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Wound healing is a complicated yet necessary event that takes place in both animals and
human beings for the body to repair itself due to injury. Wound healing involves various
stages that ensure the restoration of the injured tissue at the end of the process. Wound
dressing material acts as a protective extracellular barrier against potential damage to the
injury and microbial invasion. Naturally, polysaccharides (chitosan and alginate) have
inherent properties that have made them attractive for their usage in wound healing
therapy. Alginate and chitosan have been used to develop novel wound healing and smart
biomaterials due to various functionalities such as reducing swelling, non-toxic nature,
biocompatibility, antimicrobial potential, and maintenance moist environment, ability to
absorb wound fluid, and skin regeneration promotion. Functionalization of
polysaccharides is one of the many approaches that have been used to modify and
enhance the wound healing properties of these biomaterials. Many studies have been
done to modify the polysaccharide hydrogels. Some of these are highlighted in this paper.
The designing and development of smart hydrogels that react to their environment have
recently sparked a significant scientific and pharmaceutical interest. Smart hydrogel
development has been the primary focal area for developing highly advanced and
sophisticated wound healing therapeutic technologies. This paper seeks to
comprehensively shed light on the advancements of functionalized chitosan and
alginate-based hydrogels and their applicability in wound healing therapeutics. In
addition to this, thus identifying critical drawbacks faced in existing hydrogel systems
and how prospective technologies enable digitally controlled bio-platforms coupled with
biomaterials to improve wound care. This review hopes to stimulate and encourage
researchers to identify future avenues worth investigation.
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INTRODUCTION

Today wound management remains a serious problem regardless of the recent advancements made
regarding wound healing materials development. Wounds are classified based on their depth,
appearance, location, etiology, and the nature of the injury (Baranoski and Ayello, 2008). In addition
to this, wounds can be further categorized as partial, full, and superficial thickness (Boateng et al.,
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2008). Worldwide, a wide variety of wounds are generated
annually for various reasons such as surgical procedures, non-
healing ulcers, gunshots car accidents and burns (Aderibigbe and
Buyana, 2018). The cost to manage wounds increases as the
population size increases. The urban lifestyle is an indicator for
the greater need to develop novel hydrogel-based wound
dressings materials that are relevant, effective, and affordable
(Cullum et al., 2016). Wound dressings are produced from
various biopolymers and synthetic polymers. Alginate has been
extensively researched to develop pharmaceutically relevant
biomaterials. Alginate is toxic-free, antimicrobial, abundant in
nature, offers excellent biodegradability, hydrophilic,
biocompatible, and does not elicit immune responses (Noh
et al., 2006). Wound dressings developed as hydrogels have
become very important for successful wound healing and
wound management over the years, more especially when
modified chemically, physically or combined with
technological devices. Different polymers have been used to
produce wound dressings which are available in retail markets
(Wild et al., 2009). Hydrogels are defined as water-soluble cross-
linked polymeric networks developed by either physical or
chemical cross-linking of soluble polymers.

Their unique properties, such as hydrophilic nature, soft
tissue-like water content, high-sensitivity to physiological
environments, and adequate flexibility, have made them the
preferred and excellent choice for wound healing-related
therapeutics. Polysaccharide-based hydrogels can swell in
water, showing specific stimuli-responsiveness to their
environment due to changes in environmental conditions such
as temperature, light, and pH. Thus, hydrogels’ intelligence to
respond to changes in physiological variables change suggests
their meaningful use in several biomedical applications, one of
them being wound healing (Sood et al., 2014). Therefore, the
importance of this manuscript is to review the recent work done
by researchers in the field of wound healing and to look at the
main achievements as result of functionalising polysaccharides
(alginate and chitosan).

The application of alginate and chitosan for wound healing is
due to these polymers having favourable and distinctive
attributes. These include having a high absorption capacity,
biocompatible, non-toxic, non-immunogenicity, and low cost
(Sudarsan et al., 2015). However, these natural polymers can
usually be limited by their unfavourable mechanical attributes. As
a result, they are combined with other synthetic platforms or are
derivatized to enhance their mechanical characteristics (Noh
et al., 2006).

This manuscript seeks shed light on the progress made
regarding wound healing therapy using functionalised alginate/
chitosan as well as the drawbacks which still exist in the
development of sophisticated and smart wound healing
systems. The importance of developing a wound dressing
material which has ideal wound healing properties that create
an environment that allows the wound to heal quickly under
pathological conditions while achieving an acceptable skin
appearance at an affordable price (Sweeney et al., 2012) is also
covered to assist researchers in understanding the importance of
designing or developing wound healing systems based on the

factors that promote successful wound healing therapy and
improve patient compliance. A major development in wound
healing therapy is the emergence of smart hydrogels which have
been developed by combining technological platforms or devices
such as chips, wearable bands, and sensors with polymers. These
have shown significant advancement in the control of drug
release, swelling, or absorption in response to pH,
temperature, oxygen levels, or light as developed by Mostafalu
et al. [95]. Microneedles are also another type of platform
advancing over the years. The development of the first solid
microneedle (MNs) was developed in 1971 [97]. More promising
technologies have been produced since 2012, resulting in the first
hydrogel-based microchip microneedles, which were developed
by Donnelly et al. [102]. Therefore, incorporating bioactive
components in wound dressings has been found to improve
these novel systems’ overall effectiveness.

Therefore, novel and technologically advanced polysaccharide-
based-hydrogel dressings may encourage more efficient wound
healing over a short period, provide pain relief and reduce
scarring, thus improving overall patient compliance.
Polysaccharides have diverse structures, which make them differ
in their chemical composition and attributes and this should always
be taken into consideration when designing and producingmodified
biomaterials. Different design strategies by functionalization have
been highlighted in this manuscript to provide information on the
properties and benefits of functionalising different molecules such as
peptides (RDG), acyl containing compounds, amine containing
compounds and methyl containing compounds These properties
provide a range of structural properties and chemical attributes that
can be manipulated for the synthesis and combined with various
technological systems for the development of novel wound dressing
hydrogels specific to the wound etiology, thus providing endless
avenues for investigation. This review aims to provide recent
information and data regarding the advancement and progress of
modified chitosan and alginate wound healing systems and the
benefits of combining such systems with technological devices to
produce smart and intelligent wound healing products.

