7® ROYAL SOCIETY
P OF CHEMISTRY

RSC
Pharmaceutics

View Article Online
View Journal | View Issue

REVIEW

Nanotechnology-driven wound healing potential

{ M) Check for updates ‘
of asiaticoside: a comprehensive review

Cite this: RSC Pharm., 2024, 1, 9

Mohit Kumar, €22 Devesh Kumar,? Syed Mahmood,? Varinder Singh,? Shruti Chopra,?
Ayah R. Hilles® and Amit Bhatia (= *®

Asiaticoside (AC) is a naturally occurring phytoconstituent that aids in wound healing by stimulating col-
lagen biosynthesis. However, the physical properties of AC, such as its high molecular weight (959.12 g
mol™), poor water solubility, and low permeability, restrict its therapeutic benefits. Additionally, the man-
agement of inflammation and angiogenesis in wound healing using AC-loaded wound dressings can be
challenging in terms of its delivery across the skin layers. These challenges can be rectified by utilizing
nanotechnology. The concept of nanotechnology is widely utilized in dermatology to boost the thera-
peutic efficacy of the entrapped drug. The AC-loaded nano-carriers deliver the drug at their target site in
order to increase their efficacy, stability, and safety. These carriers efficiently distribute the loaded drug to
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the different skin layers. The current review focuses on the limitations associated with the topical adminis-
tration of asiaticoside and the many initiatives made so far for effective and safe topical delivery using
innovative constituents and techniques, along with other potential benefits of AC in wound healing, dia-
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1. Introduction

A wound refers to a physical trauma or harm to the body that
disrupts the structure of the skin or underlying tissues.
Injuries may arise from several factors, such as accidents,
trauma, surgeries, or underlying medical disorders." They
manifest in different forms, such as incisions resulting from
sharp objects, lacerations with jagged edges caused by blunt
force, abrasions from friction against rough surfaces, contu-
sions or bruises. These result in damaged blood vessels, punc-
tures from pointed objects, avulsions where a portion of skin
or tissue is forcefully torn away, and gunshot wounds inflicted
by projectiles fired from firearms.>* The degree of a wound
may range from superficial lacerations and abrasions that can
be treated with simple first aid whereas more intricate injuries
require expert medical intervention. Appropriate wound man-
agement is crucial for preventing infections, promoting
healing, and minimising the risk of complications.* Despite
advancements in wound dressing and healthcare, wounds con-
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betes, inflammation, and depression.

tinue to be a global concern. The global prevalence and inci-
dence of wounds are detailed in Table 1.

1.1 Wound classification

Wounds can be classified as either acute or chronic, depend-
ing on how long they take to heal.'® Acute wounds are caused
by various factors such as surgical procedures, mechanical
trauma, or burns, and they follow a predictable healing
process."” Chronic wounds occur when there is a failure in the
processes involved in tissue repair.'® Certain medical con-
ditions can hinder the healing process and lead to persistent
wounds, such as infections caused by microorganisms,"
venous or arterial disorders,?° and diabetes.>’ The character-
istics of acute and chronic wounds are shown in Table 2.
Wounds, which are frequently caused by tissue injury,
recover through a series of intricate processes involving the
interplay between growth factors and cytokines. These processes
replace the injured cells and restore the organ’s integrity.** "
The intricate wound healing system has been divided into four
stages: inflammation, proliferation and re-epithelialization, and
tissue remodelling. Although these mechanisms try to replace
damaged tissue at the wound site, they often result in scarring
(particularly in adults). Scars are one of the leading causes of
physical, psychological, and physiological illness.***” While the
process of wound healing and scar formation, as well as how to
avoid them, are not entirely understood, advances in the under-
lying mechanism have resulted in successful therapies. The
major cause of dermal injuries associated with burns, surgery,
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Table 1 Global prevalence and incidence of wounds
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Type of Population Incidence Prevalence rate
wound demographics rate (globally) Risk factors Geographic distribution Ref.
Venous leg  Adult population 0.17% 3%-4% Family history, obesity, deep venous England, Western 5
ulcers aged >65 years overall thrombosis, and increasing age countries and
6
Diabetic Adult population 2-5% 6.3% Poor glycemic control, calluses, foot Highest in North America, 5
foot ulcers  aged 45 years and annually deformities, improper foot care, ill- ~ Belgium, Canada and the and
above fitting footwear, underlying USA 7
peripheral neuropathy and poor Lowest in Asia, Europe,
circulation, dry skin Africa and Oceania
Pressure Senior population Ranged 5.2%-12.3% at  Immobility, incontinence, lack of Highest in US as compared 5, 8
ulcers aged above 70 years 4.5%- admission and  sensory perception, poor nutrition to 195 other low, middle, and
78.4% at discharge and hydration, and medical and high 9
respectively conditions affecting blood flow sociodemographic index
countries
Surgical Adult population 2.5% 0.5-3% Patient-related factors include Africa and US 10
wound aged >50 existing infection, low serum and
infection albumin concentration, older age, 11
obesity, smoking, diabetes mellitus,
and ischemia secondary to vascular
disease or irradiation
Burn All ages (mostly 26.93% 11 million Nosocomial infection, Africa, Australia & New 12
wound adults injured with annually immunocompromised patients Zealand, Asia, Europe, and
infections  flame burns and (burn injury, cutaneous and Middle and South 13
young children with respiratory tract injury, long America, North America
scald burns) Intensive Care Unit (ICU) stays)
Arterial Geriatric population 12-14% 0.4% to 0.8% Atherosclerosis, hypertension, USA 14
ulcers diabetes, and atrial fibrillation, all and
of which are more prevalent in the 15

geriatric population

and trauma frequently results in scar development during the
healing process, which reduces the functionality of normal skin
and causes aesthetic and psychological damage.***° Numerous
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therapeutic interventions and non-surgical methods, such as
silicon dressings, radiation, laser therapy, and radiotherapy,
have been used for scarless repair.****
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Table 2 The characteristics of chronic and acute wounds
Characteristics Acute wound Chronic wound Ref.
Onset Usually short, it goes through every stage Prolonged treatment, may cause a delay in one or more 22
that regular wound healing goes through healing stages, leaving a permanent disorder and
23
The stages of infection Normally there are 4 stages — haemostasis, There is prolonged inflammation, and inadequate 24

inflammation, proliferation, and
remodelling

Generally, heals quickly as a part of the
healing process

Inflammatory response

Appearance of the
wounds

Typically, there is little tissue loss, and the
outer edges are clean

Duration of wound Three months in cases of acute wound
healing

Skin pathology related
to the epidermis
Granulation tissue

The epithelial layer in cases of acute wound
remains normal
Normal production

Immunology Normal
Clinical examples Abrasions, surgical wounds superficial
burns

Wound healing is a dynamic and complicated process that
involves a balance of different cells, cytokines, growth factors,
pathways, and extracellular matrix (ECM) formation."”> The pro-
inflammatory cytokines interleukin-6 (IL-6) and IL-8 promote
scarring, whereas the anti-inflammatory cytokine IL-10 has the
opposite effect.**™*8 Less scar tissue has developed as a result of
the simultaneous addition of several growth factors,**" cyto-
kines, and cells to wound matrices, but the problem of scarless
outcomes has not yet been resolved.’> As the healing process
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proliferation and remodelling phase

It is normal for chronic inflammation to persist and obstruct 25

recovery and
26
Irregular wound edges, often accompanied by venous tracts, 27
undermining, or tissue necrosis and
28
Three months or longer, and up to seven months 29

Hyperkeratotic (in which the outer layer becomes thicker) or 30
parakeratotic (anucleate keratinocytes)

Hypoxia of the tissue due to low oxygen levels, fibroblasts, 31
and neoangiogenesis

Tissue hypoxia: insufficient granulation tissue formation
Immunology is not normal 4
Cardiovascular lower-limb ulcers, diabetes wounds, 32
heterogeneous aetiology ulcers, ulcers caused by pressure,
infections in wounds

progresses through remodeling phases, inflammatory responses
and angiogenesis undergo dynamic alterations at various stages
to affect the development of the extracellular matrix (ECM) and,
eventually, scar formation.*”* The complex variables (growth
factors, cytokines, cells, and ECM) control angiogenesis and
inflammation at different phases of the healing process to deter-
mine the outcomes of scars.”>® To promote the healing of scar-
less wounds, a variety of biomaterials, together with cell-laden
matrices, have been developed to actively control angiogenesis
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and inflammation. These matrices typically generate suitable
microenvironments for wound healing.>

Recently, there has been an increase in interest in and
demand for herbal medicines due to several reasons. These
include claims about their effectiveness, a change in patients’
preferences towards natural remedies, the expensive and
adverse effects of modern medicines, and the progress made
in herbal medicines through scientific research and techno-
logical advancements.?” The diverse range of chemicals found
in phytochemicals and organically produced compounds
provide notable benefits in facilitating the process of wound
healing. These compounds contribute to the recovery process
through a variety of mechanisms, making them advantageous
for promoting overall healing and tissue repair.***® For
example, in one study, Khan et al. investigated the wound-
healing potential of Berberis Ilycium extract. The authors
revealed that the prepared polyvinyl alcohol nanofibers loaded
with Berberis lycium possess excellent wound healing and anti-
bacterial activity.>® In another study, Manconi and colleagues
investigated the use of baicalin for the treatment of wounds.*
The same research discovered that baicalin had skin-restora-
tive capabilities utilizing the nanohydrogel platform.®!
Medicinal plants used to treat wounds have been demon-
strated to be effective in combating infection and accelerating
wound healing.®®> Among the commonly accessible thera-
peutic herbs, it has been claimed that extracts of Centella asia-
tica (L.) (CA) Urban, also known as Asiatic Penny-wort,*"®
belonging to the Apiaceae family, have qualities capable of
curing specific ailments, such as ulcerous skin abnormal-
ities,®® burns-related wounds,®” duodenal and stomach
ulcers.®® These effects of Centella asiatica (L.) have been attrib-
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uted to the presence of AC, an important compound. AC is a
triterpene glycoside compound found in various plant species,
most notably in Centella asiatica (L)., commonly known as
gotu kola. Gotu kola is a small herbaceous plant that has been
traditionally used in traditional medicine systems in Asia for
its potential health benefits.®® The biological activities of AC
are diverse and include anti-inflammatory,”® antioxidant
action,”* stimulation of collagen,”> and angiogenesis pro-
duction.” AC has been utilized therapeutically to promote the
healing of wounds and lessen the development of scar tissue.
However, the therapeutic use of AC as a topical medication or
as a bioactive ingredient in wound matrices and dressings is
restricted by its insolubility in water.”* In addition, various
studies have revealed that AC loaded into wound dressings and
in liposomal carriers improved wound healing processes;
however, these face challenges in managing inflammation and
angiogenesis during wound healing.”>”® This could be due to
poor penetration of AC across the skin. Improving the loading
and release management of AC would lead to better results for
scarless wound healing. One solution to this problem is to use
nanotechnology, which can improve the delivery of drug to the
target site, and increase its efficacy, stability, and safety.”’
Nanocarriers play an important role in enhancing drug pene-
tration through the stratum corneum, the skin’s outermost
layer.”® The stratum corneum is a major barrier, limiting the
passage of drugs. Nanocarriers circumvent this difficulty by
using their distinct characteristics and interactions with the
skin.”® Nanocarriers interact more favourably with the stratum
corneum due to their smaller particle size, which allows deeper
penetration.®® Furthermore, the lipid-based composition of
many nanocarriers allows them to fuse with the lipids in the
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Fig. 1 PubMed search engine result demonstrating research publications published w.r.t. years starting from 1995 to 2024.

