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Abstract: Wounds are breaks in the continuity of the skin and the underlying tissues, due to external causes,
such as cuts, blows and impacts, or even, during surgical interventions. Millions of people suffer minor or
serious injuries, sometimes ending in death. Today, there are many commercially available products that
promote healing from wounds. The high demand from the healthcare industry has created a huge market that
continues to grow, fueling research and development of new wound healing products. In the present article,
we review recent advances in wound healing products based on natural biopolymers, stem cells, and
microRNAs. We analyze the advances of both, the commercial products and the products that are still in
research phase, and we also include an overview of the opportunities, barriers, and regulatory issues for the
commercialization of these products in the European, American, and Asian markets.
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1. Introduction

A wound is a break of the anatomical structure of the skin that can extend further to other tissues
and structures such as subcutaneous tissue, muscles, tendons, nerves, vessels and even the bones.
Skin, the largest organ by surface area in the human body, can be easily injured or burned in daily
life. Cuts, scrapes, and scratches, all are examples of wounds that can occur anywhere on the body,
and it is essential to provide adequate care to these wounds, to prevent infections and other
complications, and to facilitate a prompt and successful recovery [1]. In this context, wound care is
an essential part of the wound healing process. The wounded person must follow several steps of
wound care for absolute recovery: (1) wash and sanitize the hands to prevent infection on the wound
site, then (2) use clean clothes or bandages to stop the bleeding by applying the pressure at wound
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site, (3) clean the wound with soap or gauges dipped in saline solution, (4) apply antiseptic solution
and wound healing ointment or products, and (5) protect the wound using sterile dressing or pad.
Otherwise, a minor wound may ulcerate and create further complications and even pain, and it may
require immediate consultation of a medical doctor.

The complete wound healing process is a tissue regeneration and growth progress at a wound
spot, and it is carried out in four cascades of processes, called Phases: coagulation and hemostasis,
inflammation, proliferation, and remodeling [2]. In the coagulation and hemostasis phase the
platelets get activated to form a fibrin clot immediately after the injury. The inflammation stage starts
shortly after injury, it is mediated by macrophages and neutrophils to block bacterial invasion, and
it is characterized by swelling at the wound site. During the proliferative phase, the wound bed is
filled with growing cells; growth factors and cytokines' release support the formation of new tissues
and blood vessels at wound site. Finally, remodeling is achieved by synthesizing the components of
the extracellular matrix (ECM) and the subsequent transform of granular tissue to scar tissue. Thus,
the wound healing is the result of interactions among extracellular matrix molecules, mediators,
fibroblasts and keratinocytes, infiltrating leukocyte subtypes, cytokines, growth factors and blood
[2,3].

Depending on the duration of the healing, skin wounds can be classified into acute and chronic
(as healing and non-healing, respectively). Acute wounds progress through the above-described
phases, and they exhibit well-defined signs of recovery within four weeks; on the contrary, chronic
wounds do not follow the normal healing process, and they don't show obvious recovery signs in the
same time interval [1]. Chronic wounds seem to be detained in one or more phases of the wound
healing process due to influence of already activated pathophysiological mechanisms, as for example
the pathologic processes in the diabetic patients, which make wounds' recovery to need much more
time. The antiseptic characteristics and wound healing promoters, with their action potentials,
counteract these complications. They regulate hemostasis and inflammation at the wounded site,
promote cell proliferation, and facilitate tissue remodeling, ultimately leading to wound healing and
recovery.

2. Increased Complexities of Wound Healing and the Burden of Medical Care

A wound is more than a simple tissue injury, and its healing process can be complicated by
several factors, including age, health conditions, chronic conditions, and genetic heritage, which can
hinder the healing process, and impede overall recovery. Similarly, sick persons will take longer to
heal and recover than healthy ones. On the other side, chronic wounds are more difficult to treat and
place a significant and often underestimated burden on the individual, on the healthcare systems and
on the society as a whole, since individuals with chronic wounds face more challenges than those
with acute ones [4,5]. Furthermore, there are wounds that do not heal properly, e.g., those due to
accidents or exposure to chemicals. This picture is likely to be made worse by lifestyle, which silently
causes diabetic wounds, pressure sores (bedsores), leg and foot ulcers, and ulcers related to venous
or arterial disease.

