tissue to promote wound closure and healing."”
The typical thermoresponsive polymers include agar, gelatin,
poly(N-isopropylacrylamide) and F127.'7

A variety of nanomaterials (MXenes, Au nanomaterials,
MWCNTs, rGO, and PDA nanomaterials) can demonstrate
photothermal properties, which can convert light to heat."”**7¢
Taking advantage of this phenomenon, NNPHs could enhance
their antibacterial performance by scavenging bacteria at high
temperature for photothermal therapy.””>™”” In order to avoid
damage to the skin due to photothermal therapy at high
temperature, photodynamic therapy was also proposed, where
photosensitizers such as TiO, and ZnO nanomaterials could
transform photons to ROS and free radicals for photodynamic
therapy at normal temperature.* It should be noted that the ROS
level for photodynamic therapy should be on-demand
controlled, because overloaded ROS might have a negative
impact on wound healing.*

The pH responsiveness of NNPHs is also involved in wound
healing owing to pH changes during infected and/or diabetic
wound tissue healing processes; for example, the pH of healed
uninfected wounds is between 5.5 and 6.5, while the pH of
unhealed infected wounds is higher than 7.0.>'”® The typical pH
responsive natural polymers of NNPHs are hyaluronic acid,
chitosan, and sodium alginate on account of rich -NH, and/or -
COOH groups on their structures.'” Scientists usually load
drugs in pH responsive NNPHs for pH-controlled drug release
for wound healing.

2.7 Electrical conductivity

Electrically conductive NNPH dressings are beneficial for wound
healing and repair, because skin tissue is electrically conductive,
enabling function and communication of skin.* In addition, the
proliferation and differentiation of cells is associated with the
electrically conductive environment.’****' As mentioned before,
the third stage of wound healing is proliferation, which can be
verified by granulation tissue formation, where newly granulation
tissue will replace damaged tissue.’ Lots of nanomaterials such
as MXenes, nanoscale metallic materials, nanoclay, CNTs, and
rGO are electrically conductive, and adequate studies have shown
that electrically conductive nanomaterials can optimize the
electrical conductivity of NNPHs.>®

2.8 Self-healing properties

Another requirement of NNPHs is to have good self-healing
ability to avoid structural and functional failure under

© 2023 The Author(s). Published by the Royal Society of Chemistry
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external tension and pressure at the wound."®> NNPHs with self-
healing properties were carefully designed and fabricated to
achieve structural integrity.'® NNPHs can heal the network
structure by themselves to maintain their functions and protect
wounds from the outside invasion of harmful components.***
To date, the self-healing chemistry of NNPHs has focused on
physical interactions and/or chemical interactions; for instance,
hydrogen bonding, electrostatic interactions, - interactions,
host-guest interactions and hydrophobic interactions are
representative physical interactions, while Schiff-base bonds,
S-S bonds and borate bonds are typical chemical
interactions.'®®

All in all, specific functions and requirements for NNPHs
were summarized. Although it is a challenge to integrate all the
functions in one system of NNPH, researchers have been dedi-
cated to preparing multifunctional NNPH platforms for ideal-
ized wound dressings in the past 10 years.

3. Preparation and performance of
NNPHs according to their
nanomaterials

In this section, the design, preparation and capacities of
representative NNPHs based on different nanomaterials for
skin wound healing and repair are highlighted. The categories
of NNPHs are classified as carbon-based, metal-based, MXene-
based and silicon-based, as demonstrated in Tables 3-6
according to recent studies.

3.1 Carbon-based NNPHs for wound healing

Due to the decent biocompatibility, and photothermal and
electrical conductivity of CNTs, GO and rGO, they have been
widely applied in NNPHs for wound healing.® Representative
research on carbon-based NNPHs for wound healing is
summarized in Table 3. CNTs, tubes composed of carbon with
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a nanometer diameter, high electrical conductivity, astonishing
tensile strength and modulus, and desirable thermal conduc-
tivity, have attracted much interest in the biomedical field,
including wound healing.'****® However, the hydrophobic and
insoluble limitations of CNTs lead to poor dispersion in various
solvents.®* Therefore, NNPHs with homogeneous performance
were fabricated by chemical modification with hydrophilic
groups such as -OH, -COOH, and -NH, or using surfactants
such as F127 to increase the dispersion of CNTs.>”* For
example, He et al. prepared an NNPH network through a Schiff-
base reaction using aldehyde F127-dispersed CNTs and N-car-
boxyethyl chitosan for infected full-thickness wound healing
(Fig. 6A and B). The NNPH exhibited the highest electrical
conductivity of 8.45 x 107° S m™", the largest adhesive strength
of 8.5 kPa, photothermal antibacterial properties with 100% of
killing ratio of bacteria in just 10 minutes and pH-responsive
drug release behavior to kill bacteria, and the lowest blood
loss of 143.9 &+ 60.9 mg, 140 + 39.7 mg, and 207 + 19.3 mg for
the mouse liver trauma model, mouse tail cutout model, and
mouse liver incision model, respectively. Besides, the multi-
functional NNPH was further applied in bacterial infected skin
wound healing, where bacteria can cause persistent inflamma-
tion at the infected site and postpone wound healing. The
macroscopic wound contraction of NNPHs was 100% after 14
days of healing. Microscopic wound healing results were also
presented, and the thicknesses of granulation tissue and
epithelium were 778 pm and 110 um after 7 days of healing,
respectively. After 14 days of healing, the dermis was formed,
and blood vessels, hair follicles, etc., in the NNPH group were
similar to those of normal healthy skin.”” In addition, Liang
et al. optimized the dispersity and bioactivity of CNTs by coating
with PDA, and further prepared the NNPH using dopamine
functionalized gelatin, chitosan and PDA coated CNTs through
self-polymerization. The NNPH displayed antioxidant proper-
ties by scavenging 86.5% and 100% of free radicals when the
concentration of NNPH was 3 mg mL ' and 5 mg mL /,

Table 3 Composition of NNPHs based on carbon-based nanomaterials for wound healing®

Nanomaterials Polymers and/or monomers Wound healing model Healing period Ref.
rGO@PDA HA-DA Full-thickness skin defect wound 14 days 12
PF127/CNTs QCSG and PF127 Full-thickness skin defect wound 15 days 49
PF127/CNTs CEC and PF127 S. aureus infected wound 14 days 57
GelMA/CNTs GelMA and AM S. aureus infected wound 12 days 58
GO-CD QCS-CD and QCS-AD Full-thickness skin defect wound 14 days 60
CQD CMCS and ODex S. aureus infected wound 14 days 61
GO-B-CD-BNN6 GelMA and HA-DA S. aureus infected wound 14 days 62
PDA@CNTs GT-DA 