stratum corneum, increasing drug diffusion through intercel-
lular gaps.®’ Some nanocarriers can also encapsulate both
hydrophilic and hydrophobic drugs, making them suitable for
a wider spectrum of therapeutic agents. Furthermore, surface
changes to nanocarriers may be designed to improve adhesion
and contact with the skin, hence enhancing drug retention
and penetration.®> Nanocarriers control the release of loaded
drug which also helps to ensure long-term drug delivery and
therapeutic benefits.®* Overall, nanocarriers provide a viable
pathway for improving drug absorption across the stratum
corneum, furthering the science of transdermal drug adminis-
tration with potential uses in dermatology.?* In this review, the
authors discussed the limitations of the topical administration
of AC and highlighted various initiatives for effective and safe
topical delivery using novel techniques, along with other
potential benefits of AC in managing diabetes, inflammation,
and depression. The authors gathered information about AC
from articles published up to 2024 and listed in PubMed, Web
of Science, Elsevier, Google Scholar and similar databases. The
keywords used in our search included “asiaticoside”, “Centella
asiatica”, “wound healing”, “anti-inflammatory”, “neuroprotec-
skin”, etc. By carefully analyzing the research on asiati-

it was found that there is an increase in AC-based

” o« ” o«

” o«

tive”,
0051de,
research, which can be demonstrated by contemplating the
PubMed search engine results using asiaticoside in wound
healing as a keyword (Fig. 1).

2. Phases of wound healing
2.1 Phase 1: haemostasis phase

Haemostasis is a vital physiological response triggered when
blood is present outside the body or escapes from the blood
vessels, serving as the body’s innate mechanism to stop bleed-

© 2024 The Author(s). Published by the Royal Society of Chemistry

ing and prevent excessive blood loss.>*’®* This complex process
unfolds in three rapid and sequential steps. The initial
response involves a vascular spasm, where blood vessels con-
strict to minimize blood loss. Following this, the second step,
platelet plug formation, occurs as platelets adhere together to
create a temporary seal, covering the breach in the vessel
wall.®> Platelet plug formation is a crucial step in the haemo-
static process, activated by the presence of von Willebrand
factor (VWF), a glycoprotein found in plasma. Platelets play a
pivotal role in haemostasis, undergoing significant changes
when encountering injured endothelial cells.*® Upon acti-
vation, platelets change shape, release granules, and acquire a
“sticky” quality. Platelets express receptors, including glyco-
protein receptors, facilitating their adhesion to collagen.
Activated platelets, in turn, express glycoprotein receptors that
enable interactions with other platelets, leading to aggregation
and adhesion,®” and release cytoplasmic granules, such as ade-
nosine diphosphate (ADP), serotonin, and thromboxane A2.
ADP attracts more platelets to the affected area, serotonin acts
as a vasoconstrictor, and thromboxane A2 assists in platelet
aggregation, vasoconstriction, and degranulation.>”®%%° This
release of chemicals creates a positive feedback loop, as more
platelets are attracted to the site, adhere, and release their
chemicals, reinforcing the platelet plug. This intricate process
highlights the dynamic and coordinated role of platelets in
ensuring effective haemostasis and preventing excessive bleed-
ing.’° The third and final step, known as coagulation or blood
clotting, reinforces the platelet plug by introducing fibrin
threads that act as a molecular glue to solidify the clot.”*
Within seconds of vessel wall disruption, platelets adhere to
the sub-endothelial surface, and within minutes, fibrin
strands intersperse among the wound, completing the for-
mation of the platelet plug.”> This orchestrated sequence
ensures effective haemostasis, safeguarding the body against

RSC Pharm., 2024,1,9-36 | 13
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excessive bleeding and contributing to the overall maintenance
of vascular integrity.”?

2.2 Phase 2: inflammatory phase

The inflammatory phase is a critical component of the body’s
response to injury, infection, or tissue damage, and is respon-
sible for initiating the healing process. This dynamic phase is
distinguished by a series of processes coordinated by the
immune system.®® Blood arteries dilate when injured, resulting
in increased blood flow to the damaged region. This vasodila-
tion is accompanied by increased permeability, which allows
immune cells like neutrophils and macrophages to move to
the area of damage.’* These immune cells are essential for
removing debris, infections, and injured tissue. Chemical
mediators such as cytokines and prostaglandins help to attract
and activate immune cells, which amplifies the inflammatory
response.”> While inflammation is a defensive process that
helps to eliminate risks and initiate healing, a too lengthy or
severe inflammatory response may contribute to chronic dis-
eases. The inflammatory phase prepares the groundwork for
subsequent stages of tissue repair by stimulating the elimin-
ation of injured cells and providing an environment favourable
to tissue regeneration and healing. Balancing the inflamma-
tory response is critical for effective wound healing and avoid-
ing challenges caused by chronic inflammation.”®

2.3 Phase 3: proliferative phase

The proliferative phase, which occurs after the inflammatory
phase, is characterised by the active repair and regeneration of
injured tissue. Several cellular activities take place during this
period to aid in tissue healing.”” Fibroblasts, which are
specialised cells responsible for collagen production, move to
the wound site and form a new extracellular matrix, providing
structural support to the healing tissue.”® Angiogenesis, or the
development of new blood vessels, occurs to restore the vascu-
lar network required for nutrition delivery to the healing
region.”® Furthermore, epithelial cells within the wound
boundaries multiply and move to cover the wound surface,
providing a protective layer. The granulation tissue, which is
rich in blood vessels and fibroblasts, covers the wound gap
and acts as a temporary scaffold for tissue repair.'°® The prolif-
erative phase is distinguished by an integrated approach of cel-
lular activity, extracellular matrix synthesis, and angiogenesis
to restore and reinforce the injured tissue. This phase provides
the groundwork for the ensuing remodelling phase, which
ensures the restoration of tissue integrity and function.'""
Proper synchronisation of these processes is required for
effective wound healing and to avoid excessive scarring."*>

2.4 Phase 4: maturation phase

The maturation phase, also known as the remodelling phase,
is the final step of wound healing, after the inflammatory and
proliferative stages.'®® It entails gradually reshaping and refin-
ing the newly developed tissue in order to improve its strength
and effectiveness. During maturation, collagen fibres undergo
reorganisation and cross-linking, which increases the tensile

14 | RSC Pharm., 2024, 1, 9-36
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strength and endurance of the repaired tissue.'®* This phase is
distinguished by the elimination of superfluous or excess col-
lagen and cells by apoptosis, a programmed cell death process.
The tissue is constantly altered to better tolerate mechanical
forces and recover its original structure. While the maturation
phase can take weeks, months, or even years, the ultimate aim
is to have repaired tissue that nearly mimics its original, unin-
jured shape.'® The maturation phase is critical for improving
the quality of tissue healing and reducing scar formation,
assuring the regenerated tissue’s long-term functioning and
durability. Proper wound care and support during this phase
help to achieve the ideal balance of tissue strength and flexi-
bility in the ultimate healed result."'%® The schematic diagram
of wound healing phases is depicted in Fig. 2.

3. Method of extracting asiaticoside

Extraction is the process of carefully and deliberately extracting
certain components or substances from a larger entity, such as
a natural resource, combination, or chemical. In general, plant
material is extracted by washing the analyte from the matrix
into the solvent and diffusion through the cell wall.'®” Many
methods are adopted for the extraction of AC.

3.1 Maceration

Maceration is a technique used in a variety of areas, most
notably culinary arts, pharmacy, and herbal medicine. This
method involves the soaking of an item, usually plant
material, in a liquid to soften and break down its cellular
structure, enabling the extraction of flavours, fragrances, or
active molecules.'®® Maceration is a popular procedure used in
pharmaceutical and herbal applications to extract therapeutic
components from plants using solvents such as alcohol or oil.
This gentle but efficient method allows for the absorption of
beneficial elements, making maceration a flexible and com-
monly used treatment in both ancient and contemporary set-
tings.'® Organic solvents such as methanol, ethanol, or a
mixture of water and alcohol are employed when dealing with
CA. Typically, aqueous extracts produced via this method
exhibit cytotoxic and antioxidant properties. The cosmetics
industry has also implemented maceration, using propylene
glycol and water as solvents for extracting the leaves and stalks
of CA over the course of several days."’* In one study, Pittella
et al. isolated flavonoid and phenolic components from CA.
Additionally, CA can be macerated to extract a wide range of
compounds, including carotenoids, flavonoids, phenolics,
saponins, alkaloids, and tannins, depending on the solvents
employed and the duration of the extraction process.""