In addition to the above considerations, an especially critical point is that that wound healing is
negatively associated with age [4,5], and the age of the world's population is not only high, but it is
increasing dramatically every day

According to the United Nations (UN), in 2019, in the world, there were 703 million people aged
265 [6] and this number is projected to double to 1.5 billion by 2050 [6]. In early 2018 there were 101.1
million older people aged >65 living in the EU countries, which is almost one fifth (19.7%) of the total
population. During the next three decades, this figure is projected to rise up to 149.2 million
inhabitants in 2050 (28.5% of the total population [7]. In countries like UK, according to the Office of
National Statistics (ONS), in 2018, there were nearly 12 million people aged =65, expected to be over
20.6 million in 2048 [8]. In Spain, according to the Spanish National Statistics Office (INE) and the
UN, in 2019, there were 9 million people aged 265, and their projections suggest that, by 2050, more
than 30% of the Spanish population (almost 13 million people) will be 265 years old, making Spain to
one of the top 10 world’s oldest country [6]. According to the U.S. Census Bureau, the number of
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Americans ages 265 is projected to nearly double from 52 million in 2018 to 95 million by 2060, and
the 265 age group’s share of the total population will rise from 16.0% to 23.0% [9]. According to the
U.S. Census Bureau, in Asia, the number of older people is expected to nearly triple over the next
four decades. There were an estimated 414 million Asians aged 265 in 2020, projected to grow to more
than 1.2 billion in 2060, which implies that one out of every 10 people in the world will be an Asian
[10]. Most of the older population in Asia will be residing in the Eastern subregion (491 million) and
the Southern subregion (464 million), where China and India are located respectively. Among Asian
subregions, 33.7% of Eastern Asia’s population is projected to be age =65 by 2060. In contrast,
Southern Asia (18.6%) and Western Asia (17.9%) are expected to have the lowest proportions of older
people of their regional total populations [10]. In Asian countries, Malaysia's ageing population is
growing at a faster-than-expected rate where, according to the Department of Statistics of Malaysia,
more than 15% of its population will be 265 by 2050 [11].

The dramatic increase in the elderly population will pose a major challenge to the healthcare
systems due to the expensive nature of wound management. The rising number of surgical cases and
the increasing prevalence of chronic diseases worldwide have generated a significant global demand
for wound healing products. This demand is further amplified by the ongoing demographic shift
towards an ageing population, resulting in a steady increase of the demand for such products,
thereby, presenting a challenge for health care systems worldwide.

In Europe and the USA, the healthcare sector already has a significant demand of wound healing
products, thus playing a key role in the healthcare market, making them the largest wound healing
product markets worldwide. The prevalence and economic burden of wounds are not insignificant,
US alone spending over $25 billion annually, to treat chronic wounds in over 6 million patients [12].
In the UK, the annual NHS cost of wound management is £8.3 billion, of which £2.7 billion and £5.6
billion are associated with managing healed and unhealed wounds, respectively [13]. In Europe, 2-
4% of the total health annual expenditure is used for wound management [14]. In developing
countries like India, approximately 3-4% of all diabetic population have a foot problem and consume
12-15% of the healthcare resources [15], while the Malaysian Ministry of Health's budget for wound
care reaches $5 million per year [16] and the other South East Asian countries are in a similar situation.

The global wound care market size was valued at $17.49 billion in 2021 and is projected to grow
to $28.23 billion by 2029, and had exhibited a slower growth of 3.1% in 2020 as compared to 2019 due
to unprecedented Covid-19 pandemic [17]. The global advanced wound care market targeting
surgical wounds and chronic ulcers was valued at $11.38 billion in 2022 and is expected to grow from
$11.97 billion in 2023 to $17.48 billion by 2030 [18]. Thus, it is estimated a growth of $11 billion in a
period of 2021-2029 in global wound care market and $6 billion in a period of 2022-2030 in global
advanced wound care market which is a huge amount for health sector. Thus, the complexities of
wound healing are increasingly burdening healthcare systems. The growing demand from the health
sector and its vast market are driving research and development efforts to create new wound healing
products.

Below we examine recent advances in natural biopolymers-, stem cells- and microRNA-based
wound healing products in both the research and the commercial sector, and we provide an overview
of the regulatory aspects in the European, American, and Southeast Asian markets, crucial for the
commercialization of these products.

