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Alginate is an interesting natural biopolymer to be considered for biomedical applications due to its advantages and
good biological properties. These biological properties make electrospun alginate nanofibers suitable for various uses in
the biomedical field, such as wound healing dressings, drug delivery systems, or both. Unfortunately, the fabrication of
alginate nanofibers by electrospinning is very challenging because of the high viscosity of the solution, high surface
tension and rigidity in water due to hydrogen bonding, and also their diaxial linkages. This review presents an overview
of the factors affecting the electrospinning process of sodium alginate/poly(ethylene oxide) (SA/PEO), the application
of SA/PEO in drug delivery systems for wound healing applications, and the degradation and swelling properties of

SA/PEO. The challenges and future directions of SA/PEO in the medical field are also discussed.
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INTRODUCTION

Sodium alginate (SA) is a natural-based
polymer derived from brown algae.' It has several
attractive properties, such as non-toxicity,
relatively low cost, hydrophilicity,
biodegradability, and biocompatibility.”> Sodium
alginate also absorbs more water than its weight
and binds metal ions that can cause oxidation to
the skin, thereby providing beneficial skincare
effects.”*

In general, natural polymers are favoured over
synthetic polymers in biomedical applications due
to their biodegradation and biocompatibility;
hence, natural polymers can be easily metabolised
and cleared from the body.”® However, some
natural polymers have high viscosity due to their
high molecular weight (Mw), while others are
difficult to dissolve in suitable solvents or easily
degraded in solutions. For such reasons, their

mechanical properties and processing ability are
often poor and it is usually more difficult to
produce ultrafine fibres from natural polymers via
electrospinning  than  synthetic  polymers.”"'
Therefore, the high viscosity and conductivity of
the SA aqueous solution make it extremely
difficult to fabricate nanofibrous structures using
electrospinning.'*" To overcome this drawback,
solution blends of natural and synthetic polymers
have been prepared and spun into nanofibers.'*"’
Alginate nanofiber was obtained by combining it
with poly(ethylene oxide) (PEO)." Poly(ethylene
oxide) is a hydrophilic synthetic polymer that has
been safely used in biomedical applications due to
its non-toxicity, biocompatibility, and
biodegradability ~ properties.'"®  Poly(ethylene
oxide) has been used as a carrier for natural
polymers (e.g., alginate and chitosan) to facilitate
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the electrospinning process.”” Furthermore, the
Food and Drug Administration (FDA) has also
declared PEO as a safe material.”’

To date, several methods have been developed
to produce suitable polymeric nanofibers for
wound dressings, including drawing, self-
assembly, phase separation, template synthesis,
and electrospinning.”’ Among these techniques,
electrospinning is the most effective and useful
technique for producing nanofibers from polymer
solutions with controlled morphology.”> The
technique allows fibres to be fabricated with a
high surface area because their diameters can be
reduced to a few nanometres.”” Electrospun fibre
can be surface-functionalised to change the fibre
surface's physical and chemical properties,
whereas fibre morphology, spatial distribution,
and structure can be controlled to achieve good
mechanical properties, including the increase or
decrease of tensile strength, modulus, and
elongation.”** In the development of
biopolymers and fabrication methods, wound
dressing materials should have exceptional
properties that improve the wound healing
process.”® In the last decade, electrospun
polymeric nanofibers have been used as wound
dressings due to their ability to promote cell
proliferation and bactericidal activity.
Furthermore, the structural similarity with the
extracellular matrix of normal skin gives an ideal
support for cells and also their ability to deliver
bioactive compounds to the wound site in a
controllable manner.””> * Consequently, wound
dressings have been fabricated to cover wounds
and improve the wound healing process.”” A
previous study fabricated a hybrid dressing that
integrated the physical properties of the nanofiber
structure and the therapeutic properties of the
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active compounds that are effective for wound
healing.”®

This review aims to focus on the electrospun
SA/PEO nanofiber preparation for wound
dressings. Therefore, the articles reviewed in this
paper can assist researchers to gain a deeper
understanding of the preparation of electrospun
SA/PEO nanofiber with a view of using it in
wound dressings. This review discusses and
elaborates on the wound healing mechanism,
currently available materials for wound dressings,
and the use of SA/PEO as an alternative material
for wound dressings. The basic concepts of
electrospinning and the factors affecting the
preparation and utilisation of SA/PEO blend
nanofibers for wound dressing applications have
also been discussed. Furthermore, the challenges
and future prospects of SA/PEO blend nanofibers
as wound dressings have been summarised.

WOUND HEALING MECHANISM

The entire wound healing process comprises
four inter-related phases: haemostasis,
inflammation, proliferation, and remodelling.m’31
The first phase, haemostasis (Fig. 1a), is started
by vascular constriction, induces blood
coagulation and slows blood flow in the injured
tissue area.’” In this phase, injured vessels
contract, reducing blood flow to the injured area
and a fibrin clot is formed to prevent blood loss
and avoid microbial contamination.” Platelets
produce proteins, such as fibronectin, which
cleaves into fibrin and creates a network, acting as
an adhesive to bind platelets together, and
fibrinogen, which causes exudates to coagulate.
These proteins and others (e.g., vitronectin,
thrombospondin, platelets) form a clot that
prevents future bleeding.”*
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Figure 1: Wound healing phases (a) Hemostasis phase, (b) Inflammation phase, (c) Proliferation phase,
(d) Remodeling phase
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The inflammatory phase (Fig. 1b) begins almost
simultaneously with haemostasis.’® Platelets and
mast cells in the injured tissue release chemical
signals that cause blood vessels to dilate and
capillary permeability to increase, allowing
essential inflammatory cells like neutrophils, the
‘first responders’, to reach the injured area.
Neutrophils produce factors necessary for the
removal of bacteria and foreign objects.”**™*" In
addition, monocytes differentiate into
macrophages, which secrete multiple growth
factors, cytokines, and remove apoptotic
neutrophils and other cells. After 72 h,
lymphocytes appear in the wound and exert a
specific  response against microbes (T-
lymphocytes secrete cytokines involved in
cytolytic activity, while B-lymphocytes produce
antibodies).**%%