3.2 Distillation

Distillation is a prevalent separation technique that separates
components of a mixture or purifies liquids by utilising differ-
ences in boiling points. It involves heating a liquid to produce
vapour and then cooling that vapour to condense it back into
a liquid state.™** Prior to the vaporisation of components with

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Phases of wound healing.

higher boiling points, those with lower boiling points persist
in the liquid phase. The aforementioned method is frequently
implemented in the manufacturing of compounds, intoxicat-
ing beverages, and essential oils. As a crucial method for
extracting purified substances from complex mixtures, distilla-
tion is utilised in laboratories and across a variety of indus-
tries."™ In one study, dry and fresh leaves of CA were extracted
by steam distillation with distilled water and vinegar. Using
fresh leaves instead of dried ones during the extraction process
facilitates the identification of numerous compounds. Steam
distillation is an effective method for producing the highest-
grade oil.’** In one study, authors extracted 47 components
using distillation extraction."*

3.3 Soxhlet extraction

Soxhlet extraction is a widely utilised method for extracting
compounds from solid materials. The process involves placing
the solid sample in a thimble and repeatedly passing a
solvent, typically an organic one such as hexane or ethanol,
through the sample.''® The solvent evaporates, ascends
through a vertical condenser, and then returns to the sample
chamber. This continuous cycle enables efficient extraction of
the desired compounds.’”” Soxhlet extraction is particularly
advantageous for extracting compounds that are not easily
vaporised and are sensitive to heat. It is commonly employed
in various fields, including chemistry, pharmaceuticals, and
food analysis, to separate and concentrate specific components
from solid matrices."'® In one study, Thamarai Selvi et al. dis-
covered that by subjecting 500 g of powdered CA to Soxhlet

© 2024 The Author(s). Published by the Royal Society of Chemistry

extraction for 8 hours, using an ethanol-to-solid ratio of 1:4,
they obtained extracts that included saponins, terpenoids,
alkaloids, and phenols. However, these extracts did not
contain steroids, flavonoids, tannins, proteins, carbohydrates,
or glycosides.’® Rahman et al. conducted another study where
they utilised 100% ethanol, 50% ethanol, and water as solvents
for Soxhlet extraction in order to acquire total polyphenols, fla-
vonoids, p-carotene, tannins, and vitamin C from CA. The
research demonstrated that the 50% ethanol extract of CA
exhibited a markedly elevated concentration of polyphenols
and flavonoids, whilst the 100% ethanol extract yielded the
greatest levels of B-carotene and tannins. In contrast, the water
extract of CA exhibited a higher concentration of vitamin C
compared with the 50% and 100% ethanol extracts.*°

3.4 Ultrasonic extraction

Ultrasonic extraction is a contemporary and effective method
used to extract chemicals from diverse materials, including
plants, herbs, and seeds. This technique involves the appli-
cation of ultrasonic waves to a liquid medium that contains
the sample, resulting in the development and subsequent col-
lapse of small bubbles, a phenomenon known as cavitation.'**
Cavitation induces fast changes in pressure and temperature,
generating microjets and shockwaves that aid in the liberation
of bioactive substances from the solid matrix into the solvent.
Ultrasonic extraction is renowned for its capacity to augment
extraction rates and boost yields in comparison with conven-
tional approaches. This procedure is extensively used in
sectors such as food, pharmaceuticals, and cosmetics to get
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superior extracts while minimising the time and amount of
solvents used in the process.’*® In one study, Shen et al. uti-
lised ultrasonic extraction for the extraction of asiaticoside.
For ultrasonic extraction, 2.0 g of dried, finely powdered
sample was mixed with 50 mL of a 9:1 mixture of methanol
and water in a flask. The flask was then put in an ultrasonic
bath for 1 hour. The extraction was done twice, and then the
extracts were mixed. The combined extract was put through a
filter, and the filtrate was evaporated using a rotary evaporator
at 50 °C until it was dry. The residue was then mixed with 9
parts methanol and 1 part water to make 10 mL. Before ana-
lysis, the extract was filtered through a 0.45 pm nylon filter
membrane.'*?

3.5 Microwave extraction

Microwave extraction (MAE) is a fast and efficient technique
used to extract chemicals from diverse materials, including
plants, seeds, and other organic components. During this pro-
cedure, the sample is exposed to microwave radiation in the
presence of a suitable solvent.’”® The microwaves generate
thermal energy in the sample, resulting in expedited extraction
operations. The approach is renowned for its capacity to sub-
stantially decrease extraction durations, boost product quan-
tities, and optimise the overall efficacy of the extraction pro-
cedure."”® Microwave extraction is a widely used method in
labs and enterprises due to its rapidity, accuracy, and
efficiency in extracting desired chemicals from various
sources."® The powder sample (1.0 g) was transferred to the
microwave extraction containers and suspended in 25 mL of a
9:1 methanol-water mixture. According to a pre-designed
scientific trial, the temperature rises to 70 °C in 0-5 minutes,
and then remains steady at 70 °C for 15 minutes. The required
solvent quantities were introduced to the vessels and tested
under MAE for 20 minutes. Following extraction, the contain-
ers were chilled to room temperature before being opened.
The residue was then mixed with 9 parts methanol and 1 part
water to make 10 mL. Before analysis, the extract was filtered
through a 0.45 pm nylon filter membrane.*?

3.5 Multi-step extraction method

Method-1. Step-I: Dry Centella is mixed with ethanol in the
concentration of 50%-90% v/v. The solution is filtered, then
ethanol is removed via reduced pressure concentration, the
ethanol-free concentrated liquid is diluted with water, and
finally, the Centella total saponin water solution is obtained
via centrifugal filtration. To obtain Centella total saponin
water solution, the dry powder of Centella is mixed with
ethanol in the concentration of 50-90% v/v, and then heat
extracted 3 times, each for 180 minutes, and the united extrac-
tion liquid is evaporated to density 1.01-1.15 g mL™", then
diluted with water, and centrifuging obtains Centella total
saponin water solution.

Step-II: Total saponin water solution is entered into the
macroporous resin column (model AB-8, HPD100, fraction size
- 0.3-1.2 mm), and the washed resin was colourless, indicating
that the effluent liquid is free from any significant impurities.
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A 15-30% ethanol (v/v) and 50-80% ethanol (v/v) solution were
used to wash post more respectively, and a 50-80% ethanol
(v/v) elutriant was collected, pooled and concentrated to
density 1.01-1.05 g ml™"; 3-5% activated carbon was added,
and filtering while hot obtained the eluant in fractions
(pressure 73.8 bar, temp. 70 °C).

Step-III: Take a 50%-80% (v/v) ethanol eluant, add acti-
vated carbon, and perform a decolourisation to obtain a
column-loading liquid, filter the column-loading liquid, add
the filtered liquid to a preparative chromatography column,
with a filler of C18 bonded silica gel filler (preparative
chromatography is used to purify sufficient quantities of a
substance for further use, rather than analysis), and collect
a fraction of the eluant containing madecassoside and asia-
ticoside using methanol/water as the moving phase; concen-
trating and drying then gives the resulting product. In this
step, the consumption of 40-70% methanol (v/v) is 3-5
times the column volume. There are two sections of collec-
tion: the first is the asiaticoside component, and the
second is the CA glucoside (madecassoside and asiatico-
side) component; correspondingly, concentrate drying yields
the product.'**'?

4. Challenges associated with topical
delivery of asiaticoside

The skin is the body’s primary protective barrier, consisting of
three major layers: the epidermis, dermis, and subcutaneous
tissue. Each layer has unique structural properties that contrib-
ute to its barrier function.'®®'*® The epidermis, or outermost
layer, is made up of densely packed cells known as keratino-
cytes, which provide mechanical strength and waterproofing.
The stratum corneum, a specialised layer of the epidermis, is
essential for restricting substance penetration. The dermis
contains blood arteries, nerves, and connective tissue, while
the subcutaneous tissue provides insulation."?%*3*

Skin barrier properties play an important role in controlling
drug penetration. Because of its compact, lipid-rich compo-
sition, the stratum corneum serves as an effective barrier, pre-
venting most substances from entering."*>'** Certain sub-
stances, however, can get inside the skin via a variety of path-
ways, including intercellular, transcellular, and appendageal.
Intercellular permeation occurs between keratinocytes via the
lipid matrix, while transcellular permeation occurs through
the cells themselves.'**"**> Appendageal channels, such as hair
follicles and sweat glands, provide alternate penetration
routes.”®® Factors such as molecular size, lipophilicity, and
charge impact compounds’ ability to cross the skin barrier,
making knowing these routes critical for drug delivery and
skincare applications.™”

The major challenges associated with the topical delivery of
AC are its insolubility and bioavailability."*® AC is a pentacyclic
triterpene with a high molecular weight of 959.12 ¢ mol ™" and
is difficult to ionise; its maximum solubility in water is
307.347 pg mL ™" and it has a short plasma half-life. The equi-

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3pm00024a

Open Access Article. Published on 26 February 2024. Downloaded on 2/2/2026 9:52:35 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Pharmaceutics

librium oil-water partition coefficient is 2.24.*° Poor solubility
in aqueous and oil media reduces dose-dependent effects and
absorption, severely limiting its applicability and mechanistic
investigation. The low water solubility of drugs has always
posed a significant challenge to the development of drug deliv-
ery devices. Poor solubility may restrict drug dissolution
in vivo, resulting in limited absorption, which can pharmaco-
logically impair the therapeutic effectiveness of the medi-
cine."® The drug’s physicochemical characteristics, such as
PKa, solubility, log P and molecular mass, are also significant
when choosing the components for the topical delivery
vehicle.'*"'**> Many chemicals lack the physical parameters
[such as low molecular weight, appropriate lipophilicity [log P
(o/w = 1-3)], and low melting point] to passively penetrate the
skin at therapeutic levels, restricting the topical delivery of
drugs.'*® The development of technologies to enhance delivery
into the skin has been a major research focus for over half a
century. ‘Passive’ technologies involve the use of formulation
excipients, chemical penetration enhancers, and various types
of micro and nano-delivery system.'** When choosing an exci-
pient for a topical vehicle for acidic and unstable drugs,
special care must be taken to ensure that it will not only mask
the drug’s acidic group’s potential for irritation but also offer
the environment for efficient topical delivery and the preser-
vation of chemical integrity."*>'*® The many difficulties pre-
sented by AC while creating the optimal topical formulations
are shown in Fig. 3.
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5. Wound healing potential of
asiaticoside