WOUND HEALING PROCESS

Several growth factors like cytokines, chemokines, and other
biomolecules facilitate the wound healing process (Thomas,
1990). Wound healing occurs in 4 phases, as seen in Figure 1.
The first stage is the exudative phase, 2. Inflammatory phase, 3.
Proliferative phase and 4. Regenerative phase (Yadav et al., 2015).
Several growth factors are required for wound healing to take
place. These mainly include chemokines and cytokines (Coger
et al., 2019; Gupta et al., 2019; Stern and Cui, 2019).

Exudative Stage
The exudative stage also referred to as coagulation and hemostasis,
involves preventing blood loss. It is the act of stopping excessive
bleeding by hemostatic reflex vasoconstriction and forming an
insoluble plug fibrin, and excessive blood loss is prevented. Blood
flows and interacts with collagen exposed together with other
extracellular matrix components. This phase is followed by
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platelet activation to release clotting factors before their
aggregation forms a plug mash network, thus regulating and
preventing blood loss (Ding et al., 2018).

Inflammation Stage
For wound healing to continue effectively, neutrophils must be
cleared from the wound through phagocytosis by macrophages,
followed by removing the wound utilizing shredding, autolytic
debridement, and apoptosis. Mononucleated macrophages make
their way to the wound site about 48–72 h post-injury and
become changed into reparative macrophages (Yang et al.,
2017) that enable and mediate inflammation together with the
removal of dead cells by phagocytosis (Vishwakarma et al., 2014;
Kuivaniemi and Tromp, 2019).

Proliferation Stage
Upon successful autolytic debridement and the immune response
has concluded. The wound healing process then continues to the
proliferation stage; at this stage, tissue formation occurs due to the
tissue’s repairing and closure of the being started. The area which is
damaged is then covered by granulation tissue; this is then followed
by the damaged tissue’s epithelialization occurring. The epithelial
cells around the wound parameters grow by mitosis and move
resulting in a long andwide layer of cells forms. The protein known
as collagen is produced by fibroblasts, mimics a temporary matrix,
and supports the newly developed granulation tissue, which is
crucial in determining scars’ appearance (Wild et al., 2009;

Vishwakarma et al., 2014). To distribute nutrients and oxygen
to freshly deposited tissue, it is at this phase when angiogenesis can
occur. Therefore, allowing a network of microvascular blood
capillaries to be formed from existing normal blood vessels
(Coger et al., 2019; Kuivaniemi and Tromp, 2019).

Regeneration Stage
The final phase of wound healing is the regeneration phase.
During this final step, the typical dermal structure is reproduced,
and the mechanical strength of the tissue is improved. All cells
responsible for inflammation are cleared from the fixed area while
remodeling collagen occurs to improve the tissue’s tensile
strength (Simões et al., 2018).

TYPES OF WOUND HEALING MATERIALS

Materials used as wound healing material can be categorized into
traditional, artificial, biomaterial-based, and bioactive dressings
(Yu et al., 2018). Passive wound dressings protect wounds from
the external environment and stop bleeding (Harding et al., 2000).
Classic wound dressing examples include gauze-cotton and gauze
composites that typically can absorb high amounts of wound fluid.
However, classic dressings can cause the wound to bleed, display
low vapor transmission properties, and destroy recently formed
tissue (epithelium) when removed. Exudates leaking from such
dressings can lead to bacterial invasion (Moura et al., 2013).

FIGURE 1 | Representation of steps involved in wound the healing process, reproduced with permission from Gupta et al. (2019), (A) exudative stage with the
formation of blood clot, (B) inflammatory stage, marked with oedema, pain and inflammation, (C) proliferation stage with granulation tissue formation and (D)
regenerative stage, characterised by scar tissue formation.
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Wound dressings that are biomaterial-based are further
characterized as allografts, tissue derivatives, or xenografts. Skin
fragments, also known as allografts, are available as either freeze-
dried or newly received tissue from donors. Their usage is often
restricted by immunological responses leading to the rejection
recipient’s body. In addition to this, the transmission of diseases
and infection risk is great (Line et al., 1995). Allografts costs are
high and have a low shelf life (Greenwood and Dearman, 2012).
Artificial dressings are categorized as composites, films, gels, films,
foams, and sprays (Morgan, 2002), [110]. These are synthesized
from natural and synthetic polymers. Commonly used
biopolymers include alginate, chitosan, cellulose, and xanthan
due to their intrinsic and beneficial properties. Such wound
dressings are further grouped and characterized as bioactive
wound dressing. Alginates, chitosan, xanthan, collagens,
hydrofibres, and hydrocolloids are examples of bioactive wound
dressings. An improved wound healing process can be achieved by
adding growth factors, nanoparticles, functional groups, and
antimicrobials (Parenteau et al., 1996). Wound dressing
classifications are summarised in Table 1.

APPLICATION OF ALGINATE AND
CHIOTSAN AS WOUND DRESSINGS

Sheet Hydrogel Dressings and Amorphous
Hydrogels
Hydrogel dressings can exist in two main forms, amorphous
dressing, and sheet dressing (Qu et al., 2018). Amorphous

hydrogel dressings exhibit low exudate absorptive
capabilities because of their high-water content. However,
they provide a moist environment for dry wounds;
functionalizing these hydrogels improves the absorbent
capabilities, swelling profile, moisture retention ability,
stretchability, and hydrogels’ mechanical strength
(Bradford et al., 2009). Hydrogel dressings classified as
sheet dressings are mainly applied during the final phases
during the recovery of wounds. Such steps include the
epithelial phase and phlebitis. Clear and transparent sheet
hydrogels can also be used to monitor wound healing
progress in real-time, as seen in Figure 2. Hydrogel
dressings are classified as amorphous hydrogels’ primary
use is to support autolysis debridement and scab softening.
Such amorphous biomaterial is frequently used by doctors
and nurses in clinics (Figure 3) (Liang et al., 2019).

DEVELOPMENT APPROACHES OF NOVEL
CHITOSAN AND ALGINATE-BASED
HYDROGELS
The treatment of chronic wounds and acute wounds is a
serious challenge. Wound dressings derived from natural
polymers offer numerous advantages in comparison to
traditional wound dressings (Almeida et al., 2011). Alginate
and chitosan-based wound dressings can be made to take up
several forms, such as sponges, foams, nanofibers, films, and
hydrogels (Huang and Fu, 2010; Mndlovu et al., 2019).
Alginate application as a wound-healing material is because

TABLE 1 | Wound dressing classifications.