The inflammatory cells release TGF-B and
PDGF that attract fibroblasts.”® The proliferation
stage (Fig. 1c) starts with the migration of
fibroblasts to the wound site and the
differentiation into myofibroblasts to produce
extracellular matrix components.” Inflammatory
cytokines  promote  re-epithelialisation  as
fibroblasts release growth factors, including
epidermal growth factor, keratinocyte growth
factor, and hepatocyte growth factor, which
encourage keratinocytes to migrate towards the
wound area and proliferate, forming a cover over
the wound bed.***’

The maturation stage (Fig. 1d), also known as
remodelling, includes the replacement of
granulation tissue by fibrous tissue, which is later
modified to form a scar.”>*' Macrophages,
endothelial cells, and myofibroblasts leave the
wound area, whereas the remaining undergoes
apoptosis. The extracellular matrix (ECM)
changes as well, with fibrillar collagen (type I)
replacing reticular collagen (type III) produced in
the proliferation stage. Meanwhile, the matrix
metalloproteinases and lysyl enzyme produced by
fibroblasts stimulate the reorientation of replaced
collagen to increase the tensile strength of the
newly formed tissue. Finally, the wound is healed
by apoptosis and migration of the cells from the
wound site, as well as extracellular matrix
breakdown by matrix metalloproteinases.****

POTENTIAL OF BIOACTIVE AGENTS
FOR WOUND HEALING

Traditional medicine is defined as the whole of
the knowledge, practices, and skills based on the
experiences of indigenous peoples, theories, and

Alginate

beliefs from various cultures that are used for
health maintenance, as well as in the diagnosis,
prevention, and treatment of diseases.”* In the
past, most medicinal products were obtained from
plants, and today, a large number of drug products
are extracted from plants, offering highly
effective treatments for several diseases.** Herbal
medicines include natural active compounds and
nutrients that can be helpful in the treatment of
wounds and other human diseases.” In general,
natural metabolites from plants are the most
common source of natural bioactive compounds,
with various potential applications in the field of
wound healing.*®

Many natural bioactive metabolites (e.g.,
tannins, flavonoids, alkaloids, saponins,
terpenoids, phenols, essential oils, and fatty acids)
have been investigated for potential application in
wound healing.***” For example, essential oils of
lavender, thyme, rosemary, cinnamon, eucalyptus,
tea tree, lemongrass, and peppermint have been
shown to have antimicrobial activity and have
been used as antibacterial agents in wound
dressings.”® Moreover, many herbal medicines
have been used to improve wound healing.*
Some of the herbal examples are Orthosiphon
aristatus ~ with  antimicrobial,  antioxidant,
antidiabetic, and anti-inflammatory activities, and
it is also responsible for wound contraction and
increased epithelialisation rate due to the presence
of flavonoids, phenolic acids, terpenoids, and
phenolic compounds, such as rosmarinic acid,
caffeic acid, eupatorin, and sinensetin.”’ Centella
asiatica comprises natural bioactive compounds
(e.g., asiaticoside, asiatic acid, madecassoside,
and madecassic acid) associated with the
proliferation and production of collagen and
protein at the wound area.’’ Green tea has
antimicrobial, anti-inflammatory, and antioxidant
properties due to the phenolic compounds present
in the leaves known as catechins.”> Curcuma
longa root consists of curcumin, which stimulates
granulation tissue growth, collagen deposition,
and fibroblast proliferation in the healing of
cutaneous wounds, as well as antioxidant,
antibacterial, anti-inflammatory, and antifungal
properties.”’ Aloe vera has many natural bioactive
compounds that have been reported to have
antibacterial, antioxidant, anti-inflammatory,
antiviral, antifungal, antiseptic, and wound
healing activities (e.g., anthraquinones, saponins,
glycosides, acemannan, oleic acid, pyrocatechol,
phytol, and polysaccharides).****
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TECHNIQUES FOR THE PREPARATION
OF NANOFIBERS

Nanofibrous materials have attracted great
interest in the last decade due to their various
valuable uses in the biomedical and industrial
fields. In order to satisfy the need for such
materials, researchers have developed a variety of
techniques to produce different types of
nanostructured polymer dressings aimed at
promoting wound healing and providing effective
drug loading.”' Several techniques are available
for the preparation of nanofibers, including
drawing, self-assembly, phase separation,
template synthesis, and electrospinning.”">> The
drawing technique is suitable for viscoelastic
materials that can undergo strong deformation
while possessing sufficient cohesion to hold up
the developed stress by pulling and can be made
into nanofibers during this process. The
nanofibers are produced by touching a previously
deposited polymer solution droplet with a sharp
tip and drawing it as a liquid fibre, as shown in
Figure 2a. However, this technique is limited to
the laboratory scale, as nanofibers are produced
one by one (i.e., one fibre at a time), and heat-
specific  substrates and complex control
equipment are required for the drawing phase,
making its wide application impossible.’® The
self-assembly technique is a process in which
small components organise to form nanofibers in
a concentric manner by non-covalent forces, such
as electrostatic reactions, hydrophobic forces, and
hydrogen bonds. This process is difficult, lengthy,
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and highly elaborate with poor efficiency and lack
of fine control of fibre dimensions.”>*® The phase
separation technique is very simple and consists
of separate phases, involving dissolution of
polymers, gelation, extraction using a different
solvent, freezing, and freeze-drying under
vacuum. The nanofibers are produced by
dissolving the polymer in a solvent, keeping the
solution at the gelation temperature, then
removing the solvent and drying the matrix to
form nanofibers, as shown in Figure 2b. The
process is limited to the laboratory scale and is
time-consuming, allowing to obtain only a small
amount of nanofibers.” In the template synthesis
technique, nanofibers can be prepared using a
template-based synthesis. In this process, a
nanostructured ceramic or polymeric membrane is
used as the template and the targeting material is
added in contact with the nanostructure to form
nanofibers. Finally, the template is removed and
nanofibers are obtained, as shown in Figure 2c.
The template fabrication in this process is
complex and the length of the fibre is limited to
the template.”