AC is well-known for its anti-keloid and anti-hypertrophic scar
properties.’>® Many researchers discovered that AC improved
initial skin cell adhesion and increased the quantity of normal
human dermal fibroblasts.’>**>* Initial cell adhesion is the
process by which cells interact and attach to neighbouring
cells through specialized molecules (cadherins, integrins and
selectins) of the cell surface such as cell junctions, or through
indirect interaction, where cells attach to the surrounding
extracellular matrix, a gel-like structure containing molecules
released by the cells into the spaces between them.">*'>* AC
increases the skin cell activity involved in wound healing and
may have therapeutic benefits.'>® Shukla et al. reported the
wound-healing activity of AC. AC (0.2%, topical) application to
rats (excision-type wound) resulted in improved enzymatic and
non-enzymatic antioxidants which ultimately help in
healing."”® Ruszymah et al.'®” investigated the effects of CA on
the proliferation and migration of rabbit corneal epithelial
(RCE) cells. The CA was utilised in different concentrations
such as 7.8, 15.6, 31.2, 62.5, 125, 250, 500, and 1000 ppm
(ppm - part pers million). The study revealed that the prolifer-
ation of RCE cells was not substantially impacted by CA sup-
plementation at concentrations up to 500 ppm. However, the
proliferation of rabbit corneal epithelial (RCE) cells was signifi-
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Fig. 3 Challenges associated with the topical delivery of asiaticoside.
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cantly inhibited at a concentration of 1000 ppm. Nevertheless,
when exposed to concentrations as high as 62.5 ppm, the
migration rate of RCE cells significantly increases in compari-
son with the control group.'®” Shetty et al.'®® investigated the
influence of CA on dexamethasone-suppressed and normal
wound healing in a rat model. The 4 g kg™' dose of CA was
used in wound healing. The author observed a significant
increase in wound-breaking strength in the extract-treated
group.’®® Ahmed et al. investigated the wound healing activity
of the AC-rich fraction on a rabbit model."”®® The authors
demonstrated that there is a reduction in wound size, and
epithelialization, in the AC-treated group.®® Sung et al
reported the wound-healing activity of CA-loaded hydrocolloid
wound dressing (HCD) on Sprague-Dawley rats. After one
month of study, the authors reported that there is a decrease
in the excision wound size. The developed HCD exhibited out-
standing swelling, drug release, and mechanical character-
istics. In comparison with the commercial product, it
increased the curative effect on excision, infection, and
abrasion wounds in rats. Therefore, this hydrogel containing
CA has the potential to be considered a viable option for treat-
ing different types of wound.'® Azis et al. studied the wound-
healing activity of the methanolic fraction of AC in New-
Zealand white albino rabbits. The AC was utilized in the con-
centration of 119.89 ug mL™~",'®" which accomplished wound
healing."®" The authors used this concentration of asiaticoside
because prior studies conducted by Lee et al. and colleagues™*
showed that, at this concentration, the number of treated
fibroblast cells started increasing consistently. AC had no
effect on the keratinocyte development rate, according to the
same study by Lee et al.’®" Because of this, the present investi-
gation just used asiaticoside in its human dermal fibroblast
(HDF) scratch assay. Ahmed et al.'®® developed asiaticoside-
loaded cross-linked polyvinyl alcohol/polyethylene glycol (PVA/
PEG) hydrogel film. The prepared formulation is able to
release 90% of the drug within 12 hours. The cytotoxicity
investigations show that the developed formulation is compati-
ble with cells and does not exhibit toxicity. Additionally, the
microbiological limit tests revealed the absence of any
microbial growth in any of the samples. The PVA/PEG hydro-
gel, developed by the freeze-thaw process, exhibited excellent
fluid absorption capacity, elasticity, and safety. Consequently,
it has significant promise as a material for wound dressing.
Nevertheless, it is advisable to do further study on the formu-
lation’s in vivo effectiveness and long-term storage stability.'®>
A study by Chatterjee and co-workers was conducted to
examine the wound healing effects of AC on Wistar albino rats
(either sex). The authors revealed that there was a reduction in
the wound area when the asiaticoside-rich cream was applied
to the rats.'® In another study,'®* the authors investigated the
wound healing activity of asiaticoside. Topical administrations
of asiaticoside (0.2%) solution to guinea pig punch wounds
resulted in an increase in tensile strength, rise in hydroxypro-
line, higher collagen content, and improved epithelialization.
In streptozotocin-diabetic rats, where healing is tardy, a 0.4%
solution of asiaticoside, applied topically to punch wound
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epithelization, enhanced the collagen content, hydroxyproline
content and tensile strength.'®* A study by Liu et al. investi-
gated the wound-healing potential of AC in diabetic rats/
patients. The authors revealed that there was an increase in
the expression of miRNA-21-5p among individuals with dia-
betic wounds (DW) and defined its function in signalling path-
ways associated with the process of chronic ulcer wound
healing. The proliferation of cells was notably enhanced by LV-
miRNA-21-5p overexpression, whereas the application of
AC-Medium dose (AC-M) and AC-Low dose (AC-L) in combi-
nation with nitroprusside (SNP) augmented migration and pro-
liferation. Additional examination unveiled potential targets of
miRNA-21-5p, including TGF-f1, SMAD7, and TIMP3. The con-
firmation of their interaction with miRNA-21-5p was achieved
via dual luciferase assays. This study revealed that the anti-DW
drugs increased the expression of TGF-1 and SMAD7 while
inhibiting the expression of TIMP3 in a high-glucose environ-
ment."®®> Paocharoen et al. investigated the different extracts of
AC for the wound healing activity. In this study, male Sprague-
Dawley rats, weighing between 250-300 g, were randomly allo-
cated into incision and burn wound groups. Each group was
further divided into seven subgroups for treatment: (1)
untreated; (2) normal saline; (3) Tween 20®- (vehicle control);
(4) hexane extract; (5) ethyl acetate extract; (6) methanol
extract-; and (7) aqueous extract-treated groups. Topical appli-
cation of the respective test substances was conducted once
daily. For the incision wound group, the tensile strength of the
wound was assessed on the seventh day post-wounding. In the
burn wound group, the overall appearance and progress of
wound healing were evaluated on days 3, 7, 10, and 14 follow-
ing the burn injury, prior to histopathological examination.
The various extracts derived from CA demonstrated positive
effects in promoting the wound healing process for both
incision and burn wounds. Notably, the ethyl acetate extract,
containing asiatic acid, exhibited the highest efficacy among
the components studied, suggesting that asiatic acid plays a
crucial role in facilitating wound healing.'®® In one random-
ized controlled study involving 200 diabetic patients, the appli-
cation of CA extract was found to accelerate the wound healing
process. The participants were administered two capsules of
CA extract, each containing 50 mg of AC, three times a day.
The outcomes revealed improved wound contraction compared
with the placebo group. Additionally, the CA extract demon-
strated the ability to inhibit the formation of scar tissue. This
suggests that the use of CA extract may be a beneficial inter-
vention in promoting efficient wound healing and minimizing
scar formation in diabetic patients."®’”

6. Mechanism of asiaticoside

6.1. Wound healing activity

AC affects many metabolic processes that are critical to human
tissue, which ultimately results in collective tissue healing.
During the process of healing, AC induces exposed tissue to
produce and secrete antioxidants, which is important element
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for wound healing.'>® CA may aid wound healing due to

enhanced angiogenesis. This might be the result of its action on
collagen I, fibroblast growth factor (FGF), and vascular endo-
thelial growth factor (VEGF) synthesis.'®®'®® FGF increases the
proliferation of endothelial cells in early angiogenesis. VEGF
similarly promotes the development of new capillaries by regu-
lating cell proliferation, differentiation, and migration."”® In a
tilt wound model, AC isolated from CA improves hydroxyproline
and collagen levels, as well as tensile strength and the rate of
epithelialization. Additionally, AC plays a role in the process of
wound healing by contributing to the proliferation of fibroblasts
and the synthesis of extracellular matrix (ECM)."”* Lu et al'”
reported that cell cycle progression, collagen production, and
cell proliferation were seen in human dermal fibroblast cells in
response to AC."”* According to Lu et al., asiaticoside can boost
extracellular matrix (ECM) formation and fibroblast prolifer-
ation, both of which are known to be crucial for wound
healing."”>"’* The diagrammatic representation of the mecha-
nism of AC is depicted in Fig. 4.

6.2 Anti-inflammatory, antipyretic, and antioxidant activity
and neuroprotective activity

Glutamate is crucial in the process of transmitting signals
between neurons, as well as synaptic plasticity. Glutamate

© 2024 The Author(s). Published by the Royal Society of Chemistry

attaches to ionotropic receptors such as N-methyl-p-aspartate
(NMDA), kainate, and a-amino-3-hydroxy-5-methyl-4-isoxazole-
propionic acid (AMPA) receptors.’”> During pathological situ-
ations such as stroke, traumatic injury, and inflammation, a
significant accumulation of cytoplasmic calcium influx via
NMDA receptors leads to excitotoxicity and neuronal destruc-
tion. The research found that AC inhibits the increase in Ca**
levels caused by NMDA, indicating that AC partially contrib-
utes to neuroprotection by inhibiting the entry of calcium via
NMDA receptors.””®"”” In one study, the authors found that
administering AC can change depressive-like behaviour, raise
monoamine neurotransmitter levels, lower inflammation in
the hippocampus, and improve pNF-kBp65 and NLRP3 inflam-
masome levels in the chronic unpredictable mild stress (CMS)
mouse model. It was additionally believed that AC might have
an antidepressant-like effect by changing the cAMP/PKA/NF-
kB/NLRP3/CREB/BDNF signalling system."”®

Some studies showed that inflammatory cytokines play a
crucial role in the development of depression in both humans
and animals. It has also been shown that suppressing inflam-
matory processes could help people with depression.’””**#" In
particular, inflammation factors have been shown to have an
impact on the breakdown pathways of monoamine neuro-
transmitter precursors. This may cause the levels of these neu-
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rotransmitters to rise.'®* Another study found that AC had a
strong anti-inflammatory effect in animal models of brain
damage, spinal cord injury, and ischemia-reperfusion
injury.'®7% A study demonstrated that CMS raised IL-1p, IL-6,
and TNF-a levels in the hippocampus, which were lowered
through the administration of asiaticoside. This suggests that
AC has an antidepressant effect which may be due to its anti-
inflammatory potential.'”®

7. Novel drug delivery systems

Novel drug delivery systems (NDDS) seem to be a better option
than developing a new drug as they are associated with many
benefits like less expenditure, being less time-consuming, and
more profit for small companies who cannot afford huge costs
to develop new drugs.*>'®®'®” NDDS are used to improve the
activity of the drug and to reduce the side effects as shown in
Table 3.