Category Benefit of use Examples References

Passive wound
dressings

It does not have apart from covering and protecting the wound. It needs frequent
changing and does not provide a moist environment

Gauze, gauze composites, bandages, and
plasters

Qu et al. (2018)

Skin substitutes Improve wound closure and replace the skin function, thereby promoting wound
healing

Allografts, amnion, autografts, tissue-
engineered derivatives

Bradford et al.
(2009)

Artificial materials Promote wound healing and protect wounds from bacterial infections Gels, sprays, hydrocolloids, hydrofibres,
foams, and films

Liang et al. (2019)

Bioactive natural
dressings

These polymers have natural properties such as antimicrobial, bio-adhesive,
biodegradable, and proliferative properties. Growth factors may be incorporated
to enhance wound healing

Collagen. Elastin, alginate, and chitosan Almeida et al.
(2011)

FIGURE 2 | Synthesis and application of sheet functionalized hydrogels for wound healing purposes.
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of its inherent features (non-toxicity, biocompatible nature,
non-immunogenic, cheap to buy, and high absorption profile)
(Huang and Fu, 2010). However, natural polymers are usually
limited by their unfavorable mechanical attributes. The
combination of natural and synthetic polymers is done to
enhance their physical properties, degradation patterns, and
overall antimicrobial properties (Almeida et al., 2011).

Alginate Based Formulations
Thiol Functionalized Alginate Hydrogels
Alginate, derived from algae, has widely been researched for its
suitability as a wound care therapeutic product, and the delivery
of drugs to wounds because of its non-toxic and biocompatible
attributes (Mansoor et al., 2019) by derivatization led to several
favourable properties being imparted onto Alginate. Meidong
et al. (Lee and Mooney, 2012) investigated an in situ formed
thiolated alginate hydrogel, which was synthesized using disulfide
bonds being formed due to oxygen, a water-containing solution
with available thiol groups. Therefore, to illustrate the hydrogel’s
cytocompatibility properties, human hepatocytes were fabricated
in the hydrogel, resulting in 85% cell viability after five days. This
meant that the interaction of the thiol groups with hepatocytes
cellular environment resulted in the reduction of Reactive
Oxygen Species (ROS) resulting in improved cellular viability.
In terms of the potential of the functionalized hydrogel to lower
the homeostatic time, animal-based experiments were carried out
using a rat’s tail. The duration of hemostasis decreased from 8.26
to 3.24 min in comparison with a calcium alginate hydrogel The
reason for this is because disulfide bonds have been found to play
a role as redox switches. Disulfide bonds are present in the β
subunit of the platelet integrin αIIbβ3 and in other integrins
involved in thrombus formation. Redox agents such as gluthione,
nitric oxide and enzymatic thiol isomerase are responsible for the
regulation of the integrins because of thiol or disulfide exchange
or disulfide bond reduction thus controlling the rate of thrombus
formation. Therefore, thiolated platform could absorb a
significant amount of blood compared to calcium alginate
hydrogel (Xu et al., 2016). Yin and co-worker’s (Li et al.,
2017) investigated another cross-linked disulfide hydrogel of
thiolated alginate as a biomaterial for tissue engineering
(Lynch et al., 2020). The platform was stable for 14 days in an
aqueous solution, and stability was influenced by the degree of

thiolation and the degree of cross-linking. This hydrogel further
showed homeostatic potential and significant biocompatibility.
This was made possible due to the abundant free thiol groups as
these groups are easily oxidized when they are in aqueous
solutions. The degree of crosslinking on the other hand
further provides reinforcement by improving the mechanical
stability to the biomaterial. Hydrogel-based wound dressings
have been intensively studied as promising materials for
wound healing and care. Popescu et al. (Lynch et al., 2020)
reported the mixed-mode thiol-acrylate photopolymerization is
used in their work for alginate/poloxamer hydrogels formation.
First, the alginate was modified with thiol groups using the
esterification reaction with cysteamine, and second, the
terminal hydroxyl groups of poloxamer were esterified with
acryloyl chloride to introduce polymerizable acrylate groups.
Finally, the cross-linking reaction between the two macromers
was performed to produce degradable alginate/poloxamer
hydrogels. The biological assays show that the alginate/
poloxamer hydrogels induce proliferation of human
keratinocyte and have an anti-inflammatory effect on
lipopolysaccharides (LPS)-activated keratinocytes by inhibiting
the extracellular signal-regulated kinases (ERK)/nuclear factor
(NF)-kB/tumor necrosis factor (TNF)-α signalling pathway.
Their results showed that the chemical cross-linked alginate/
poloxamer hydrogels may function as a dressing/patch applied
directly on the skin lesion to heal the wound by reducing the
exacerbated inflammation which causes wounds not to heal or
increases their healing time.

Alginate Functionalization With Furan Compounds
Since alginate can be modified by both its carboxyl groups and
hydroxyl present in its backbone structure, it enables several
interesting features to be achieved which will enhance the wound
healing capabilities of the polysaccharide. Oxidation or light-
curable cross-linking strategies have been used to prepare
hydrogels in drug delivery. Li et al. (2017) synthesized
chemically cross-linked alginate hydrogels by reacting alginate
modified using furfuryl amine and stimuli-responsive
crosslinkers. The ensuing hydrogels’ investigation toward pH
stimuli revealed an apparent pH-dependent swelling. The
system can be designed to absorb wound fluid and release
drugs at low pH. It is at a pH of 5 whereby fibroblasts are

FIGURE 3 | Synthesis and application of functionalized amorphous hydrogels.
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activated and proliferate the most in contrast to neutral or alkali
pH. This design strategy would result in a faster wound healing
process and ensure that the wound is kept moist and does not
contain excess wound fluid as opposed to ionic cross-linked
alginate hydrogels. The synthesized cross-linked alginate
hydrogels had stable polymeric networks, and their properties
can be adjusted according to the cross-linking degree. However,
this can be limiting as certain properties are not imparted onto
the pristine polymer when crosslinking is done. The introduction
of functional groups to the pristine biopolymer will result new
physical, chemical and biomedical properties being obtained
which are beneficial to the success and efficiency of the wound
healing process. Heo and coworkers (Heo et al., 2020) developed a
light curable Furfuryl alginate hydrogel responsive to light
stimulus. The release studies demonstrated that the prepared
furan alginate hydrogels showed different gelation, swelling, and
degradation abilities in response to light exposure. Therefore,
they appeared to be good candidates for a dermal drug delivery
system (Heo et al., 2020). In addition to this the introduction of
bioactive drugs and nanocarriers into the furan alginate-based
biomaterials could accelerate and enhance the wound healing
process due to the adjustable release, gelling, and degradation
properties of bioinspired smart hydrogels. This type of hydrogel
could be designed in the form of microneedles perhaps this would
improve the mechanical strength of the biomaterial, release
kinetics of the system, drug bioavailability, interaction between
the modified biomaterial and the wound tissue due to the large
surface area.