The electrospinning technique is the most
commonly technique for fabricating nanofibers
and it has an advantage over the other techniques
since it is the simplest and most inexpensive
technique for producing fibres with desirable
diameters.” The principles of this technique and
the parameters will be discussed in more detail in
the next section.
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Figure 2: Techniques of nanofiber preparation, (A) drawing technique procedure, (B) phase separation technique, (C)
template synthesis technique; adapted from Alghoraibi and Alomari®®
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Electrospinning technique
Principles of electrospinning

A basic electrospinning system (Fig. 3)
consists of a high-voltage power supply, a syringe
with a control pump, and a grounded collector.””
 In order to produce nanofibers, the collector is
usually attached to the counter electrode and the
polymer solution is pumped via the needle of the
syringe.61 The needle is then connected to the
high-voltage electricity supply.®’ A Taylor cone is
formed in the presence of an electric field as the
polymer solution at the tip of the needle becomes
electrostatically charged. If the electrostatic force
overcomes the surface tension, the Taylor cone

Syringe
Polymer
solution

i

(150 | @ @& @

;

Syringe pump

Spinneret

Alginate

ejects a charged polymer solution.” The electric
field accelerates the jet and becomes thinner when
it moves into the grounded collector. If this
occurs, the solvent evaporates rapidly, and the
polymer chains within the jet begin to extend out
and become oriented; subsequently, the jet
solidifies into a nanofiber.®*’

Various nanofiber-based wound dressings
prepared by the electrospinning method have been
developed through time, and these can be
classified as blend/simple electrospun nanofibers,
core-shell nanofibers (emulsion and co-axial
electrospun  nanofibers),  hybrid/multi-layer
nanofibers, and drug conjugated nanofibers.*

Collector

SN

High Voltage

Figure 3: Electrospinning process (Bhardwaj and Kundu)®
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Figure 4: Schematic illustration of different parameters that affect the process of electrospinning

Electrospinning parameters

In order to produce nanofibers with improved
performance in biomedical applications, the
parameters involved in electrospinning should be
studied with care.”* These parameters include

process  parameters  (voltage, tip-to-target
distance, and flow rate) and solution parameters
(concentration, molecular weight, viscosity, and
conductivity), as shown in Figure 4.%
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In general, most of the electrospinning
parameters are interconnected and the optimum
values differ from polymer to polymer.”” The
applied voltage is a crucial parameter to start the
electrospinning process, and some studies have
shown that a very high electrical field produced
more beads and droplets.67 However, in some
cases, researchers have found that lower applied
voltages could reduce the fibre diameter due to
reduced flight speed, which may allow the jet to
split.®®™ The flow rate and the tip-to-target
distance (i.e., the distance between the needle and
the collector) will also have a significant impact
on the morphology of fibre during
electrospinning. An increase in the flow rate or a
reduction in the tip-to-target gap will lead to a
lack of time available for the solvent to evaporate,
allowing the polymer strands to bind together,
leading to bead formation.”® In addition, a
higher flow rate will provide more polymer
solutions to replace those ejected as a fibre jet,
resulting in an increase in fibre diameter.”” For
example, bead formation was observed for
polystyrene fibre when the flow rate was
increased to 0.10 mL/min. However, bead-free
nanofibers were produced when the flow rate was
reduced to 0.07 mL/min.®”"" Besides, by reducing
the tip-to-target distance, the fibre will stretch less
because the jet has less time to stretch and orient,
resulting in a larger fibre diameter.”*”'

Viscosity is a critical parameter that
determines a solution's spinnability.”> Therefore,
an optimum viscosity would usually lead to a less
beaded and smoother fibre, with a small diameter
and high mechanical strength.” However, if the
viscosity becomes very low, the polymer
molecules do not become entangled and beads or
droplets are formed instead of fibres.”” A further
increase in viscosity can induce a hard ejection of
the polymer solution through the tip of the
needle.” The polymer's Mw affects different
properties, such as viscosity, conductivity, surface
tension, and polymer morphology. Low Mw
polymers are likely to form beads rather than
smooth fibres. Meanwhile, increased Mw allows
the formation of smooth fibres.”>”* The
conductivity of the polymer solution can also
have a major effect on fibre morphology. An
increase in electrical conductivity reduces the
diameter of the nanofibers. In contrast, a decrease
in electrical conductivity produces beads, as the
electrical forces are inadequate to allow the jet to
elongate and produce uniform fibres.*’
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DRUG LOADING TECHNIQUES IN
ELECTROSPUN NANOFIBERS

The electrospinning technique provides
various options for drug incorporation. Drug
molecules can be incorporated directly into the
polymer fiber matrix or be attached to its
surface.” Drug-loading techniques result in fibers
with different drug-release kinetics and structures.
Depending on the physicochemical properties of a
drug, such as hydrophobicity, hydrophilicity, and
molecular weight, various techniques can be used.
The most suitable technique is also determined
based on the type of drug to be loaded, such as
proteins, genes, or small molecular drugs.’®
Several drug-loading techniques such as
blending/simple, emulsion, coaxial and surface
modification electrospinning have been used to
incorporate medicinal compounds into
elc;ctrospun fiber, as shown in Figure 5 and Table
1.

Blend/simple electrospinning

In blend/simple electrospun nanofibers,
polymers and bioactive molecules are dissolved in
a suitable solvent. The consistency of solvents is a
significant point in blend electrospinning. If the
polymer and the bioactive agent can both be
dissolved in the same solvent, the bioactive
molecules are dissolved in the polymer solution
directly. If more than one solvent is needed, the
bioactive solution is prepared in a small quantity
of another solvent before being added to the
polymer solution.”””® The drug release is based on
the homogeneity of the polymer solution with the
bioactive substance, which is regulated either by
diffusion/desorption or erosion/dissolution of the
polymeric matrix.”” It is important to understand
the relationship between the hydrophilicity or
hydrophobicity of bioactive molecules and
polymer. The inability of bioactive molecules to
dissolve in the polymer solution causes them to be
deposited on the fiber surface, resulting in an
undesirable explosive release of bioactive
molecules.** This technique has been used by
several researchers in biomedical applications.®'
Co-axial and emulsion electrospinning (core-
shell nanofibers)