The Nobel Prize winner Sir Paul Ehlrich, who imagined
drug molecules as “magic bullets” that could only reach the
intended place to demonstrate their action, is credited with
the idea of NDDS (in 1905). The idea of “magic bullets”
changed into “magic guns”, or NDDS.>'? Fig. 5 illustrates how
these carriers interact with skin elements to efficiently distri-
bute the loaded medicine to the different skin layers.'*>*'3
These carriers can carry the drug to different skin layers
through one or many mechanisms, as shown in Fig. 5, depend-
ing on their compositional characteristics.”'**'> (1)
Biocompatible and biosimilar excipient carriers, such as lipo-
somes and microemulsions, can integrate with the lipids of
biological membranes. (2) Smaller carriers, such as lipid nano-
particles (SLNs/NLCs), micro and nanoemulsions, and flexible
carriers, such as ethosomes and flexible membrane vesicles
(FMVs), can transfer drugs via the intercellular gaps of skin
cells. (3) The osmoregulated delivery of elastic vesicles such as
FMVs and ethosomes can be triggered by the moisture cloud
beneath the SC. (4) Small lipid-based carriers, such as SLNs/
NLCs, also infiltrate the skin via a transcellular channel,
namely keratinocytes. (5) A significant number of colloidal car-
riers are adsorbed to the SC and release the medication via
diffusion. (6) The transappendageal pathway, which involves
passing via hair follicles and sweat and sebaceous glands, is
currently recognised as one of the key routes of drug delivery
by NDDS.>'®*'” The NDDS are utilized as carriers to deliver the
drugs at their target site in order to increase their efficacy,
stability and safety. For example, niosomes are used as a deliv-
ery carrier for many drugs like gliclazide,***> ketoconazole,>'
transdermal formulations,*'® timolol maleate,>*° folic acid**'
etc. Nowadays liposomes are utilized to deliver many drugs
such as paclitaxel,>** cyclosporine,®*® cefepime,*** cabazi-
taxel,**® glycyrrhetinic acid,**® curcumin,*’ ibuprofen,®*® tedi-
zolid phosphate®*® etc. in order to improve their efficacy and
stability. Similarly, ethosomes may impair drug molecules
with various physicochemical characteristics, including hydro-
philic,>*° lipophilic and amphiphilic.**' Many drugs such as
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aceclofenac,”®? diclofenac diethylamine,”*® mycophenolic
acid,?®** etc. have been delivered by ethosomes. In order to
increase the therapeutic efficacy of drugs phytosomes are uti-
lised to supply numerous medicines including mitomycin
C,>** Boswellia serrata extract,”*® curcumin,*” quercetin®*® etc.
For instance, several drug carriers, such as Lipusu (liposomal
paclitaxel), Ambisome (liposomal amphotericin B), Psorisome
(liposomal dithranol), and Fungisome (liposomal amphoteri-
cin B), are successful examples of NDDS systems.>*?>*?

8. Advantages of nanocarriers

Nanocarriers offer a breakthrough paradigm in topical drug
delivery, offering several benefits that boost pharmaceutical
innovation to new heights.>**> These tiny carriers, often on the
nanoscale scale, have revolutionary potential for overcoming
the limits of traditional formulations.>** One of their foremost
advantages lies in their ability to enhance the bioavailability of
drugs by facilitating efficient penetration through the intricate
layers of the skin.**> The nanoscale dimensions confer an
increased surface area and an augmented drug payload, ensur-
ing a profound and targeted therapeutic impact.>*®
Furthermore, nanocarriers have an excellent ability to encapsu-
late both hydrophobic and hydrophilic drug moieties, increas-
ing the range of pharmacological agents suitable for topical
administration.>” This flexibility extends beyond traditional
limitations, providing a complete answer to the issues faced by
various drug physicochemical features.**® Nanocarriers’ regu-
lated and sustained release kinetics provides unparalleled pre-
cision to formulations, carefully influencing the temporal com-
ponents of drug delivery for optimal therapeutic effects.>*®
Additionally, the inherent potential of nanocarriers to circum-
vent biological barriers and reach the targeted skin layers with
clinical accuracy is illustrative of their ability to overcome
obstacles that are associated with traditional drug delivery.>*°

9. Topical delivery of asiaticoside-
employing NDDS

NDDS are currently widely utilized in order to deliver the drug
topically. These systems enhance drug stability, bioavailability
and efficacy.>"**> The carriers that are used in the topical
delivery of AC are shown in Fig. 6.

9.1 Liposomes

A liposome combines the Greek terms lipo, which means fat,
and somes, which means body. Alec D. Bangham created the
first liposomes in England in 1961. Liposomes are tiny, spheri-
cal synthetic vesicles composed of phospholipids (non-poiso-
nous) and cholesterol.>>**** Due to their small sizes and
hydrophilic and hydrophobic characteristics, liposomes can be
used as medication delivery vehicles. Their characteristics are
dependent on the lipid content, surface charge, size, and pro-
duction technique.?®” Liposomes are spherical-shaped micro-
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Table 3 Various drug delivery carriers studied as a part of NDDS for topical drug delivery
Carrier system Composition Size Special comments Ref.
Micellar Polymeric micelles  Polystyrene, poly(ethylene glycol)-poly(e- 30-100 nm Micellar carriers are essential for improving the 188
carrier caprolactone) and poloxamers delivery of drugs to the skin, as they employ and
different mechanisms to enhance drug solubility, 189
Mixed micelles Ionic surfactants, polymers and co-polymers ~ 10-100 nm skin penetration, and overall effectiveness. When it 190
comes to topical drug delivery, surfactants or and
amphiphilic polymers are frequently utilised to 191
Phospholipid- Phosphatidylcholine, sugars, glycolipids, 5-20 nm form these micelles. The main process involves 192
@ based micelles and triglycerides enclosing hydrophobic drug molecules within the
o core of the micelles, which enhances their
g solubility in the aqueous vehicle of the topical
=t formulation. This solubilization helps to keep the
3 drug in a stable and evenly distributed state,
5 preventing any unwanted precipitation or
o clustering. In addition, micellar carriers have the
=) ability to interact with the skin’s lipids, which
=] helps the loaded drug penetrate through the
‘2 stratum corneum, the outermost layer of the skin.
S Micelles have the unique ability to interact with
E both the water-loving and oil-loving parts of the
= skin, facilitating the effective delivery of drugs
< through the skin
2] Particulate Solid lipid Cholesterol, triglycerides, fatty acids and 50-1000 nm  Particulate carriers, including nanoparticles, 193
o carriers nanoparticles waxes microparticles, and nanocarriers, are used in the and
E topical administration of drugs to improve the 194
Q Nanostructured Lipids, surfactants and co-surfactants 10-1000 nm effectiveness and regulated release of the drugs. 195
% lipid carriers These carriers enable the transportation of and
= pharmaceutical substances via several processes. 196
E Polymeric Polysaccharides and proteins 1-1000 nm Nanoparticles possess a diminutive size that 197
[8) nanoparticles facilitates their interaction with the skin at a tiny and
© scale, hence facilitating effective permeation 198
% through the stratum corneum, which is the
S outermost layer of the skin. Moreover, the
particulate carriers possess a favourable ratio of
-g surface area to volume, which effectively increases
§ the interaction between the carrier and the skin.
= This interaction promotes attachment and
-g facilitates the release of drugs
S Emulsified Microemulsion Water, oil, a surfactant, and a cosurfactant 10-300 nm Emulsions are colloidal dispersions of two 199
g carriers immiscible liquids, usually oil and water, and
n stabilised by surfactants. In the context of topical 200
= Nano-emulsion Oil, water, surfactant 10-1000 nm drug administration, the emulsified carrier acts as 201
- a vehicle for incorporating lipophilic and and
hydrophilic drugs, enabling a broader spectrum of 202
Lipid emulsion Phospholipids, emulsifiers, oil and water 0.5-5 pm therapeutic agents to be developed. The emulsion 203
structure ensures that the drugs are distributed and
evenly and precisely, improving skin contact and 204
boosting drug absorption. Furthermore, the
= emulsified carrier may function as a reservoir
] mechanism, slowly releasing the drug into the skin
[ | over time. The emulsion’s composition and
surfactant characteristics also influence skin
penetration by modifying the stratum corneum’s
barrier function. Furthermore, emulsified carriers
may increase the stability of certain drugs,
preventing deterioration and preserving
effectiveness during storage. Overall, emulsified
carriers provide a diverse platform for topical drug
administration by resolving solubility issues,
optimising drug release kinetics, and increasing
the overall performance of pharmaceutical
formulations applied to the skin
Vesicular Liposomes Phospholipid, cholesterol and API 0.025-2.5 pm  The primary functions of vesicular carriers, 205
carriers including liposomes, ethosomes, and niosomes, and
are to improve the stability of the encapsulated 206
Niosomes Non-ionic surfactants, hydration medium 0.025-0.1 pm  compounds, facilitate sustained release, and 207
and cholesterol enhance drug permeation. An essential
Ethosomes Phospholipid, alcohol, polyglycerol and 100-1000 nm mechanism involves the potential of vesicles to 208
water alter the structure of the stratum corneum, which
Transferosomes Edge activators such as Span 80 and 50-500 nm is the outermost layer of epidermis. Vesicles are 209
phospholipids capable of interacting with the lipid bilayers of the  and
stratum corneum, thereby transiently creating 210
Phytosomes Phospholipids, such as phosphatidylcholine, 100-1000 nm pathways for drug penetration and temporarily 211

produce a lipid-compatible molecular
complex with the herbal ingredients

© 2024 The Author(s). Published by the Royal Society of Chemistry

disrupting its integrity. Furthermore, it is possible
to engineer vesicles with a diminutive size that can
traverse the intercellular spaces of the stratum
corneum, thereby facilitating improved drug
transportation to the dermal layer
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Fig. 5 The drug-loaded NDDS penetration across the skin through different mechanisms.
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vesicles epitomizing the first generation of nanocarriers that
have been fortunately expanding from the laboratory scale up
to clinical applications.>*® These liposomal systems have been
an entrenched drug delivery platform with a major influence
on patient well-being.>*”"**® Liposomes are composed of a bi-
layer of natural or synthetic non-toxic phospholipids which
instinctively form closed structures at the time of hydration.
These kinds of vesicle have one or more bi-layer membranes
known as lamellae.?”*"2%* However, the different structure of
liposomes enables drug encapsulation with diverse
lipophilicities.?**?%* A study reported by Paolino et al. on ultra-
deformable liposomes provided the significantly enhanced
in vitro skin penetration of AC showing a 10-fold increase with
respect to the free drug solution and promoting in vivo col-
lagen production. Liposome-based AC delivery through the
topical route is a promising delivery system for effective wound
healing.>®®> Feng et al. prepared injectable hydrogel with AC-
loaded liposomes for burn wound healing. In vitro studies
have demonstrated that the hydrogels possess remarkable anti-
bacterial efficacy against Escherichia coli and Staphylococcus
aureus. The results of the in vivo study conducted on Sprague-
Dawley rats using a burn-wound infection model indicate that
the hydrogel demonstrated significant efficacy in promoting
wound healing and exhibited superior wound healing
properties.>®®