Aldehyde Functionalized Alginate Hydrogels
Lu et al. (Deng et al., 2020) synthesized a multifunctional alginate
hydrogel for healing complex skin injuries. Their study developed
a sodium alginate aldehyde hydrogel and cross-linked it with
divalent Strontium ions (Sr 2+). The rationale behind their study
incorporating an aldehyde group to their alginate was to achieve
excellent biocompatibility, biodegradability, non-toxic, and
improved swelling properties and could adhere closely to
tissues. They also observed self-healing abilities due to the
slow release of strontium ions. In addition to this, the
hydrogel promoted immediate and fast angiogenesis of the
skin tissue. This occurred due to the slow release of the
strontium ions which have been found to play an important
role in promoting angiogenesis of skin tissue. The repair of the
defects was accelerated at the same time. Such properties
imparted to alginate are suitable for allowing rapid skin
defects in complex wound injuries (Mondal et al., 2020).

This type of study was significant in shedding light on other
focal areas in which alginate can be modified to advance wound
healing. Such areas of study should be further evaluated as most
studies only focus on the healing of wounds using composite
biomaterials or synthetic polymers with biopolymers. In contrast,
few studies have considered evaluating the skin tone restoration
and architecture using functionalized polysaccharides. In
addition to this it would be interesting to conduct research on
the hemostatic potentials of these aldehyde-based alginate
hydrogels.

Arginine-Glycine-Aspartic Acid Derivatized Alginate
Hydrogel
Even though alginate has excellent biocompatibility
properties, it is made of inert monomers that naturally lack
the bioactive ligands necessary for cell anchoring. This cell-
crosslinking method introduces ligands, such as the arginine-
glycine-aspartic acid (RGD) sequence, onto alginate for cells to
adhere to the Alginate-RDG modified hydrogel by chemically
coupling, which uses water-soluble carbodiimide synthesis has
been extensively used (Ansari et al., 2021). Upon the addition
of mammalian cells to the RGD-modified alginate, a uniform
dispersion is formed within the solution, and receptors follow
this on the cell surface, binding to the RDG-Alginate ligands.
The RGD-modified alginate solution is subsequently cross-
linked to form network structures through specific receptor-
ligand interactions between the cells and RGD sequences. The
combination of RGD-alginate-with stem cells can further
accelerate and improve soft tissue regeneration. Ansari et al.
(2021) reported the use of Gingival mesenchymal stem cells
(GMSCs) in RGD modified alginate hydrogels. The
regenerative potential of mesenchymal stem cells (MSCs)
encapsulated in hydrogels is well documented, however for
polysaccharide-based polymers little work has been reported
for wound healing therapy. Here, an RGD-alginate–gelatin-
methacrylate (GelMA) hydrogel formulation was developed
encapsulating GMSCs within the developed hydrogel. From
their results it was observed that the encapsulated MSCs
remain viable within the hydrogel with enhanced collagen
deposition. An excisional wound model in mice was utilized
in their study to evaluate the in vivo functionality of the RGD-
Alginate GMSC–hydrogel construct for wound healing and
soft tissue regeneration. The histology and
immunofluorescence analyses confirmed the effectiveness of
the GMSC–hydrogel in expediting wound healing was through
enhancing angiogenesis and suppressing local
proinflammatory cytokines. Based on these findings, it can
be seen that GMSCs encapsulated in an functionalized
polysaccharide (alginate) based sheet hydrogel can be used
to expedite wound healing and soft tissue regeneration, with
potential applications in not just wound healing therapy but
also plastic and reconstructive surgery as well as dentistry
(Ansari et al., 2021).

Krause et al. (Krause et al., 2012) concluded that RGD-
pentapeptide functionalized hydrogel exhibit a biomimetic
microenvironment on wounds. Their study further
displayed enhanced biocompatibility, cell proliferation, cell
adhesion, and good biodegradation (Yu et al., 2010). Although
the cell-crosslinked hydrogel shows excellent bioactivities, the
major drawbacks that the network exhibited were low
mechanical strength and toughness, limiting the practical
applications of their advanced biomaterial. Such types of
hydrogels could be made as a 3D printed scaffold in
combination with an additional polymer such as chitosan,
to maximize the systems interaction with the wound. This
approach could further enhance the mechanical strength of the
scaffold and improve the absorptive (due to a controllable pore
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size), cell adhesion (presence of RDG) cell proliferative
capabilities (chitosan) and hemostatic (chitosan properties)
properties of the system. Studies should not look at the
functionalization of one specific polymer but rather a
combination of polymers which can be combined to
produce or develop a product with novel properties. Very
few of these types of studies involving RDG and two types of
polysaccharide-based polymers have been reported in
literature.