The nanofibers with core-shell morphology
can be obtained by using a co-axial needle or
emulsion electrospinning.®®” Coaxial
electrospinning is a  modification  of
electrospinning in which a coaxial spinneret is
used instead of a single spinneret to fabricate
hybrid core-shell nanofibrous materials, bioactive
agents embedded nanofibers, and nanotubes.”®



The spinneret consists of two needles coaxially
placed together (the core solution is pumped by
the internal needle, while the shell solution is
provided by the outer needle).”® Emulsion
electrospinning is a technique used to encapsulate
bioactive molecules and protects them from
deactivation or instability by avoiding direct
contact with organic solvents.”® It is classified into
two types: water in oil (W/O) and oil in water
(O/W). In W/O, the hydrophilic drugs are usually
dissolved in the water phase and subsequently
diffused into the oil phase, and vice versa in O/W.
The surfactant/emulsifying agent is then added,
and the mixture solution is vortexed to produce an
emulsion.”*” The shell polymer in the case of
W/O or O/W rapidly evaporates during
electrospinning, causing the viscosity to increase.
Therefore, the core solution droplets containing

Blend/simple
electrospinning

Emulsion
electrospinning
B —

Co-axial
electrospinning

e

Surface modification
D electrospinning

Alginate

bioactive molecules migrate to the center of the
jet as a result of the viscosity gradient.** After
electrospinning, the W/O or O/W emulsion
produces nanofibers with a core—shell structure,
with the drugs in the core.*” ® The important
condition is that the shell polymer should be an
electrospinnable solution, whereas the core
solution might be a non-spinnable liquid.”
Therefore, the hydrophobic shell acts as an outer
protective layer to prevent early burst release and
can be used to control the release of drugs.*
Core-shell nanofibers have been wused to
encapsulate macromolecules, such as DNA, as
well as protection of the drug from the
surrounding environment, which prevents drug
degradation and controlling drug release.®

Figure 5: Drug loading techniques in electrospun nanofibers, (A) Blend/simple electrospinning, (B) Emulsion
electrospinning, (C) Co-axial electrospinning, (D) Surface modification electrospinning
(adapted from Wang and Windbergs)”

Surface modification electrospinning

Surface modification is the simple technique to
attach the drug to the surface of fibers via
chemical or physical interactions.”® By physical
interactions, the drug is attached on the surface
through different forces, including electrostatic
interactions, van der Waals forces, hydrophobic
interactions and hydrogen bonding.”*" By

chemical interactions, the drug is attached on the
surface using hydroxy groups, carboxyl groups,
thiols or amines. This technique was used to
attach genes, proteins and antibiotics to
nanofibrous scaffolds. Generally, a surface
modified nanofiber mesh was used to prevent
denaturation caused by organic solutions or
solvents.”**
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Table 1
Different electrospinning techniques for drug loading of bioactive compounds
Polymer Infeif;?lt;eon Drug Application Condition Results Ref.
Zinc oxide Antibacterial wound Alginate fibres embedded with ZnO-NPs have
SA/PEO Blend nanoparticles dressin In vitro shown potential as novel, low-cost drug delivery 158
(ZnO-NPs) & systems.
SA/PEO Blend Vancomycin Antlbacterl{:ll wound In vzt.ro/ Nanofibers showcfd good a.mtlt.)acterlal efficacy in 159
dressing In vivo vitro and in vivo.
SA/Poly(vinyl alcohol) Blend Zinc oxide Antibacterial wound In vitro SA/PVA/ZnO mats showed antibacterial activity 160
(PVA) (ZnO) dressing due to the presence of ZnO.
Ciprofloxacin Uniform fibre with diameters of 119-161 nm was
SA/PEO Blend hydrochloride Drug delivery In vitro obtained and drug release was found to be of 24% 129
(CpHCI) in the first 20 h
SA/PVA Blend Honey Wound dressing In vitro Honey/SA/l?VA nanofibres coqld be a good o1
choice for wound dressings.
PEO/poly(e-caprolactone) . Fibroblast growth .Growth f:?lctor . . P.’CL/PEO coaxial fll?res contammg. FQE-Q 162
Co-axial delivery for fibroblast In vitro significantly enhanced fibroblast cell viability and
(PCL) factor 2 (FGF2) . . . .
proliferation proliferation.
Vitamin C Core-shell nanofiber has the potential to be used
SA/PEO Blend/Co-axial VC) Drug delivery In vitro for drug delivery due to its more controlled 124
release of vitamin C.
Hyaluronic acid Blend/Emulsion ZnO/c1?n;1 m.(l)n Wound dressi In vitro/ . Metal ?iinop?}? icles fa}gd estseptlal oil villerel. 163
(HA)/PVA/PEO (O/W) essential oi ound dressing In vivo incorporated with nanofibers to improve healing
(CEO) in a rat model.
Blend/Emulsion In vitro/ SA-PEO/LO nanofibres showed high antibacterial
SA/PEO Lavender oil Wound dressing . activity as well as the ability to reduce 142
(O/W) Invivo . .
inflammation.
Chitosan/silver . . Chitosan/AgNPs were coated onto an electrospun
Surface . Antibacterial wound . . . 164
SA/PEO e nanoparticle . In vitro alginate membrane to produce nanofiber
modification dressings

(AgNPs) solution

composites with high antibacterial efficiency.




Additionally, it is appropriate for delivery
of genes, enzymes, growth factors and
macromolecules, such as heparin, which are
difficult to dissolve homogeneously inside the
polymer matrix via electrospinning.””

CURRENTLY AVAILABLE MATERIALS
AS WOUND DRESSINGS

In the distant past, people used different
materials, for instance, honey, linen, vegetable
fibres, and animal fats as wound dressings to
remove skin and pus to encourage wound
healing.26'90 However, these materials could
not prevent bacterial infection and induce fast
dehydration, as well as pain and bleeding when
removed.”’ Currently, wound healing research
has shown significant development in wound
dressings by adding active ingredients,
providing a moist environment, re-
epithelialisation, collagen synthesis, and
introducing angiogenesis to promote quick
healing and infection control.'”*  As
mentioned before, an ideal wound dressing can
prevent infection, restore skin structure and
function, and accelerate healing.23 Indeed, an
ideal wound dressing is still far from the
perfect criteria of wound healing. This
drawback is due to the different characteristics
of each wound and different stages of wound
healing.”