3. Wound Healing Biopolymers, based on Natural Compounds

3.1. Wound Healing Biopolymers, based on Natural Compounds in Research

Since the process of wound healing is dynamic and highly complex, effective management of
wounds at the initial stages is the best possible prevention strategy. Therefore, the development of
therapeutics by using bioactive materials has attracted the interest of both, the scientific wound
community, because of the possibilities they offer to interact and modulate the healing biomolecular
processes, and the industry, because of the promising outcomes for fabricating smart wound care
dressings. Thanks to the technological advances in bioengineering, nanotechnology, materials
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sciences, and regenerative medicine, we can create functional biomaterials with improved physical-
chemical, and structural characteristics, to meet the highest requirements and quality standards of
current wound care, as, for example, to achieve restoration of lost tissue integrity and scarless healing
[19].

The incorporation to biopolymers of recent advances in the medical, pharmaceutical, and
bioengineering fields helps to develop new strategies for the treatment of wounds, and, in particular,
for chronic non-healing ones. Indeed, wound healing products are being fabricated from different
polymer biomaterials and incorporating various bioengineering techniques, for example, films,
hydrogels, foams, and sponges, some of them incorporating bioactive agents to enhance their healing
properties.

Many of the today biopolymers could enhance performance in wound healing and mimicking
ECM [20]. They are mainly extracted from their natural origin, including animals (chitosan, collagen,
hyaluronic acid), plants (cellulose, starch, rubber), bacteria (exopolysaccharides, bacterial cellulose),
fungi (chitin) and algae (alginate). These biopolymers are safe to be used for skin regeneration
because of their excellent properties, such as biodegradability, biocompatibility, lower antigenicity,
and similarity to macromolecules recognized by the human body [21]. Prior to achieving a key role
in the wound healing process, biopolymers offer multiple benefits with their properties including
anti-inflammatory, antioxidants, antibacterial or other target actions to enhance the regeneration
process (Table 1).

The review paper by Yang et al. covers polysaccharides as ideal materials for self-healing
hydrogels [22]. The authors also discussed the derivatives of cellulose, alginate, hyaluronic acid, and
chitosan together with their preparation methods. Following that, collagen is also one of the natural
biopolymers commonly used as a biomaterial for tissue engineering applications. It is the human
body's most abundant protein and can be easily manufactured in different forms [23]. Another article
discussed the ability of collagen to be fabricated into three types of 3D scaffolds, in the form of
hydrogel, sponge, and film by using collagen extracted from the ovine tendon. All the collagen
scaffolds demonstrated significantly higher attachment and were biocompatible with the human
dermal fibroblast cells [24]. In contrast to the other biopolymers mentioned above, silk fibroin has
become remarkable as a natural biopolymer often used for biomedical applications, including wound
healing [25]. In a research article published in 2021, Dong et al. observed that silk fibroin injectable
hydrogel can enhance wound healing efficiency in burn wounds [26]. The authors incorporated
ciprofloxacin into graphene oxide/silk fibroin injectable hydrogel as a multifunctional wound
dressing to provide effective anti-bacterial, cell compatible, and in vivo wound closure actions. In
addition, another notable biopolymer with therapeutics applications is carrageenan. It is extracted
from several red seaweed species, mostly from members of the Rhodophyceae class, such as
Chondrus crispus, Eucheuma cottonii, Eucheuma spinosum, and Gigartina stellate, having a
hydrogalactose and galactose units linked by glycosidic bonds. Neamtu et al. [27] mentioned in their
review paper that carrageenan has low cytotoxicity, antimicrobial and antioxidant qualities, thus it
does not stick to the wound bed. This biopolymer's versatility in formulations and applications makes
them a candidate for developing a novel wound healing product.

Table 1. Characteristics of selected biopolymers extensively used in wound management and their
benefits in the healing process.

Biopolymer Components Sources Benefits Limitations StudyReference
B-D-
mannuronic
. Promote wound . . . .
acid and «a-L- . .. High viscosity, non-  in
healing by activating

guluronic  Brown homogeneous, and  vitro

Alginate macrophages to 111
& acid linked  algae phages non-transparent in [
produce cytokines. . .
by a-1,4 . formulations vivo
. High absorbance
glycosidic