Chitosan-Based Formulations
Heparin Functionalized Chitosan Hydrogels
Peptide-based polysaccharide formations have attracted significant
attention over the years. This an attractive strategy for wound
healing biomaterials, except for using the delivery of blood factors
as an approach, is to derivatize the natural polysaccharidematerials
with amino acid sequences that would interact with surface
receptors of dermal cells. Such receptors are those of skin cells,
thus enabling cell differentiation, proliferation, and cell migration,
thus enabling a more rapid and complete healing process. Heparin
functionalized with chitosan has favorable outcomes in the last
phases of wound healing stages. Kratz et al. (Kampf et al., 2018)
formulated heparin complexed chitosan bio-platform. Their study
discovered heparin-chitosan platforms to have wound healing
potential, which was depended on the concentration of heparin.
Furthermore, 1.9% (w/w) heparin could not induce re-
epithelialization, but 7.7% of heparin (w/w) generated almost
complete re-epithelialization. From this, it can be concluded
that the time-controlled delivery of heparin at the correct dose
is required to reach therapeutic efficacy. It was further observed
that heparin-chitosan hydrogels exhibited no tissue ingrowth,
resulting in the formation of a highly vascularized granulation
layer (Krajewska, 2004). Thus, implying that heparin
functionalized chitosan’s ability to initiate an angiogenic
response. Jin et al. (Mi et al., 2002) compared chitosan’s effect
when used as a powder, without and with the presence of heparin
on deep partial burns. The wounds were created on the dorsum of
rats. Following 72 h, their study’s histology results revealed that
chitosan in its powdered form stopped an early extension of burns,
while the peptide under study, whether by itself or embedded
inside the polysaccharide, was not effective (Kampf et al., 2018).
Based on most of literature the contrary, heparin functionalized
with chitosan exhibited positive effects on the last stages of healing.

Arginine-Glycine-Aspartic Acid (RGD) Functionalized
Chitosan Hydrogels
Arginine-glycine-aspartic acid (RGD) sequence has been found
to induce cell adhesion by binding and activating integrin,
allowing cell to cell and cell to extracellular matrix adhesion
(Kratz et al., 1997). Arginine-glycine-aspartic acid (RGD)
functionalized with chitosan were tested for cell adhesive
properties to the extracellular matrix (ECM) (Chai et al.,
2017). It was shown that RGD functionalization onto chitosan
biomaterials imparts improved properties. Such properties are
cell adhesive and biocompatibility properties. This process occurs
because the adhesion cell receptors recognize RGD. Therefore,
the functionalized chitosan takes up an artificial ECM role,

allowing cellular adhesion to occur (Jin et al., 2007), these
finding further show the potential which chitosan has in
wound healing therapy. Furthermore, the combination of
peptides with natural polymers yields numerous properties in
the product which is much more suitable for wound care
application as compared to the pristine polymers. Karakecili
et al. (Chai et al., 2017) studied cell interactions with peptides
using chitosan membranes functionalized with RGD sequences.
Results from the in vitro study suggested that L929 mouse
fibroblasts exhibited an increased cell attachment with time.
They concluded that RGD was crucial for cell attachment, cell
migration, and cell proliferation. Their findings further show the
importance of attaching key peptides with known wound healing
properties to natural biomaterials like alginate to impart favorable
properties to the biomaterials. The relevance of their study further
highlights the role cell attachment, cell migration and cell
proliferation in the wound healing therapy.

Ammonium Functionalized Chitosan Hydrogels
One of the many factors that limit the application of native
chitosan is its non-solubility in neutral and alkaline aqueous
solutions (Jia et al., 2001). N-trimethyl chitosan chloride and
found that it interacts with negatively charged cell membranes
thus, inhibiting the growth of microorganisms (Abueva et al.,
2021). They also observed that their synthesized N-trimethyl
chitosan was water-soluble, and therefore an important new
property was obtained compared to the pristine polymer. They
further observed that the chitosan’s heterogeneous chemical
modification could tune the hydrogel’s surface properties.
Their observations noted that when a stearoyl group was
attached to N-Trimethyl chitosan hydrogels, the hydrogels
became more hydrophobic and promoted protein adsorption.
Antimicrobial resistance has been a problem for public health
professionals. Therefore, wound healing patches with broad
spectrum bioactivity against Hospital-Associated Multi-Drug
resistance (MDR) strains of bacterial and fungal pathogens is
important. Abueva et al. (Jia et al., 2001) N,N,N-trimethyl
chitosan chloride (TMC) with inherent bactericidal property
was synthesized and complexed with povidone-iodine (PVP-I)
to create a potentially more potent antibacterial properties that
could also significantly enhance the wound healing process.
TMC, a positively charged, water-soluble derivative of
chitosan, formed stable solutions with PVP-I at 5% w/v TMC
concentration. TMC5/PVP-I was significantly effective against
multidrug-resistant bacteria S. aureus compared with PVP-I
alone. TMC/PVP-I solutions also showed fungicidal property
against C. albicans. This further illustrates that although
derivatization may impart new and useful properties to
alginate, further modification or analogs of quaternary
ammonium alginates can introduce novel properties beneficial
for wound healing application. Chitosan’s insolubility in water
makes it difficult for the biomaterial to dissolve into wound fluid
over time as it degrades. However, by functionalizing the
biomaterial with a trimethyl group chitosan then become
more wound friendly. This is a major achievement as one of
the ideal properties of any wound healing system is its ability to
solubilize in aqueous solutions.
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N-Succinyl Chitosan
Succinyl chitosan (NSC) is synthesized through acyl group
introduction. These groups’ introduction imparts chitosan
with excellent biological, chemical, and physical attributes
(Nam et al., 2004). NSC has excellent water retention
attributes, which can be exploited for the development of
wound healing matrices. Straccia et al. (Zhai et al., 2002)
developed a hydrogel consisting of NSC with alginate, and
this wound healing material exhibited antimicrobial activity,
showed good stability, a significant degree of swelling, and a
regulated rate at which water vapor is transmitted, most
modified polysaccharide biomaterials exhibit poor absorption
especially pristine chitosan.

Furthermore, chitosan-based hydrogel was effective in
maintaining a moist wound environment resulting in the
enhancement of tissue regeneration and epithelialization
(Kamoun and Menzel, 2012). Also, NSC bio-platforms were
evaluated in vivo, and their result suggested that the NCS
system successfully prevented microbial infection and
improved wound healing. In a different approach Qing et al.
(2021) reported that polyvinyl alcohol (PVA)/N–succinyl
chitosan (NSCS)/lincomycin hydrogels were effective in their
wound healing properties. From their results it can be
observed that the introduction of NSCS remarkably enhanced
the swelling capacity, leading to the maximum swelling ratio of
19.68 g/g in deionized water. The optimal compression strength
of 0.75 MPa was achieved with 30% NSCS. Additionally, the
incorporation of lincomycin brought a remarkable antibacterial
activity against both Escherichia coli and Staphylococcus aureus.
Their hydrogel showed not toxicity properties. Therefore,/NSCS/
lincomycin hydrogel shows promising potential for wound
dressing due to its non-toxic, excellent absorption and
significant compression strength which makes this
functionalized composite suitable for wound healing. Such
findings further show that the combination of functuionalized
polymers with other polymers can further improve the properties
of the pristine and functionalized polymer. Modified types of
Chitosan hydrogels are shown in Table 2. These findings show
that NSC or NSC-Alginate possess most of the properties
required for an accelerated and successful wound healing
process. The combination of NSC with alginate further shows
the importance of combining a modified polymer with a pristine
polymer to achieve a variety of new properties which will be
beneficial for wound healing.