Thus, several types of wound dressings
have been developed, which can be classified
into four main groups: passive, interactive,
advanced, and bioactive wound dressings.“
Passive wound dressing products, such as
gauze, lint, plasters, natural bandages (cotton,
wool, and cellulose), synthetic bandages
(polyamide), and cotton wool are dry and do
not control the amount of moisture in the
wound bed.'"” They are inexpensive,
available, and protect wounds from bacterial
infiltration and mechanical trauma; however,
as the dressing dries, it adheres to the wound
and induces further injury and pain when
removed.””*  Interactive  dressings  are
polymeric films or foam dressings made of
transparent  silicones and polyurethanes.”
These dressings, including hyaluronic acid
hydrogels, and foam covers, are transparent
and permeable to oxygen and water vapour,
providing a temporary barrier against
microbial penetration.® Nevertheless, these
dressings with adhesive borders may damage
surrounding tissues when removed.”> These

Alginate

types of film dressings (e.g., hydrogel
dressings) can lead to foul smelling wounds in
highly exudative wounds due to bacterial
proliferation. Besides, foam dressings are not
recommended for dry epithelialising wounds,
dry scars, and low exuding wounds, as they
depend on exudates for healing.**">***

Advanced dressings, such as hydrocolloids,
alginates, and dressings fabricated by
hydrodimers, can maintain wound environment
moisture,  thus  facilitating  healing.'"”
Hydrocolloids are made wup of pectin,
elastomers, gelatine, and sodium
carboxymethylcellulose materials; alginates
are naturally composed of sodium salts of
alginic acids; and hydrofibres are composed of
soft non-woven sodium
carboxymethylcellulose fibres.'*?7 In
general, the attractive properties of these
dressings are their biodegradability, preventing
bacterial permeation, permeability to water
vapour, and non-adhesiveness to wounds."
Some of them are used for highly exuding
wounds as hydrofibres and alginate dressings,
and also for dry wounds as hydrocolloid
dressings.'***”  However,  hydrocolloid
dressings are not recommended for
neuropathic ulcers and are used on low to
moderately exuding wounds, where large
amounts of exudates can induce peri-wound
maceration and off-floating of the dressing.”
In addition, a secondary dressing is required
for hydrofibres and alginate dressings to
remain in place. Alginate dressings are also not
recommended for dry wounds as they would
adhere to the wound bed and cause pain
sensation to the patient.”*'*

The last type of wound dressing are
bioactive dressings, which are composed of
biopolymers (e.g., collagen, hyaluronic acid,
alginate, chitosan, and elastin).29 These
biopolymers can be used alone or in
combination with other biopolymers based on
the wound type and also combined with
antimicrobials and growth factors.*> This
type of dressing was developed to allow
interaction with the physiological condition of
the wound in order to effectively enhance rapid
healing of the wounds by facilitating
proliferation and inflammation, decreasing
scarring, and prolonging the use of the
dressing.'' Bioactive dressings have been
reported to be good wound dressings, but are
typically more expensive, depending on the
drugs used.”**”
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SODIUM ALGINATE AS AN
ALTERNATIVE MATERIAL FOR
WOUND DRESSINGS

Alginate is a common name for alginic acid
salts that can be derived from the brown algae
cell wall or synthesised by the metabolism of
some bacteria.'”' It is a linear polysaccharide
co-polymer that consists of two sterically
different  repeating  units, (1—4)-a-L-
guluronate (G unit) and (1—4)-b-D-
mannuronate (M unit) in varying proportions,
as shown in Figure 6a.>' It is important to
note that different sources of alginate provide a
variety of chemical structures of polymers,
such as alginate produced by Azotobacter
bacteria, with a high concentration of G-blocks
and its gel has relatively high stiffness.'®
Gelation of alginate results from interactions
between Ca’" ions and G residues, leading to
chain-chain contact and junction zone
formation, as shown in Figure 6b, 104105
Selective binding of Ca™* has been found to
increase significantly with increased G residue
content in the chains. In contrast, poly-M
blocks and alternating MG blocks have lower
selectivity towards the ion.'” Furthermore,
alginates containing monovalent cations (such
as Na*, NH,*, K") are soluble in cold and hot
water and alginates containing divalent cations
(such as Cu®, Zn**, Ni**) or trivalent cations
(such as Ca®*, Ba®, Sr**) are insoluble in water
because they contain a terminal — COO- anion,
so these cations link to it and produce an
insoluble product.'” Moreover, alginate will
gradually form a gel when the pH value

A

decreases (pH N<5) and is unaffected by the
pH range of 5-11, while an increasing pH
value (pH N >11) will reduce viscosity.'”’
Commercial alginates have a molecular weight
ranging from 32,000 to 400,000 g/mol, and
while increasing the molecular weight of
alginate can improve the physical properties of
gels, higher viscosity is often undesirable in
processing.'”® For example, proteins and cells
may be damaged when mixed with a high
viscosity alginate solution because of the high
shear forces generated during mixing.'®

Alginate-based nanofibers are potential
materials for wound dressings. These
nanofibers are similar to the extracellular
matrix, thereby promoting the proliferation of
epithelial cells and new tissue
formation.”'®'”  Moreover, their high
effective surface area and small holes enhance
haemostasis of injured tissues, promote fluid
absorption, facilitate dermal drug delivery,
enhance cell respiration, avoid bacterial
infection, and provide high gas
permeation.”'®'” In addition, alginate can
also absorb up to 20 times its weight and can
be used in moderately to severely exuding
wounds.'*'!! To fabricate alginate nanofibers,
researchers have used carrier polymers, such as
poly(vinyl alcohol) (PVA) or poly(ethylene
oxide) (PEO).*" These carrier polymers are
supposed to reduce the charge repulsions
between the alginate chains, build hydrogen
bonds, and improve the flexibility of the
chain, 3112113

Figure 6: (A) Molecular structure of sodium alginate with (G) and (M) residues, and (B) structure of calcium
alginate network describing crosslinking

i

Figure 7: Molecular structure of PEO
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POLY(ETHYLENE OXIDE) AS CO-
POLYMER FOR NANOFIBER WOUND
DRESSINGS