9.2 Microspheres

Microspheres are “monolithic spheres or therapeutic agents,
distributed throughout the matrix either as a molecular dis-
persion of particles”®®” or as a structure composed of one or
more miscible polymers in a continuous phase in which mole-
cular or macroscopic droplet particles are distributed. They are
tiny spherical particles with sizes in the micrometer range
(usually 1-1000 micrometres). Starches, gums, proteins, fats,
and waxes that are biodegradable man-made polymers and
modified natural materials are used to prepare micro-
spheres.”®® In one study, Sharma et al**® used these bio-
degradable polymers in order to prepare microspheres.
Albumin and gelatin are natural polymers, while polyglycolic
acid and polylactic acid are manufactured polymers. Albumin
controls the release of drugs from microspheres®”® whereas
polyglycolic acid and polylactic acid improve the stability of
encapsulated drugs.””" The solvents which are utilized to dis-
solve the polymeric materials are chosen based on the solubili-
ties and stabilities of polymer and drug, as well as process
safety and economic factors.>’>*’® Zhang et al. studied AC-
loaded microspheres for wound healing. They investigated the
release kinetics and cellular uptake profiles of AC-micro-
spheres, exploring their therapeutic impact on wound healing
and skin appendage regeneration through both in vitro and
in vivo assessments. The results revealed that the optimized
AC-microspheres exhibited a spherical spongy structure with
cylindrical holes. Efficient loading and sustained release of AC
were achieved within the microspheres. Cellular uptake of AC
from the microspheres was notably enhanced, being 9.1 times
higher than that of the free solution. In vitro experiments

© 2024 The Author(s). Published by the Royal Society of Chemistry
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demonstrated that AC-microspheres significantly promoted
the proliferation and migration of keratinocytes, along with
accelerated wound healing. Moreover, these microspheres
exhibited marked effects on re-epithelization, collagen syn-
thesis, and pro-angiogenesis during rat full-skin wound
healing in vivo. The porous microsphere emerged as an innova-
tive carrier for the sustained delivery of poorly soluble AC,
leading to improved absorption and therapeutic outcomes. AC-
microspheres, as a promising topical preparation, demon-
strated excellent regenerative effects in wound therapy.””*

9.3 Nano-emulsions

The nano-emulsion is either the oil-in-water (O/W) or water-in-
oil (W/O) type, which primarily depends on the method of
preparation. The water acts as a continuous phase whereas oil
is the dispersed phase in the O/W type of emulsion,?°>*”>
whereas the inversed condition results in a W/O emulsion.
Nano-emulsions (NEs) have tiny droplet sizes which enable a
uniform diffusion of active ingredients throughout the skin.*”®
The nano-emulsion has a low surface tension and wide surface
area, and due to this only 3 to 10% of surfactants are required
during nano-emulsion preparation.?’”?”® Huimin et al. devel-
oped AC-loaded NEs and nano-emulsion-based gel (NBGs) for
the topical delivery of AC. The ex vivo permeation study
revealed that the permeation rate of AC-NEs is very high.
According to Huimin et al., the ex vivo skin permeation of AC
from prepared NEs was 13.65 times more than that of ordinary
gel when determined by using Franz diffusion. The prepared
AC-NBGs also showed good penetrability when compared with
the enhancer group. The pharmacokinetic study showed that
the prepared AC-NEs when applied to the mouse model
achieved the peak level of the drug (Cpma/bg &' - 656.28 +
19.42) in the skin very quickly (¢yax/h-6), retained the drug
mass concentration in the subcutaneous tissue and main-
tained the plasma drug concentration for a long time with
high bioavailability. Additionally, the mechanism of AC-NEs
and AC-NBGs was studied by HE (hematoxylin and eosin)
staining and CLSM (confocal laser scanning microscopy).>”* In
a similar study, Muthia and team prepared AC-NE lotion. The
prepared NEs exhibited a mean particle size of 19.88 + 2.3 nm,
while the size in the lotion formulation was 198.4 + 11.52 nm.
The polydispersity index indicated good uniformity (0.329 +
0.065), and the zeta potential was —30.9 mV, suggesting stabi-
lity. Stability tests over 8 weeks at varying temperatures (4 =+
2 °C, 28 + 2 °C, 40 + 2 °C) confirmed the resilience of the NE
lotion, with no notable changes in physical properties or pH
values observed. The cumulative amount of AC penetration
was significantly higher for the NE lotion (1558.65 + 66.93 pg
cm™?) compared with the lotion alone (1260.364 + 71.42 ug
cm™?). The flux of the NE lotions (2.1255 + 0.31 pg em > h™")
surpassed that of the lotion (1.4506 + 0.49 pg cm™> h™"). These
findings underscore the enhanced penetration and stability of
the NE lotion, suggesting its potential as an effective carrier
for AC in topical applications.?*°
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9.4 Nanoparticles

Nanoparticles are novel drug carriers with diameters of 1 to
100 nm. The nanoparticles are the carrier systems in which
the drug dissolves, encapsulates or binds to the polymeric
matrix.”®" The nano-capsule or nanosphere formation is based
on the method of preparation. Nano-spheres are matrix
systems in which the drug is physically and evenly distributed,
while nano-capsules are systems in which the drug is con-
tained in a cavity surrounded by a unique polymer
membrane.”®*7*% A study conducted by Rocha et al. developed
AC-loaded nanoparticles for topical delivery with both dried
(D) and glycolic (G) extracts encapsulated in nanostructured
lipid carriers (NLC). They formulated two different forms,
NLC-D and NLC-G, respectively, for effective skin delivery. The
investigation involved in vitro release and skin permeation
studies. Additionally, electron paramagnetic resonance (EPR)
analysis was conducted to elucidate the lipid dynamics within
the NLC matrices and the impact on stratum corneum (SC)
membrane fluidity. The release of AC from NLC-D was approxi-
mately 23.7%, while NLC-G demonstrated a notable 2-fold
increase in AC release over the same period. EPR data revealed
that NLC effectively enhanced SC membrane fluidity, with
NLC-G exhibiting a more pronounced effect. Furthermore,
NLC-G facilitated the penetration of AC into deeper skin layers,
with quantifiable amounts detected in the epidermis/dermis
(9.14 + 0.54 pg cm™?) within 24 h. In contrast, similar AC per-
meation from NLC-D was achieved only after 48 h (10.42 =+
1.41 pg cm™?). The accelerated release of AC from NLC-G con-
tributed to enhanced skin permeation, and the augmented SC
fluidity induced by NLC-G appeared to further increase AC
penetration into deeper skin layers. As a result, nanoparticles
appear to have a potential for topical delivery.”®® In another
research study Kwon et al. investigated the wound healing and
skin protective property of CA (includes AC, madecassoside,
asiatic acid, and madecassic acid) loaded nanoparticles. An
approx. 67% drug was encapsulated into the prepared nano-
particles and showed negligible cytotoxicity in human skin
fibroblast cells. The prepared nanoparticles have the ability to
decrease the expression of matrix metalloproteinase (MMP-1).
The developed nanoparticles when tested on mouse skin
showed high flux and were retained in the skin with a large
concentration of drug.*®” Liu et al. developed bioactive compo-
site hydrogels by incorporating decellularized extracellular
matrix (ECM), GelMA, and AC-loaded polydopamine nano-
particles (AC@PDA). These hydrogels were designed as wound
dressings with the potential to enhance the healing process. In
vitro cytotoxicity assessments conducted on human skin and
fibroblasts demonstrated favourable biocompatibility for all
hydrogels. To evaluate the in vivo wound healing efficacy, tests
were performed using a full-thickness excisional wound model
in mice. Notably, the AC@PDA/ECM-G hydrogel exhibited fast
wound closure without scarring, and showcased the highest
formation of hair follicles. The superior performance of the
AC@PDA/ECM-G hydrogel in promoting wound healing indi-
cates its potential utility as a promising wound dressing.*®®
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Similarly, Narisepalli et al. developed AC-loaded polymeric
nanoparticles for diabetic wound healing. The presence of AC
in the formulation was found to induce a notable proliferation
and migration of fibroblasts in in vitro cell culture studies.
Furthermore, the administration of AC-loaded polymeric nano-
particles to diabetic rats for the treatment of the wounds of
diabetic rats resulted in enhanced wound healing efficacy, as
evidenced by increased collagen biosynthesis, upregulated
levels of COL-1 protein, and enhanced expression of a-SMA in
comparison with the control groups.*®