DRAWBACKS OF ALGINATE AND
CHITOSAN-BASED HYDROGELS

Natural polysaccharides have generally demonstrated favourable
properties which allow them to be used as a therapeutic option for
chronic wounds. Despite this, a natural polysaccharide may elicit
the immune system to react adversely and cause irritation. Hence,
the natural polysaccharide’s molecular weight control may be
used to overcome such limitations. In addition to this, in dry
wounds, these properties could affect the wound healing process
(Saarai et al., 2012). This may result in dehydration, thus reducing
blood flow and the ability of epithelial cell migration within the
wound site, interrupting new tissue creation. As evidence, re-
epithelialization of the wound site is more rapid under moist
conditions than under dry ones with natural polysaccharide
wound dressing treatment (Kamoun et al., 2017), with a
controllable molecular weight, probably, the capabilities of
natural polysaccharides in speeding up the wound healing
process can be exploited to treat various types of wound
injury. The advantages and disadvantages of hydrogel wound
dressing materials are shown in Table 3, as reported by Kamoun
et al. (Price et al., 2007).

Natural polysaccharides are the human dermal Extracellular
matrix ECM (Suzuki et al., 1998). Polysaccharides are abundant
in nature, and they have been shown to have great potential for
pharmaceutical, medical and biomedical applications. Wound
healing dressings used for tissue regeneration have been
developed from polysaccharides because of their economic, low
toxic nature, and favourable compatibility profile. However,
possessing a lack of protein structure, natural polysaccharide
exhibits a very poor bio-stability and difficulty assembling a
“matrix” to cover the damaged tissue during the wound healing,
thus facilitating contraction of the wound resulting in scar formation
(Chansiripornchai et al., 2003). In addition to this, the synthesis of
temperature or pH-responsive and functionalized biomaterials
requires toxic chemicals that are expensive and hazardous.

PROPERTIES OF AN IDEAL
POLYSACCHARIDE-BASED HYDROGEL
FOR WOUND HEALING
Polysaccharide hydrogels are considered effective candidates for
wound healing therapy. This because of their high water-

TABLE 2 | Functionalized types of chitosan and their respective properties.

Derivatization approach Outcome

Carboxymethyl chitosan Enhances water solubility, solubility is dependent on pH when pH is greater than seven, results in water-solubility
Chitosan derivatives by alkylation It is an amphiphilic polysaccharide-based polymer. Enhances the interfacial film stability profile, surfactant cationic, can be

adsorbed on the alkyl chain grafted onto chitosan, enabling solubilization
Trimethylated chitosan Cationic derivative, water-soluble across all pH ranges, obtained by the quaternization of chitosan. Exhibits good flocculating

and antistatic properties
Carbohydrate chitosan (branched) These are soluble in water. Reductive alkylation allows different types of carbohydrates to be grafted onto chitosan. Specific

lectins easily recognize these grafted chains, thus equipping them with drug targeting potentials
Chitosan-grafted copolymers One of the extensively studied derivatives is polyethylene glycol-grafted chitosan; it has the advantage of being water-soluble
Thiolated urea derivatives Thiourea chitosan enhances the bactericidal properties of chitosan
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retaining capacity, non-toxicity, biodegradability, and
biocompatibility (Winter, 1962; Silva et al., 2018; Zhu et al.,
2019). Over the years, different approaches in designing or
developing efficient and effective wound dressing materials
have been considered; it has been demonstrated that healing
of wounds with wet dressings is faster than dried dressings. This is
ultimately ascribed to the healing and formation of renewed skin
without eschars or inflammation, taking place only in a wet
environment (Lee and Mooney, 2012).

Thus, wet ormoisten dressingswere the suitable dressing candidate
for skin repair, hence the successful applicability of hydrogel dressings
in wound care therapy due to their high-water content and inherent
permeability (Becker et al., 2016). An ideal wound dressing material
should fulfil the following characteristics, as shown inTable 4 (Winter,
1962). If most of these properties can be contained in a developed
hydrogel system, this would result in wound healing taking place
efficiently and faster in a wet environment, as provided by hydrogel in
contrast to the dried environment. Given the growing demand,
developments and manufactures of novel wound dressings with
high performance have become a research focus in the field of
medical materials, among which hydrogel is found to satisfy most
of the criteria for treating and managing wounds. A hydrogel is a 3D
network composed of hydrophilic polymers, which can absorb and
swell in water because of the highlymimic natural extracellular matrix
(ECM) properties, hydrogel has been extensively utilized in
pharmaceutical and biomedical applications. In terms of wound

dressings, hydrogel do not only form a physical barrier and
remove excess exudate but also encapsulate bioactive molecules
and provide a moisture environment that promotes the wound
healing process (Silva et al., 2018).

In addition, the injectable hydrogel would also be able to
completely fulfill the irregular shaped wound and deal with
deep bleeding wound more efficiently. Due to the numerous
merits of hydrogels, a series of commercial hydrogels as wound
dressings have been emerged, such as Algisite M, Tegaderm TM
hydrocolloid dressing, Evicel VR, and Coseal VR. Despite their
good wound healing performance, there exist some
deficiencies, including high cost, harsh storage conditions,
inability to provide adequate mechanical protection, and
poor permeability of gases. Since the demand for higher
performance dressings, novel hydrogel dressings with
multifunctional properties (antibacterial ability,
biodegradability, responsiveness, and injectability) received
increasing attention in the field of wound dressings in recent
years (Lee and Mooney, 2012; Zhu et al., 2019). Interestingly,
hydrogels can control scab formation and allow a swift and
well-coordinated cell proliferation and epithelialization process
to take place. Furthermore, smart hydrogels’ development
using modern technology and software has used some of
these ideal properties to develop the most sophisticated
biomaterial dressings that are beneficial for wound healing
therapeutics.

TABLE 3 | Advantages and disadvantages of Hydrogels used as dressing materials.