Poly(ethylene oxide) is a synthetic polymer
prepared by the catalytic polymerisation of
ethylene oxide, as shown in Figure 7.'"* The
polymer can be produced using ethylene oxide
with water, ethylene glycol, or ethylene glycol
oligomers.'>""® It can also be called
polyethylene glycol (PEG), which is applied to
a lower molar mass (< 100,000 g/mol),
whereas higher Mw polymers (100,000 to 7
million g/mol) are classified as PEO."'*'" 1t is
a white, dry powder that is soluble in water
and many organic solvents (e.g., chloroform,
ethanol, methylene, and acetone).114 The
melting point of PEO ranges from 63 °C to 67
°C.""® It can be dissolved in both cold and hot
water, but when the solution temperature nears
the boiling point of water, the polymers will
precipitate out, which is known as the cloud
point.'"®

For many years, PEO has been extensively
used in biomedical, medical, and tissue
engineering.''”'* For example, different
products have been developed using
formulations with it, such as erodible and
swellable implants and scaffolds for tissue
engineering.'> In addition, it is also used for
skincare products and as a drug carrier in
pharmaceutical industries."**'* In recent years,
it has been used as a carrier polymer due to its
advantages, such as good electrospinnability,
suitability for biomedical applications, and
also low cost.'* Additionally, it has been
commonly used for nanofiber synthesis due to
water-soluble, non-toxic, and biodegradable
properties.”'*” In previous studies, it was used
to enable electrospinning of natural polymers,
for instance, chitosan, alginate, and silk
fibroin, from which it is difficult to produce
nanofibers on their own using
electrospinning.'”*"**  Therefore, it was
selected as an acceptable candidate to be
blended with alginate as it could improve the
flexibility of alginate chains by modulating the
repulsive forces between polyanions.” The
oxygen of ether groups (R-O-R) in PEO can
form a hydrogen bond with hydroxyl groups (-
OH) on SA."

SODIUM ALGINATE/POLY(ETHYLENE
OXIDE) BLEND NANOFIBERS

Sodium alginate (SA) is a water-soluble
polyelectrolyte. It is a challenge to create

Alginate

nanofibrous  structures from SA using
electrospinning owing to its high viscosity and
conductivity.” These problems can be solved
by blending SA with PEO, a non-toxic and
biocompatible synthetic polymer, to reduce
surface tension and viscosity, as shown in
Table 2."3"132 Moreover, a small amount of
surfactant can be used to improve the electro-
spinnability of the polymer solution and
increase the alginate content in the
solution.*""** Subsequent removal of PEO and
surfactants can be achieved by soaking the
nanofibers in water.'"

A study by Park et al. reported that during
electrospinning, fine alginate nanofibers with
smooth and uniform fibres were obtained at the
SA/PEO ratio of 1:2 and 2:2 (v/v). The
combined cross-linking with calcium chloride
(CaClp) improved the fibrous morphology and
the uniform thickness of the smooth fibres at
the SA/PEO ratio of 2:2 (v/v), compared to the
SA/PEO ratio of 1:2 (v/v).” Another study by
Safi et al. indicated that SA (2%, w/v)/PEO
(8%, wi/v), blended in the volume ratio of
50/50, could produce the finest uniform
nanofibers with an average diameter of 99.1
nm. Also, the viscosity measurement of
blended solutions found that an increase in
PEO content reduced the viscosity of the
alginate solution.” Meanwhile, a study by Hu
et al. showed that smooth and homogeneous
fibres with an average diameter of 105 nm
were obtained with a total polymer
concentration of 5% and the SA/PEO ratio of
1:1 (vv).""  Another study revealed that
uniform  fibres with a diameter of
approximately 250 nm were obtained at a
concentration of 3% and sodium SA/PEO ratio
of 1:1-0:1 (v/v). A mixture of aqueous CaCl,
and 2% hexamethylene diisocyanate (HMDI)
cross-linking enhanced the water resistance of
the electrospun fibres.'”> Saquing et al.
reported that the alginate content of bead-free
fibres increased up to 70 wt% with increased
Mw of PEO by using 2 million g/mol of PEO
and up to 85 wt% alginate content by adding
the Triton X-100 surfactant.' However,
defect-free fibres were not obtained at the
lower Mw of PEO (100 and 200 kg/mol).""
Hossain et al. demonstrated that the spinning
solution of SA/PEO remained suitable for
electrospinning during 10 days of storage time.
After that, the viscosity of the spinning
solution dropped over the next days, with 202
cP and 48 cP at 20 days and 40 days,
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respectively. However, smooth and uniform
nanofibers, with average diameters of 133 nm
and 132 nm, were developed by solutions of 5
days and 10 days old, respectively. They also
produced a stable electrospinning fibre jet,
compared to the other solutions.'*

Sa/PEO nanofibers loaded with drugs
Electrospun nanofibers with high porosity
and large surface-to-volume ratio are a
promising material in the drug delivery field,
and are considered suitable dressing materials
for wounds.**!% Therefore, a large number of
polymers have been fabricated using
electrospinning to be used as drug carriers due
to their degradability and ability to encapsulate
biomacromolecules and drugs.””"**"*” Various
studies have used SA and PEO for drug
delivery due to the properties of SA (e.g.,
biocompatibility, low toxicity,
biodegradability, and non-immunogenicity)
and PEO (e.g., electrospinnability,
hydrophilicity, and mechanical
strength)."'*'*"* For example, according to
Kyziot et al. SA/PEO nanofibers loaded with
ciprofloxacin hydrochloride (an antibiotic
drug) were obtained by adding 2.0 wt% of
PEO (1,000 kg/mol) and 1.0 wt% of Pluronic
F-127. Furthermore, the nanofibers could even
be loaded with 1.0 mg/mL of ciprofloxacin
hydrochloride, without any adverse effect on
the structure and morphology of the fibres.'”
Another study revealed that SA/PEO and soy
protein  isolated (SPI) blended fibres
encapsulated with vancomycin (an antibiotic
drug) were successfully electrospun to produce
uniform fibres. The SA/PEO/SPI fibres
provided a slower release of vancomycin in the
initial stage, followed by a constant release
compared to the SA/PEO fibres."”® Dodero et
al. reported that alginate-based nanofibers
loaded with zinc oxide nanoparticles (ZnO-
NPs) were highly porous and composed of
good distribution of thin homogeneous
nanofibers.”  These  properties  show
opportunities in tissue regeneration and drug
delivery applications.”’*'* In addition, the
rheological behaviour of SA/PEO solutions
was affected by ZnO-NPs due to the ability of
alginate molecules to develop electrostatic
interaction and hydrogen bonds with ZnO-
NPs."”” Another study showed that electrospun
nanofibers of SA/PEO loaded with curcumin
(CU) were successfully developed for
biomedical and filtering applications.'"'
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Applications of drug-loaded Sa/PEO
nanofibers in wound dressings