linkages
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Modified
B-D-Glucose (f)rolrrte Exudate absorbin Weak antibacterial  in
Carboxymethyl linked by (3 wood capacit & and antimicrobial  vitro [112]
cellulose  1,4-glycosidic _capactty properties, low in
X and  Retain the moisture . .
linkage mechanical strength vivo
cotton
Antimicrobial,
N-acetyl antibacterial, in
glucosamine Shrimp analgesic, hemostatic. Limited abilitv o vitro
Chitosan linked by 3- and Promotes ) ) ty ) . [113]
1 .. certain antibacterial  in
1,4 glycosidic crabs  neovascularization vivo
linkages and dermis
regeneration
Collagen of porcine
. . Enrichment of new and bovine sources. .
Amino acid .\ . c n
linked b Goat and collagen deposition Risk of transmitting vitro
Collagen ami dey ovine Hemostatic ability. diseases, e.g., bovine in [114]
. (sheep) Control of proteolytic spongiform .
linkage . vivo
activity encephalopathy (BSE),
caused by prions
D-glucuronic
acid and N- in
acetyl-D-glu- Bovine Exudate absorption =~ Weak mechanical vitro
Hyaluronic cosamine . capacity. Anti- properties, poor in
. . vitreous , . . . [115,116]
acid linked by (- humor inflammatory. Induce adhesion, and rapid vivo
1,4 and 3-1,3 cell adhesion degradation ex
glycosidic vivo

linkages

3.2. Wound Healing Biopolymers, based on Natural Compounds in Research

A vast number of wound healing products developed using biopolymers have been successfully
launched in the market. A list of recently developed and commercially available products is detailed
below (Table 2). Key information on each biopolymer including structural components, strengths,
limitations, and commercial information is also included. Most of them have shown good market
growth due to their beneficial characteristics to patients. Nevertheless, the limitations and
deficiencies including the health problems from their use cannot be avoided. The Algisite M Calcium
Alginate Dressing is based on Alginate Calcium which allows many benefits to patients for wound
healing; however, on its use it is noted that Ca2+ divalent cations can be released and exchange with
other monovalent cations in the surrounding media, resulting in the dissolving of the alginate gel
[28]. The Collagen based Suprasorb C Collagen Wound Dressing has shown low mechanical strength
and low antiseptic properties with several beneficial properties for patients [29]. Any health problem
with the product Kito Activator Chitosan Wound Healing Hydrogel Barrier has not been identified
till now, nevertheless it is a Chitosan Hydrogel [30]. The Medihoney Honeycolloid Leptospermum
Hydrocolloid Dressings contain active leptospermum honey and hydrocolloidal gelling agent, but it
may increase the level of exudate upon initial use. It is only suitable to treat the moderately exuding
wounds [31]. The Hyperoil that contains Neem (Azadirachtin) and Hypericum (Hyperforin), and the
combined overall effect is available in both; gel and oil formulation, however, it showed low
antimicrobial properties for wound healing [32]. The Fibracol Plus Collagen Wound Dressing with
Alginate is fabricated using 90% collagen and 10% calcium alginate but, in this case, the Ca2+ divalent
cations can be released and exchange with other monovalent cations in the surrounding media,
resulting in the dissolving of the alginate gel as has been seen in the case of the Algisite M Calcium
Alginate Dressing [33]. All these deficiencies support the continuity of investigation for finding and
developing better alternatives.
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Table 2. Few commercialized biopolymers based wound healing products in the market.

Products Components Benefits Limitations Company Reference
Sustained silver release . .
) Antimicrobial
into the wound exudate roperties but
Dressings with  to help promote and P hilps the
talli tai ist Smith &
ACTICOAT 1anoctystaime - Tetaiia mois healing/healing 1 [117]
silver environment, when Nephew
. process. It only
technology used with an
. prevents
appropriate secondary . _
. .. infections.
dressing. Bactericide.
Activated carbon traps
dor in the dressi
vy SIS e
Actisorb™ carbon bandage raps ba ) regenerative 3M [118]
. toxins that impair the
with silver. . effects.
healing process.
Bactericide.
lci ival
Fast gelling, high Ca c1.um divalent
L cations can be
mannuronic acid fibers.
. released and
.. Low fiber shed )
Algisite M .. exchange with
. . construction; it .
Calcium Alginate monovalent Smith &
. . conforms to wound ) . [119]
Alginate Calcium . cations in the Nephew
. contours. It moisturizes .
Dressing . surrounding
wound environment, .
) media and
highly absorbent, .
i dissolve the
biodegradable. .
alginate gel.
Wound protection .
. Compositional
provided extracellular .
matrix proteins, growth differences
Human p '8 . between batches
factors and cytokines, .
. placental . ) from different Derma
AmnioExcel® L. ) which provides ) [120]
amniotic fluid . donors. Sciences, Inc
structural tissue and an
membrane. . Moderate effects,
environment for soft . )
. . especially in
tissue reconstruction .
. chronic wounds.
and regeneration.
Adaptable and highly
absorbent. In contact
with the exudate, it
. creates a soft gel, Bacteriostatic
Sodium o . .
carboxvmethvl- maintaining a moist  only. Healing
AQUACEL® Y y environment that improvement. ConvaTec
; cellulose and . . .. [121]
/Hydrofiber® facilitates progress in Limited to Group Plc
regenerated ) .
. the healing process and simple and small
cellulose fiber. . .
autolytic debridement. wounds.
It can be inserted into
cavities or place on
superficial lesions.
Moderate effect
Foam dressing  Exudate absorption, ocerate etiects
with delicate even under especially on
BIATAIN . . chronicand  Coloplast A/S  [122]
silicone compression. The 3D
. complex
adhesive foam structure absorbs