Types Characteristics Indications Advantage Disadvantages

Hydrogels Amorphous or sheet hydrogel
is used for auxiliary and
autolysis debridement

Full-thickness injury or partial-
thickness injury. Necrotic or
desquamate wounds small to medium
exudation. Hydration promotes self-
dissolving debridement

It positively providing water to dry
wounds and keeping the woundmoist.
No wound adherence. They promote
autolysis debridement for scab
debridement

The poor absorptive capacity of
exudates. Not for severe exudative
wounds and infectious wounds. No
bacterial barrier. Easy to cause skin
immersion around

Conducive to epithelial migration and
granulation growth non-sticking
wound. Pain relief protecting germ
infection

The second layer of dressing is needed.
The dressing color will turn green

TABLE 4 | Properties of an ideal wound healing hydrogel.

Property Description

Maintain a moist environment Prevents wound from drying because of vapor loss
Excellent gas transmission Allow the movement of oxygen through the hydrogel and into the wound bed
Superabsorbent capabilities Remove excess exudates without reaching saturation on the wound’s outer surface
Protection against microbial infections or
contaminations

Should possess antimicrobial properties against a broad spectrum of microorganisms and contaminants

Environmentally friendly A readily biodegradable platform that is not an environmental threat due to the components used in the hydrogel
synthesis

Excellent wound healing regulator Reduce inflammation, stimulate growth factors release, tissue regeneration, and prevents scarring
Provide mechanical protection Acts as a protective physical bearer that prevents further damage to the site of injury
Stops bleeding Possess excellent homeostatic properties to prevent further blood loss
Adhesiveness Possess easy and comfortable removal properties
Non-immunogenic and biocompatible It is non-allergic and non-toxic to the body
Clear hydrogel membrane Transparent, thus allowing wounding healing to be monitored
Affordable and commercially available Accessible and affordable to buy and improves patient compliance
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SMART AND INTELIGENT HYDROGELS
USED IN WOUND HEALING THERAPY

Smart drug delivery devices were designed to control the level
of drug, cytokines, pH, and temperature in patients at desirable
levels (Stewart, 2002). Existing medical instruments can either
monitor or deliver bioactive agents. Such individuals must
interpret information and recommend the appropriate
therapy course. Electronic devices’ advancements have led to
the development of devices with fast data interpreting abilities
in wearable and portable forms, which have been attached to
the biopolymer (Figures 4–6). Other devices include the
development of microneedles, which penetrate through the
wound to all direct delivery of active drugs or growth factors
and provide direct interaction of the biomaterial with the
wound. Such devices also have a feature that allows them to

be paired to wireless devices through Bluetooth
communication, Infrared, or internet connectivity (Kasagana
and Karumuri, 2011).

Thus, allowing the data to be quickly processed onboard or
online, and the decisions can be made automatically for proper
treatment of the wounds. Chronic wounds affect many
populations and the continuous need for hospital visit by
patients to be assessed on their wound healing progress place
substantial pressure on medical professionals and patients. The
development of such technologies will assist in the
simplification of wound management and assist in the
reduction or eradication of the transmission of wound
related infections. These intelligent systems or devices also
provide medical stuff and patients with confidence and
certainty of the wound healing progress of the injury(s) being
treated in real-time.

FIGURE 4 | Smart and automated bandages for treatment of chronic wounds. (A) Schematic of multi-layer dressing with both sensing and drug delivery. The
onboard electronics can process the data and trigger the drug delivery if needed. (B) A photograph of the wearable bandage with both sensing and drug delivery
capabilities. (C) Schematic of a 3D printed bandage with colorimetric pH sensor and drug delivery capability. (D) Effect of bacterial culture on the color of the engineered
bandage.
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Smart Bandages
Two separate studies looked at the development of automated
bandages equipped with either pH sensors, drug delivery
modules, or temperature sensors (Figure 4) (Botsis and

Hartvigsen, 2008; Mirani et al., 2017). Critical pH values can
be set on the controller, and once the pH reaches outside the
acceptable range, the heater is triggered to release antibiotics.
Overall, this area is still developing, and it is expected that more

FIGURE 5 | Application of smart microneedle hydrogel used in wound healing.

FIGURE 6 | (A) Developed smart foot patch used in the treatment of chronic wounds, with the permission from MEDILIGHT © Group AMIRES-EU Projects, (B1)
Illustration of the components and application of the MEDILIGHT © foot patch used in wound healing therapy. Depiction of bare chronic wound, (B2) depiction of the
MEDILIGHT © foot patch being applied on a patient’s foot, and (B3) MEDILIGHT © foot patch appearance when the shoes are fitted on.
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advanced automated devices are to be engineered. A pain-free
and easy-to-use automated system would revolutionize the way
hydrogels are used and how they respond to different types of
wounds. Such systems’ effectiveness can be enhanced by
incorporating nanosystems that can offer dual insulin
delivery (De la Harpe et al., 2020), a drug containing
nanoparticles (Chivere et al., 2020), to chronic wounds.
Mostafalu et al. (2015) were the first to design and develop
an integrated multilayer bandage. An array of electrochemical
pH sensors was embedded within a hydrogel layer carrying
thermo-responsive drug carriers cast on a flexible heater
(Mirani et al., 2017). The sensors and heater were connected
to a microcontroller that could communicate with
smartphones. The nanosystem proposed by Essa et al. (De la
Harpe et al., 2020) makes use of a hydrophobic core, a cationic
component, and surface density of Polyethylene glycol (PEG)
chains, which created favorable-sized particles and drug
entrapment efficiencies suitable for drug delivery. Their
hydrophobic poly (lactide-co-glycolide) (PLGA) core further
encouraged a high degree of carrier-drug interactions.
Simultaneously, chitosan and PEG coatings provided
cationic and hydrophilic properties to enable enhanced
biocompatibility and solubility.