An ideal wound dressing is designed to
promote the complete regeneration of the
wounded tissue, successfully restore its
biological activity and aesthetic appearance,
while minimising inflammation and preventing
microbial infection.”'** Drug-loaded
nanofibers can be a suitable alternative to drug
delivery systems to reduce the side effects
caused by oral administration of drugs and
provide quick action.'® Drugs that are
covalently bound to biodegradable polymers or
scattered in a polymeric matrix can be control-
released by the degradation of polymer.'”
Meanwhile, medicinal molecules with complex
polymers can also be released from gels by
diffusion.'””  Alginate-based dressings are
desirable for their ability to maintain a moist
environment around the wound, release
bioactive compounds, and promote tissue re-
epithelialisation.”***'**!'** A report by Hajiali
et al. revealed that SA/PEO electrospun
nanofibers loaded with essential lavender oil
(LO) were successfully prepared via
electrospinning. Furthermore, antibacterial and
anti-inflammatory  agents were released
through  diffusion from  alginate-based
nanofibers for more than 2 days. The
SA/PEO/LO nanofibers reduced the risk of
microbial infection by stopping the growth of
Staphylococcus  aureus.”  Another study
prepared electrospun nanofibers of SA/PEO
loaded with acetaminophen (a painkiller drug).
The nanofibers treated pain related to burn
wounds efficiently, with fewer side effects
than in the case of drugs administered by oral
and intravenous routes. In the first 60 min,
about 80% of the drug was released at pH 7.4
and only 56% of the drug was released at pH
5.5 up to 3 h. This reduced release is due to
lower alginate swelling and solubility in acidic
environments.” In another study by Abid et
al., two layers of nanofibers were fabricated
with different drugs via electrospinning. PEO
nanofibers loaded with gabapentin (a strong
nerve painkiller) were used as the contact layer
for quick action, followed by SA nanofibers
loaded with acetaminophen (a mild painkiller)
as the second layer to synergise the effect. The
combination of a strong nerve pain killer with
a mild pain killer could be useful in reducing

pain in burn patients, with fewer side effects.'*
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Table 2
Selected studies on spinnability of SA/PEO nanofibers

Molecular weight of

I:fan:ﬁ mers polymers (g/mol) rii(;n(c);:rggtfl%no Solvent  Drug Surfactant Optimal parameters Results  Ref.
poty SA PEO Voltage Distance =~ Flow rate  Needle
SA/PEO - 9x10° 1/2and2/2 wt% D.W. (5";&}:7‘0‘) 0-40 kv 15cm 02-1mL/h - - Ufri‘;)fr(:sm 2
3/9% (w/v) with .
SA/PEO - 6 x 10° volume ratio 30/70 D.W. - - 9kV 12cm 0.003 Uniform o
and 50/50 mL/m fibres
2/8% (wilv) with .
SA/PEO - 3x10°  volume ratio of D.W. - - 11kV 10 cm - 22 gauge  Uniform
50/50 needle fibres
1.96 x 10° 5 2.4/1.6 wt% Pluronic F127 0.50-0.75 22 gauge  Uniform 113
SAPEO 37x10° 10 gonewn PV Qwiy 0-13kV.15em mL/h  needle fibres
3/3 wt% with . .
SA/PEO 1x10° 2x10° volumeratioof D.W. Triton X100 ¢ 15y 15cm 0:3 - Uniform 13,
80/20 (1.5 wt%) mL/h fibres
4/4 wt% with . .
SA/PEO - 9% 10°  volume ratio of D.W. Triton X-100° 1, 1y l6em  03min sauge  Uniform
70/30 (0.5 wt%) needle fibres
) 13 Cipro-  Pluronic F-127 ) 0.1-1.0 22 gauge  Uniform 129
SA/PEO 1x10 3,4/2 wt% D.W. floxacin (1.0 Wt.%) 6-10kV 15-20 cm mi/h needle fibres
4/4 wt% with . .
SA/PEO - 9x10° volume ratioof D.W. Tr(l(;osn;i%())o 15kV 20 cm - - Ufril:)fr(;rsm 10
80/20, 70/30 )
8/4 wt% with . .
SA/PEO <4x10* 1x10°  volume ratioof D.W. Curcumin Pluronic F-127 15-23 kV 15cm 0.3-1 Ur}lform 14l
25/9.5 (2 wt %) mL/h fibres
SA/PEO - 6x10°  3/16wt%  D.W. Pluronic o127 55 yv - 02ml/Ah - Uniform: g5
(1.5 wt %) fibres
1x10° - 6 3/3 wt% with Vanco- 0.5 22 gauge  Uniform 138
SA/PEO/SPI 2x10° Ix10 volume ratio of 7/3 D-W. mycin ) 15 kV 15em mL/h needle fibres
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It was observed that the drug was released
in the first phase due to diffusion of the
phosphate-buffered saline (PBS) solution into
the free spaces of the fibre chains, whereas the
release in the second phase might be due to the
breaking of hydrogen bonding within the fibre
chains. Additionally, the ionic cross-linking
with calcium ions was used to avoid quick
degradation of the fibre in the aqueous phase
and, therefore, decreased the amount of drug
released in the PBS environment.'***>!4147 1p
a study by S. Rezaei et al., PEO/SA nanofibers
loaded with vitamin C (VC) were fabricated by
two different electrospinning setups (core-shell
and blended) for drug delivery. Based on the
results of the drug release test, the release rate
of core-shell nanofibers was lower than that of
blended nanofibers due to the presence of VC
further from the nanofiber surface.'**