wounds.
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exudate, maintaining a
moist environment.

Absorbent. Hemostatic
properties may assist in

Alginate, supporting the control

Calcium and  of minor bleeding in

Moderate effects
especially on

Hollist:
CalciCare™ Guluronic Acid superficial wounds. It chronic and otuster [123]
. . Incorporated
and Silver helps maintaining a complex
Bandage moist environment. wounds.
Aids autolytic
debridement.
Recreates new
Cutimed®  Collagen and It can be easily molded extrac?llular
. , . to the surface of the matrix for .
Epiona  calcium alginate ) Bsn Medical
, wound. It does not  regeneration: No [124]
featuring 3D structure . . . GmbH
. contain chemical  regenerative cells
Matrix bandage )
crosslinkers. or factors.
Modest results.
High absorb .
Prlgtecii Sr(:ra e;;yt Bacteriostatic
FD3101 orection agains only. Is does not .
(Wound Polyurethane  water and bacteria. recenerate Triage [125]
- foam and silver Non-adherent to the generan Meditech Pvt
Dressing) . . chronic skin
wound, no pain while
. . wounds.
removing the dressing.
Can be cut to fit any
size wound.
Nonadherent and easily
removable.
Ca2+ divalent
Biodegradable. Low a T divaen
immunogenicit cations can be
8 yr released and
noncarcinogenic, exchanee with
Fibracol Plus collagen synthesis and &
e other
Collagen 90% collagen. reepithelization,
) monovalent Johnson &
Wound 10% calcium promotes cell ) . [126]
. . . ; . . cations in the Johnson
Dressing with alginate proliferation, provides .
. surrounding
Alginate support for cell . ;
. media, resulting
attachments. During | . .
) in the dissolving
granulation and at the .
. of the alginate
beginning of the
e gel
epithelization, it
supports collagen
fibrils and fibers’
formation.
Highly purified
hemoglobin takes Indicated for
oxygen molecules from  diabetic leg
Purified the environment. The ulcers and Molnlycke
Granulox® . . [127]
hemoglobin hemoglobin is venous ulcers. Health Care AB
distributed by the Moderate
exudate of the wound results.

and helps its healing.
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Infection prevention,
re-epithelialization,
fibrinolytic activity,

cleansing activity. Skin
regeneration and
elasticity promoter. For
all kind of wounds
(acute, chronic,
infected).
Biodegradable,
nontoxic, non-
carcinogenic. Both, gel,
and oil formulation

Neem
(Azadirachtin).
Hypericum
(Hyper forin).

HyperOil

Low
antimicrobial
properties.

RI.MOS. srl

[128]

For ulcers and

traumatic wounds. It Moderate effects

Calcium/sodium
KALTOSTAT® and alginate
dressings

improves healing. On
contact with exudate, it
forms a moist, firm,
absorbent gel.

ConvaTec
Group Plc

especially on
deep and

complex wounds

[129]

Synergy effect between
kito activator and HR-
chitosan depressing.
Hemostatic, quick
coagulation by
strengthening ionic
bonds with red blood
cell and platelet.
Antimicrobial, anti-
inflammatory,
deodorant. Non-
preservative, non-

Kito Activator
Chitosan
Hydrogel

Barrier

Chitosan
Hydrogel

binding, non-antibiotic.

Biodegradable,
nontoxic, non-
carcinogenic.

Nothing found.