Microneedle Based-Smart Wound Patches
In 2012, the first hydrogel-forming microneedle (HFMs) were
the newest form of MNs (Figure 5) (Cheung and Das, 2016).
They were made of polymers with swelling properties (cross-
linked); these HFMs exhibited different operation mechanisms
compared to other microneedles. Hollow microneedles are
solid needles and have a hollow center that enables the
delivery of desired drugs upon applying pressure or response
to the pH or temperature of the wound. HFMs swell when
inserted into the skin and release drugs, and uptake wound fluid
(Cheung and Das, 2016; Chai et al., 2017). The development of
Injectable smart thermo-responsive hydrogel systems for
biomedical applications has sparked great attention over the
years (Essa et al., 2020; Popescu et al., 2021). Injectable smart
hydrogel can be introduced into solid biodegradable
microneedles. Since microneedles interact directly with
damaged tissue, they can be directly applied in the same way
injectable hydrogel would have been directly injected into the
wound. This method would be less painful and long-lasting. A
casted microneedle casing could be made using RGD peptide-
functionalized chitosan or alginate hydrogel as the starting
polymer. The smart thermoresponsive hydrogel would then be
pumped into the microneedle. Therefore, the biopolymer acts
as the second layer within the microneedle upon degradation of
the functionalized starting polymer. The second hydrogel,
which may contain growth factors, drugs, stem cells, or
nanoparticles, is released. These agents would interact with
the wound in a sustained manner following the starting
polymers degradation as its role would be to attach the
microneedles to cells following the end of the first stages of
wound healing. After this, the release of growth factors and
drugs will encourage sustainable wound healing. Thus,
allowing complete tissue regeneration.

LED-Based System for Treating Foot-Based
Chronic Wounds
Based on what is reported in the literature, light therapy could be
used for various medical conditions, especially skin-related
abnormalities or even tissue regeneration. Non-healing of
acute or chronic wounds occurs because of impaired cell
function, unregulated and frequent inflammatory processes,
and molecular deficiencies inside the wound (Chi et al., 2020).
The antimicrobial and anti-proliferative effects of blue light are
well known and explicitly described in the literature (Frykberg
and Banks, 2015; Mamalis et al., 2015). MEDILIGHT suggested
that blue light could be used in the early wound healing stages to
enhance wound healing and inhibit bacterial growth. It is also
essential to prevent excess epimerization by keratinocytes at the
wound surface as this can lead to premature closure of the
trauma. Contrary, red light is supposed to stimulate cell
proliferation, migration, and differentiation (Dai et al., 2012),
which is vital in later stages of healing, leading to a wound’s
closure. This process would start right from the wound bed.
Figures 6A,B shows the smart patch prototype, which can be
controlled via Bluetooth and modern mobile software.

Future Prospects
It is therefore essential to gain insight into the benefit of using
other derivatization approaches together with the combination of
sophisticated electronic devices as this will provide new
information and data as to how existing systems can be
further enhanced and controlled electronically to best suit the
intended biomedical application. The new properties gained can
therefore be practically understood before being translated to
human wound healing application(s). It is for this reason why
there are a few smart hydrogels are being commercialized, in
addition to this the rate at which these technologies are being
commercialized is very slow. New and promising applications of
polysaccharide-based hydrogels like stable or semisolid-state
microneedle hydrogels, bioinspired smart, flexible LED foot
patches for robust electrolyte and flexible electronic devices,
controlled growth factors release, and medications, pH, and
temperature response should be further studied as these
advanced technological bio-platforms are the future of
biomedical therapeutics.

Although these technologies have been developing for some
time now, only a few of these smart devices have reached the
commercialization stage; secondly, these smart devices have
been studied using the combination of biopolymers and
synthetic polymers. None of them looked at the applicability
of functionalized hydrogels with smart systems for example
RGD-Alginate microneedle system which is linked to a electrical
smart biosensor device. More defined biomarkers and wearable
sensors should be identified for rapid diagnosis and treatment as
this allows accurate diagnostics and provide advanced wound
care therapy using a combination of multi-drug delivery
systems. These include the measurement of oxygen levels,
moisture content of the wound and pH of the wound,
collagen and hydroxylysine levels, reactive oxygen species
(ROS) concentrations. The advantage of smart bandages is
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that they are automated and can efficiently respond to the
recorded data.

Thus, initiating a therapeutic response usually does not
require a single drug or initiator molecule to induce healing or
alleviate patients’ symptoms. Continuous research is necessary to
develop cheaper, unique, versatile, and smart wound healing
hydrogels that will significantly improve patient compliance,
accessibility, and a greener environment. Challenges such as
controllable drug release, hydrogel interaction with human
wound fluid and tissue, and the biodegradation of
polysaccharide-based hydrogels in vivo is another a big
problem which still needs to be solved in the future, this
requires more extensive to be done. Lastly since it is very
difficult to translate in vitro based studies to in vivo studies as
the two study approaches offer varying environmental conditions
and these parameters influence the overall applicability of the
developed biomaterial system novel testing approaches need to be
developed to ensure that the data obtained at levels of production
is accurate and ensures that the developed biomaterial can work
on human beings.

CONCLUSION

Alginate and chitosan-modified hydrogels possess unique
properties such as excellent water retention abilities,
biocompatibility with human beings and animals,
biodegradable properties, and non-toxic nature. Such
properties can be very useful in the research and development
of smart wound healing biomaterials. In addition to this, such
polysaccharide-based platforms are advantageous in specific
medical applications due to their structure, which can be
manipulated to have desired physical or chemical properties.

Such gels would help facilitate several functions such as
controlling the rate of diffusion, response to environmental
stimulus, growth factor, drug release, and gas exchange
between the wound and external environment. Even though
polysaccharide-based hydrogels have become popular and
possess numerous superiorities.

Significant obstacles that need to be circumvented for
polysaccharide hydrogels’ to be used as commercial products
still exist even today. The major issues include introducing

hazardous solvents or reagents during the synthesis process,
modification, and cross-linking of the hydrogels. Therefore,
there is an urgent need to explore advanced ways of
chemically developing smart polysaccharide platforms with
broad biomedical application properties not just for general
wound healing but also skin cancer, pressure sores, and ulcer-
related wounds. The use of green chemistry and advanced
technological devices can be used as a smart approach in
achieving this. In addition to this, it remains a significant
challenge not just for wound healing but also for drug
management and patient compliance as products are not
environmentally friendly and affordable for purchase by
people, especially the poor. Research should also be
streamlined towards achieving biopolymers with unique
properties, such as excellent stability, ability to maintain
suitable pH required for wound healing, wound fluid enzyme
tolerance, sound absorption, improve bioavailability of loaded
drug, self-healing properties, provide mechanical support and
protection to the wound, superior elasticity and can be integrated
to electronic devices with ease.
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