Degradation and swelling properties of
Sa/PEO

In wound healing, the biodegradability of
polymers is necessary during the wound
healing stages for reducing the frequency of
dressing changes, thus being less stressful and
providing more comfort to the patient, as well
as encouraging healing and increasing the cell
growth rate due to their high compatibility
with tissues and blood."** The degradation of
natural and synthetic polymers requires
cleavage of bonds responsive to enzymatic or
hydrolytic activity. The rate of degradation is
affected by the application site, the
concentration and accessibility of enzymes, the
chemical modifications made to their structure,
and the proteolytic degradation caused by
cells.'* Furthermore, alginate-based
nanofibers are ionically cross-linked in a
calcium solution to convert SA into water-
insoluble calcium alginate."*"°  Calcium
alginate is insoluble in water, slightly soluble
in ethanol, but soluble in aqueous solutions,
such as sodium carbonate, sodium phosphate,
and substances capable of interacting with
calcium ions. This property is essential for the
application of haemostatic dressings and
wound dressings."”!

The crosslinking process enhances the
degradation resistance of alginate nanofibers to
support cell proliferation, while degrading over
time to increase space for cell growth."”” A
study by Rezaei et al. reported that the
degradation rate of SA/PEO nanofibers
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containing vitamin C was increased, which
might be due to the presence of the —OH
functional group of sodium alginate and the
ability to ionize.'” Slower degradation was
also observed for crosslinker-treated samples,
and it could be adjusted by changing the
duration of the crosslinker treatment. For
instance, increasing the duration of the
crosslinker treatment increased the degradation
time of the electrospun samples with high
stability.'” Another study used trifluoroacetic
acid as a strong biocompatible crosslinking
agent to improve the resistance of SA to water
or aqueous body fluids."' SA/PEO nanofibers
were prepared using two different molecular
weights of alginate (i.e., lower Mw (37
kg/mol) and higher Mw (196 kg/mol) to study
the effect of Mw on ionically crosslinked
alginate degradation.'” The lower Mw of
alginates is convenient for in vivo tissue
scaffolds, where they can be degraded and
cleared from the body, whereas the higher Mw
of alginates is ideal for topical use as a wound
dressing due to its good mechanical
properties.'”® Furthermore, membrane swelling
is affected by the amount of PEO and
crosslinker.'” The swelling ratio increases
when the amount of PEO increases, which may
be due to the enhancement of hydrophilic
polymer chains by the increase of PEO
concentration.'” On the other hand, the
swelling ratio decreases when the amount of
crosslinker increases, where polymeric chains
may become rigid due to the contraction of
microvoids (a microscopic void)."”  The
swelling ratio is associated with drug release,
where the increase of swelling ratio can
increase drug release and vice versa.'*">*

CHALLENGES AND FUTURE USE OF
SA/PEO

As mentioned above, there are many
challenges to prepare pure SA and SA/PEO
nanofibers via electrospinning. Therefore,
continuous and uniform nanofibrous structures
from pure alginate solutions are difficult to
obtain using this process. Many factors
influence this issue, such as high gelation at
low concentrations, rigid intermolecular and
intramolecular hydrogen network, and their
polyelectrolytic nature.'” In order to solve this
issue, SA has been blended with co-polymers,
such as PEO, to facilitate its
electrospinnability. However, there are other
challenges when electrospinning SA/PEO to



obtain uniform nanofibrous structures, such as
solution parameters (molecular weight,
electrical conductivity, viscosity, and surface
tension of polymers). Besides, the processing
parameters (e.g., the voltage applied during
electrospinning, the flow rate, and the distance
from the tip to the collector) also affect the
electrospinning process. From the work
presented in this review, the ideal uniform
nanofibrous structures have been achieved by
controlling  these  parameters. ~SA/PEO
nanofibers are easily dissolved in aqueous
solutions, thus losing their stability. Hence,
crosslinking  using calcium ions or
glutaraldehyde has been used to produce stable
alginate nanofibers."”® The challenges for
wound healing applications include
unsuitability for dry wounds, the need for a
secondary dressing to keep it in place, and the
ability to dehydrate if not covered.'®”

Alginate-based nanofibers are currently
used clinically in wound healing applications.
A multilayer dressing that covers most stages
of wound healing can be a good option for
potential applications in modern wound
dressings. In addition, the nanofibers are
considered promising candidates as carriers for
drug delivery to improve wound healing and
tissue regeneration. Furthermore, herbal
medicines and their derivatives currently
account for more than half of all medications
taken globally due to recent advances in
traditional medicine.”"*® According to the
World Health Organization, over 80% of
people use herbal medicines, and there are
over 21,000 plants with different medicinal
properties.”””  Thus, the development of
alginate dressings containing herbal medicines
will play a more effective role in wound
management in the future.

CONCLUSION

This review article presents an overview of
studies published on SA/PEO blended
nanofiber for wound dressings using
electrospinning. The preparation of SA/PEO
nanofiber has been discussed, in addition to the
influence  of molecular  weight and
concentration of blended polymers on the fibre
properties, as well as the effect of
electrospinning parameters on fibre
morphology. SA/PEO nanofibers showed
irregular morphology at lower concentrations
of PEO  polymer, whereas  higher
concentrations of PEO polymer produced
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nanofibers with regular morphology and
uniform fibres. Besides, the alginate ratio
could be increased by up to 85% using a higher
Mw of PEO and a small amount of surfactant.
Additionally, the developed SA/PEO
nanofiber-based layer can be applied either
alone or in combination with other layers for
desirable outcomes. Nevertheless, further
studies are needed to evaluate and develop
innovative approaches in the field of the
SA/PEO nanofibers prepared for wound
dressing purposes. For example, preparing
SA/PEO nanofiber wound dressings with
dynamic and intelligent drug release, as well as
carrying out sequential and continuous release,
and multi-functionality, remains to be solved.
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