9.5 Niosomes

Niosomes are vesicular nanocarriers that self-assemble after
being hydrated with synthetic surfactants and sufficient con-
centrations of cholesterol or other amphiphilic compounds.
Handjani-Vila et al. describe for the first time this kind of
vesicle.>” Niosomes are vesicular structures similar to lipo-
somes and have the capability to transport both lipophilic and
hydrophilic medicines. The reason for making niosomes is
that surfactants are thought to have greater chemical stability
than phospholipids, which are utilised to make liposomes.
Phospholipids are quickly hydrolysed due to the presence of
an ester bond.”*’ Because of the unreliable reproducibility
caused by the use of lecithins in liposomes, scientists are
looking for vesicles made from alternative materials, such as
non-ionic surfactants. Niosomes are a potential drug delivery
vehicle, and because they are less toxic, they are non-ionic and
increase the therapeutic index of drugs by limiting their action
to the target cells. They are small laminary structures that are
also called non-ionic surfactant vesicles, formed in combi-
nation with cholesterol and hydrated by aquatic media.**?
Wichayapreechar et al.>®® created CA extract-loaded niosomes
(CAE-Nio) and niosomes with hyaluronic acid surface modifi-
cations (CAE-Nio-HA). The niosomes had high drug loading
capacity (% DL) and encapsulation efficiency (% EE), which
were respectively 3-7% and 71-77%. When HA was added to
niosomes, % DL reduced, zeta-potential elevated, particle size
increased in a dose-dependent manner, and % EE was unal-
tered. The sustained-release profile of CAE-loaded niosomes
was controlled by a diffusion-based mechanism. In compari-
son with CAE-Nio and CAE solution, asiaticoside, a moderately
polar molecule from CAE-Nio-HA, was better able to enter the
stratum corneum and dermis. For periods longer than four
months, CAE-Nio-HA formulations demonstrated better stabi-
lity at low temperatures (4 °C and 25 °C). The created Nio-HA
is a potential AC delivery method that can increase dermal
absorption, permeability, and accumulation in healthy epider-
mis and dermis layers.”** Kim et al.>** investigated the wound-
healing activity of AC-loaded niosomes. The study revealed
that prepared niosomes showed better penetration of the drug
and the wound healing activity was 3.2 times more than the
control group when tested on a full-thickness rat model.>**

9.6 Nanofibers

Nanofibers have outstanding qualities that promote wound
healing.>®> The nanofibers’ high surface area to volume ratio,
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coupled with their microporous structure, promotes cell
adhesion, proliferation, migration, and differentiation, which
are all very desirable qualities for tissue engineering
applications.>®°® At the same time, the high permeability
and absorption rate may absorb the exudate that has accumu-
lated on the wound surface and keep the environment moist
so that it is conducive to the healing process. Additionally, the
large surface area makes it easier to load and transport bio-
active components like medicines and growth hormones.>*>°°
Nanofibers have been proposed as topical drug delivery
systems for natural substances.’*’*°> Due to increased water
retention, weight loss, and a large surface area of the nano-
fiber mat, the AC was added to ultrafine cellulose acetate elec-
trospun nanofibers, which demonstrated enhanced skin per-
meability of the drug.’®® Similarly, compared with as-cast
films, an ultra-fine cellulose acetate nanofiber mat containing
asiaticoside or curcumin demonstrated improved drug
release.’® Zhu et al. prepared AC-loaded coaxial electrospun
nanofibers for the treatment of profound partial-thickness
burn injuries. Vascular endothelial growth factor, proliferating
cell nuclear antigen and tumour necrosis factor were upregu-
lated, and interleukin 6 and tumour necrosis factor-alpha were
downregulated, in order to improve wound healing in vivo.>**
Anand et al. prepared AC-loaded nanofibers. In this study, the
authors develop and assess a multifunctional nanofibrous
scaffold comprising polyvinyl alcohol (PVA), sodium alginate
(SA), and silk fibroin (SF), loaded with AC for application in
diabetic rats. Scanning electron microscopy (SEM) analysis
revealed fibre diameters ranging from 100 to 200 nm and
tensile strengths between 12.41 and 16.80 MPa. The cross-
linked nanofibers exhibited a sustained release of AC over an
extended period. Evaluation on HaCaT cells through MTT and
scratch assays confirmed minimal cytotoxicity and significant
cell migration, respectively. Antimicrobial testing demon-
strated the scaffold’s excellent efficacy against P. aeruginosa
and S. aureus bacteria. In vivo studies further showcased
enhanced wound healing in diabetic rats, and histopathologi-
cal examinations highlighted the scaffold’s ability to restore a
normal skin structure. Overall, these findings underscore the
potential of the PVA-SA-SF-based nanofibrous scaffold loaded
with AC as a multifunctional and effective approach for wound
healing in diabetic conditions.*® Lie et al. prepared AC-loaded
nanofibers for wound healing. A straightforward blending-
centrifugation transport method was utilized to efficiently load
hydrophobic AC. The polymer and active ingredients are dis-
solved in an appropriate solvent throughout the preparation
procedure. The drug-soluble solvent was added to the polymer-
dissolving solvent in order to dissolve the drug and polymer
simultaneously. AC accelerated skin regeneration and reduced
scar formation by modulating inflammatory reactions and
angiogenesis. The in vivo experiments revealed that these AC-
laden silk hydrogels have intriguing applications in scarless
tissue regeneration.?*®

Due to its extensive therapeutic characteristics, CA has sub-
stantial commercial potential. More in-depth study of this plant
is clearly required to fully realize its medicinal potential. AC is
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sold under the brand name of TECA™. TECA™ is CA extract.>*” It
contains AC, asiatic acid, and madecassic acid. It improves
wound healing, collagen formation, microcirculation, and stretch
marks. The therapeutic efficacy of AC is shown in Table 4.

10. Other potential benefits of
asiaticoside

AC has numerous therapeutic effects. Apart, from wound
healing AC showed antidepressant,®*® anti-diabetic,>*° anti-
inflammatory and anti-pyretic activity®>" The versatile thera-
peutic benefits of AC are discussed below:

10.1 Anti-depressant activity

AC showed excellent anti-depressant-like activity. Liang et al
reported the anti-depressant activity of AC. AC was adminis-
tered to mice in order to observe whether it had any anti-
depressant effects using three different tests: a splash test in a
chronic mild stress (CMS) model, a tail suspension test (TST),
and a forced swimming test (FST). Stressed mice exhibited
considerably more grooming activity when AC was adminis-
tered (10 mg kg™'). AC (10, 20 mg kg~', P.O) substantially
reduced immobility time in the tail suspension test. These
findings point to the possibility that AC acts similarly to anti-
depressants.**” Luo et al. determined whether AC induces an
antidepressant-like effect by way of BDNF (brain-derived neuro-
trophic factor) signalling activation under chronic unpredict-
able moderate stress (CUMS). The findings demonstrated that
the reduced sucrose preference and increased immobility time
exhibited in CUMS mice may be corrected by administering
asiaticoside to the animals for four weeks. Furthermore,
authors discovered that in both non-stressed and CUMS
animals, AC up-regulated BDNF, PSD-95, and synapsing-I
expression only in the hippocampus. The antidepressant-like
effects of AC, however, were entirely nullified by the addition
of K252a, an inhibitor of the BDNF receptor tropomyosin-
related kinase receptor B (TrkB). The results suggested that the
AC may stimulate BDNF signalling in the hippocampus to
produce its antidepressant-like effect.**® Verma et al. analyzed
the oral administration of AC and its effects on AC distribution
in the AC-borneol formula (FAB). AC was detected using
HPLC.*** The effectiveness of FAB and AC as antidepressants
was analysed. Behavioural depression paradigms and the
chronic unpredictable stress model (CUS) were utilized on rats
that had been given the drugs either acutely or chronically.
Pathological alterations were revealed by H&E staining, and
levels of 5-HT, norephedrine (NE), BDNF, and TNF- were
measured in the hippocampus. The injection of FAB, but not
AC alone, resulted in the detection of AC in brain tissues from
the rats, suggesting that borneol (BOR) facilitated the dis-
persion of AC in the brain.*”® Wang et al. explored the anti-
depressant-like activity of AC. Authors observed that AC
increased the monoamine neurotransmitter levels and coun-
teracted the rise in inflammatory cytokines caused by CMS.
Additionally, AC antidepressant and anti-inflammatory effects
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Table 4 Nanocarrier mediated delivery of asiaticoside
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no.

Nanocarrier
formulation

Size

In vitro/in vivo
model

Application

Special outcomes

Ref.

10

11

may be mediated via modulation of the cyclic adenosine
monophosphate (cAMP)/protein kinase A (PKA) signalling
pathway.?*® These findings have the potential for advancing

Nanofiber

Nanoparticle

Lipid nanocarrier
(liposome and
niosomes)

Hydrogels

Polymeric colloidal

Microneedle

Transferosomes

Micro- and
nanoparticles

Nanostructured

lipid carriers

Polyurethane foam

Alginate chitosan
nanoparticles

100.2 nm size

Liposomes (42.33 + 0.47 nm)
and niosomes (55.73 +
2.52 nm)

210 nm

200 pm x 200 pm x 500 pm (W
><L><H)

27.15 + 0.95 to 63.54 +
2.51 nm

Nanoparticles (200 + 5.09 nm)
and microparticle (8.79 +
3.51 pm)

Asiatic acid nanostructured
lipid carriers (AA-NLC) (139.30
+1.68 nm) and PEGylated
asiatic acid nanostructured
lipid carriers (P-AA-NLC)
(160.50 + 4.16 nm)

228-262 pm

486.2 nm
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Sprague-Dawley
(SD) rats

Sprague-Dawley

rats

In vitro study

In vitro study

In vitro

Diabetic mice

In vitro study

In vitro study

In vitro and
in vivo study

New Zealand
white albino
rabbit
Mouse

Burn wound healing

Neuroprotective
activity

Antioxidant activity

Wound healing
potential and anti-
bacterial activity

Dermatological and
cosmetic
applications

Diabetic foot ulcer

Hypertrophic scars

Anti-inflammatory

Anti-fibrosis effects

Partial thickness
wound

Anti-excitotoxicity
and neuroprotective
action

Nanofiber dressing also showed
excellent wound-healing
properties in the SD rat burn
model

The prepared nanoparticles have
the potential to function as a
platform technology for
neurodegenerative disease
treatments

Liposome and noisome
formulations show promise as
transdermal delivery systems for
CA extract to enhance antioxidant
activity

The chitosan-based hydrogel
preparation was optimized to
provide the essential rheological
characteristics for the release of
the bioactive from the chitosan
delivery system. Additionally, it
showed adequate antibacterial
activity

The author demonstrated that
polymeric colloidal nanocarriers
CA are proven to be safe,
noncytotoxic, and do not cause
cell transformation

The author concluded that the
efficacy of microneedles made of
¥-PGA hydrogel combined with AC
in promoting the healing process
of diabetic foot ulcers, thus
providing support for the
application of these microneedles
in the treatment of chronic
wounds

These pilot study outcomes
support the effectiveness of the
asiatic acid-entrapped
transferosomal gel

The epigallo-catechin-3-gallate-
loaded microscale particles are
biocompatible and have a long-
lasting anti-inflammatory effect
P-AA-NLC may improve asiatic
acid’s anti-liver fibrosis effects in
SD rats and increase AA’s
gastrointestinal absorption

The prepared polyurethane foam
dressing promotes wound healing
in rabbits

Biological assessment studies
demonstrated that ACNPs exhibit
non-toxic effects on mouse neural
stem cells (mNSCs). Moreover,
these nanoparticles exhibited
improved permeability across the
blood-brain barrier, leading to a
reduction in seizure activity

308

309

314

318

AC development as an innovative therapy for the management
of depression. However, further research is needed to regulate
the therapeutic efficacy of AC in individuals with depression or
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related diseases and to determine the mechanism by which it
activates PKA signalling in depression.