Endovision

[130]

Helps reduce overall
wound pH. Natural

and safe. Effective in all
wound healing stages.
High osmolarity helps

Active
leptospermum
honey.
Hydrocolloidal
gelling agent

Medihoney
HoneyColloid

Dressing cleansing-debriding.

Moisturizing,

biodegradable,
nontoxic, non-
carcinogenic.

May be increase
level of exudate
upon initial use.

Only suitable for Derma Sciences

moderately
exuding
wounds.

[131]

Antibacterial,
antifungal. Improves
healing time.
Atraumatic during
dressing changes.
Rapid and sustained
activity.

Foam bandage

Mepilex® Ag containing silver

Moderate effects,

limited to certain ~Molnlycke
types of wounds Health Care AB

(e.g., burns)

[132]
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9
B ; .
Cleaning and acteriostatic
Hypochlorous  debridement, from only. Not Novabay
NeutroPhase yp . ’ substantial speedPharmaceutical, [133]
acid wounds and )
. . up of chronic Inc.
neutralization of toxins. .
wounds healing.
. . Reduces inflammation, Fl,mlted
Bilayer matrix oL , repairing effects,
. . maintains moisture, . .
. enriched in C6S especially in Derma
Omnigraft and promotes cell and ) . [134]
collagen and . chronic and Sciences, Inc
o vascular growth in the
silicone complex
wound.
wounds.
Derived from fetal
bovine dermis. It
supports cell Limited
Acellular repopulation and  repairing effects,
PriMatrix de'rmal @atrix reyrflscu.larization especi.ally in .Derma [135]
enriched in type  critical in wound chronic and Sciences, Inc
III collagen healing. Type III complex
collagen helps tissue wounds.
development and
healing.
In presence of exudate,
Collagen, it transforms into a soft
idized biodegradable gel. It
Promogran re(;;;;iaeted prlc?mf)%:;: giani%aetion Moderate
' torati 3M 136
Prisma™  cellulose (ORC) It starts wounds that rez fcf)z:t:,e [136]
and silver-ORC have been stalled in the
bandage inflammatory stage.
Antimicrobial.
The only FDA-
PDGEF f
. a.ppro.ved c " Moderate cure
Recombinant  diabetic neuropathic rates in diabetic Smith &
REGRANEX platelet-derived  ulcers treatment. It ) [137]
. ) neuropathic Nephew
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and collagen synthesis.
It supports proliferation
and migration of
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Protects wound from treatment.

microbes.