10.2 Antidiabetic activity

AC also has antidiabetic activity. Fitrianda et al. reported the
anti-diabetic action of AC in a mouse model. The saponin-rich-
fraction, ethanolic extract of AC showed anti-diabetic activity
in alloxan-induced diabetic mice. The AC inhibited glucose
uptake by healthy cells in the pancreas.*®”” In one study, the
authors investigated the anti-diabetic activity of AC and
Andrographis paniculata (AP) in the rat model. AC and AP used
in a 30:70 ratio, when tested on rat model, exhibit excellent
anti-diabetic activity. The combination also showed synergistic
HDL-increasing and cholesterol-lowering activity.*>*

10.3 Anti-inflammatory and anti-pyretic activity

Researchers studied how AC affected the activity and
expression of nitric oxide synthase in gastric ulcers, finding
that it decreased ulcer size in a dose-dependent fashion.
Additionally, it suppressed the activity and protein expression
of inducible nitric oxide synthase, indicating its anti-inflam-
matory effect.’>® In a study where the authors compared the
anti-inflammatory effects of AC-G and other pure phytoconsti-
tuents in lipopolysaccharide (LPS)-stimulated RAW 264.7 cells,
it was shown that AC-G greatly suppressed the production of
nitric oxide and tumour necrosis factor-alpha.>*® In a dose-
dependent way, AC was shown to boost fibronectin mRNA and
protein expression in human periodontal ligament cells, while
also increasing proliferation and protein synthesis. Matrix
metalloproteinase-1 mRNA expression was suppressed by AC,
although tissue inhibitor of metalloproteinase-1 mRNA
expression was boosted.**! The anti-inflammatory and anti-
pyretic effects of AC were studied, and the results showed that
the compound reduced the fever and inflammatory response
brought on by LPS in a dose-dependent manner.**> Analysis of
the effects of AC on typical human skin cell activities associ-
ated with healing was performed. AC improved initial cell
adhesion and migration in skin cells. Even more so, AC
induced a proliferation boost in healthy human dermal fibro-
blasts in cell proliferation assays.*** In a recent study, AC was
investigated for its potential as an anti-inflammatory and
immunomodulatory agent during the in vivo implantation of
electro-spun  polylactic-co-glycolic acid (PLGA) fibrous
scaffolds. These scaffolds are widely used in tissue engineering
for various applications, including bone, cartilage, skin, and
neural regeneration, as well as drug delivery systems. However,
the accumulation of degradation products from the implanted
scaffolds triggers a host inflammatory response mediated by
innate immune cells, such as dendritic cells, mast cells, gra-
nulocytes, and macrophages, hindering the desired tissue
regeneration. The study revealed that AC effectively suppressed
the expression of M1 (inflammatory) macrophages and inhib-
ited the production of pro-inflammatory cytokines.
Simultaneously, it promoted the  expression of
M2 macrophages, known for releasing anti-inflammatory cyto-
kines. This dual action of AC is crucial in modulating macro-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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phage polarization, which is reversible and holds therapeutic
value, particularly in conditions where an imbalance between
M1 and M2 macrophages contributes to pathogenesis. By
blocking the host inflammatory response, AC demonstrated its
potential as a favourable anti-inflammatory drug, offering
promising outcomes for the successful implantation of PLGA
fibrous scaffolds and, consequently, facilitating desirable
tissue regeneration results.>3*33°

10.4 Antibacterial activity

CA shows antibacterial activity against Bacillus subtilis,
Staphylococcus aureus, Escherichia coli and Pseudomonas aerugi-
nosa. CA methanolic extract exhibited an inhibitory zone
against Vibrio alginolyticus, Vibrio vulnificus, and Streptococcus
sp.>*® Antibacterial activity against three Vibrio species (V.
harveyi, V. alginolyticus, and V. parahaemolyticus) was found in
a methanolic extract of CA reported by Sankar et al.**” but not
in an acetone, chloroform, or hexane extract.

10.5 Neuroprotective effect

According to research by Ramanathan et al.,**® CA extract pre-
vents the neurodegeneration caused by monosodium gluta-
mate. CA water extract improved glutathione levels and anti-
oxidant defences in brain areas in prepubescent mice exposed
to oxidative stress caused by 3-nitropropionic acid.**??%° A
study investigated the in vitro performance of asiatic acid (AA)
liposomes and surface-modified liposomes of AA, specifically
chitosan-coated AA liposomes (CAAL) and stealth AA lipo-
somes (SAAL), as potential therapeutic interventions for
Alzheimer’s disease. Utilizing Design-Expert software, an opti-
mized formula was derived, and liposomes were prepared
through the thin-film hydration method. The formulations
were then comprehensively evaluated for various parameters,
including compatibility, liposomal vesicle size, drug entrap-
ment, drug content, dispersibility index, and surface mor-
phology using transmission electron microscopy and atomic
force microscopy. The release profiles demonstrated that both
AA liposome (AAL) and SAAL exhibited sustained-release
characteristics, releasing 97.00 + 0.56% and 86.42 + 0.38% of
the drug over 18 hours, respectively. Notably, chitosan-coated
AA liposomes (CAAL) demonstrated a comparable sustained
release, with 85.45 + 0.43% of the drug released within
24 hours. Moreover, the ex vivo permeation study indicated
that CAAL exhibited superior permeation compared with the
other two forms of liposomes.>' A study conducted by Renju
et al., prepared AC-loaded alginate chitosan nanoparticles
(ACNPs) for the management of antiproliferative activity in
C6 glioma cells. The synthesized ACNPs, characterized by their
spherical shape, particle size (200 nm), thermal stability, and
acceptable polydispersity index, demonstrated promising pro-
perties for drug delivery. The encapsulation of AC within the
ACNPs exhibited high efficiency, with 90% encapsulation, and
controlled drug release, with only 10% released within
24 hours. The application of ACNPs showed positive outcomes
in terms of cell viability and morphology in mouse primary
brain astrocyte cells (mBA) cells. However, contrasting results
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were observed in C6 glioma cells, where ACNP treatment led to
dose-dependent cytotoxicity, late apoptosis, and necrosis. The
results of this study indicate that ACNPs exhibit antiprolifera-
tive effects on C6 glioma cells by activating the intracellular
reactive oxygen species (ROS) pathway, ultimately leading to
apoptosis and necrosis. These findings shed light on the intri-
cate mechanistic details involved in addressing brain disorders
through the utilization of CA and its phytoconstituents.**>

11.

In the future, the combination of AC and nanotechnology is
poised to revolutionize the field of wound care/***3** The
synergistic potential of AC, a compound derived from CA with
known wound healing properties, when harnessed alongside
cutting-edge nanotechnological approaches, presents a
groundbreaking avenue for transforming traditional wound
care paradigms.®®® Further exploration into the optimization
of nanocarriers and nano-formulations encapsulating AC
could lead to enhanced targeted delivery, controlled release
kinetics, and improved stability, increasing its therapeutic
efficacy at wound sites.**® Advanced nanotechnological
approaches, such as stimulus-responsive or smart delivery
systems, may enable the on-demand release of AC, responding
to specific cues present in the wound microenvironment for
precise and timely therapeutic interventions.**” Moreover, the
incorporation of innovative biomaterials and bioengineering
techniques may facilitate the development of multifunctional
scaffolds or dressings capable of simultaneously providing
structural support, promoting tissue regeneration, and deliver-
ing AC in a controlled manner.**® Additionally, combining AC
with other bioactive agents or growth factors within nano-
carriers could potentially create synergistic therapeutic effects,
accelerating wound closure, reducing inflammation, and mini-
mizing scar formation.**® As research progresses, addressing
challenges related to standardization, scalability, safety, and
regulatory aspects will be pivotal in translating the AC-nano-
technology-driven approaches from bench to bedside.
Collaborative efforts across multidisciplinary fields, including
nanotechnology, pharmacology, biomaterials science, and
clinical medicine, will be crucial in advancing these futuristic
wound healing strategies and eventually offering more
effective and personalized treatments for diverse wound types
and patient populations.

Future prospective

12. Conclusion

The therapeutic potential of AC in wound healing is well-estab-
lished, attributed to its ability to stimulate collagen biosyn-
thesis. However, the inherent physical properties of AC, includ-
ing its high molecular weight, poor water solubility, and low
permeability, pose significant challenges to its effective topical
administration. Nanotechnology emerges as a promising solu-
tion to overcome the hurdles associated with AC delivery. By
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encapsulating AC in nano-carriers, the drug’s efficacy, stability,
and safety can be significantly improved. These nano-carriers
play a pivotal role in facilitating targeted delivery, ensuring
efficient distribution of the loaded drug across various skin
layers. The utilization of nanotechnology in dermatology rep-
resents a breakthrough in enhancing the therapeutic efficacy
of AC, particularly in the context of wound healing. The inte-
gration of nanotechnology into the delivery of AC presents a
transformative approach to unlocking its full therapeutic
potential. As research and development in this field continue
to advance, it is anticipated that innovative strategies will
further enhance the topical delivery of AC, opening new
avenues for its application in various medical conditions.
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