4. Stem Cells-Based Wound Healing Biopolymers

4.1. Stem Cells-Based Wound Healing Biopolymers in Research

Stem cells, particularly Mesenchymal stem cells (MSCs), hold enormous potential for
accelerating tissue restoration and wound healing through their immune-modulating, regenerative,
and paracrine properties. MSCs secrete bioactive molecules like cytokines, growth factors, and
neurotrophic factors that promote tissue regeneration and exhibit anti-inflammatory, angiogenic, and
immunomodulatory effects. They can be administered directly or through their secretome, which can
be obtained and used as a safer alternative [34-38] iPSCs are the newest class of stem cells with the
potential and limitations to achieve wound healing [39]. However, plant stem cells have distinct
characteristics compared to human stem cells, but they can still benefit wound healing. Although the
growth factors and proteins produced by plant stem cells do not have the same effects in humans as
they do in plants, derivatives of plant stem cells can stimulate the production of human skin cells and
collagen, while providing beneficial nutrients to the skin. Additionally, extracts from plant stem cells
possess antioxidant, antibiotic, and anti-inflammatory properties that support and enhance the
wound healing process. While plant stem cells cannot directly repair and regenerate human skin
tissue as they would in plants, they offer valuable contributions to wound healing through their
unique properties [40]. In the laboratory, researchers are exploring the use of stem cells-based wound
healing biopolymers as a potential approach to enhance the healing process of wounds. These
biopolymers, which are natural or synthetic materials, are engineered to support the growth,
differentiation, and function of stem cells specifically for wound healing applications. Stem cells-
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based wound healing biopolymers can be designed to provide a three-dimensional structure that
mimics the extracellular matrix, creating an environment conducive to stem cell attachment,
proliferation, and differentiation. These biopolymers can be modified to have specific physical and
chemical properties, such as biodegradability, mechanical strength, and surface characteristics, to
optimize their interaction with stem cells and promote wound healing. One approach involves
incorporating stem cells directly into the biopolymer matrix. This can be achieved by encapsulating
stem cells within hydrogel-based biopolymers or seeding stem cells onto porous scaffolds. The
biopolymer matrix provides structural support and acts as a delivery system for bioactive factors
secreted by the stem cells. These factors, including growth factors and cytokines, can stimulate
various cellular processes involved in wound healing, such as cell proliferation, angiogenesis, and
extracellular matrix remodeling. Another approach focuses on utilizing the secretome of stem cells.
The secretome refers to the complex mixture of bioactive molecules, including growth factors,
exosomes, and other signaling molecules, which are released by stem cells. Biopolymers can be
engineered to capture and release these bioactive molecules, either by direct incorporation or through
surface modifications. By presenting these signaling factors in a controlled manner, the biopolymer
can promote wound healing by modulating cellular activities and promoting tissue regeneration. In
this context, researchers are investigating different combinations of stem cells and biopolymers, as
well as optimizing their formulation and delivery methods. They are studying the biocompatibility,
mechanical properties, degradation kinetics, and release profiles of these biopolymers to ensure their
safety and efficacy for wound healing applications. Furthermore, researchers are exploring the use of
advanced techniques such as 3D bioprinting and microfabrication to precisely engineer complex
biopolymer structures and create customized wound healing platforms [41-44]. Catanzano et al.
reviewed the design, characterization, and evaluation of wound healing products integrated with
growth factors [45]. Some criteria should be considered when growth factors are loaded into the
carrier system (biopolymer), such as their encapsulation efficiency, stability, and controlled release
into the wound setting. However, the high cost is one of the limitations when considering growth
factor enrichment. Furthermore, Mashiko et al., have found that incorporating adipose-derived stem
cells into a recombinant collagen scaffold demonstrated superior wound healing progress compared
to the recombinant protein scaffold alone [46]. The structural arrangement of the skin layer is similar
to normal skin after treatment with biopolymers and biomaterials [47]. Therefore, good healing
potential and results were obtained using these platforms of topical wound healing products, so-
called bioactive dressings, which can be considered the best treatment for repairing full-thickness
wounds and provide benefits for patients in the future. Thus, stem cells-based wound healing
biopolymers in the lab represent a promising area of research, aiming to harness the regenerative
potential of stem cells and the supportive properties of biopolymers to improve wound healing
outcomes. Further studies and advancements in this field hold the potential for the development of
innovative therapies that could revolutionize the treatment of chronic wounds.

4.2. Stem Cells-Based Wound Healing Biopolymers in the Market

Biopolymers provide a favorable microenvironment for stem cells to proliferate, differentiate,
and accelerate wound healing processes. In recent years, there has been noteworthy progress in the
development and commercialization of these innovative biopolymers, leading to their availability in
the market. As mentioned previously, one of the key advantages of stem cell-based wound healing
biopolymers is their ability to enhance tissue regeneration through the release of bioactive factors by
the embedded stem cells. These factors promote angiogenesis, collagen synthesis, and recruitment of
endogenous cells, which collectively contribute to wound closure and tissue repair. Additionally,
these biopolymers offer advantages such as biocompatibility, biodegradability, and ease of
application, making them suitable for a wide range of wound types and sizes. Furthermore, the
commercial availability of these products allows clinicians to access standardized and quality-
controlled formulations, ensuring consistent and reproducible outcomes. There are several
components related to wound healing stem cells that are available in the market for clinical use. These
components include MSCs, growth factors, extracellular vesicles and exosomes, scaffold materials,
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and hydrogels and dressings. As described previously, MSCs is the most commonly used type of
stem cells for wound healing because they possess the ability to differentiate into different cell types
involved in wound healing and secrete bioactive factors that promote tissue regeneration. Various
growth factors derived from stem cells are available in the market for wound healing applications.
These growth factors include epidermal growth factor (EGF), platelet-derived growth factor (PDGE),
vascular endothelial growth factor (VEGF), and transforming growth factor-beta (TGF-f3) [48]. These
factors play a crucial role in stimulating cell proliferation, angiogenesis, and collagen synthesis,
leading to accelerated wound healing. Stem cells release extracellular vesicles, including exosomes,
which contain a variety of bioactive molecules such as proteins, lipids, and nucleic acids. These
extracellular vesicles have shown promising therapeutic effects in wound healing by promoting cell
migration, angiogenesis, and tissue regeneration [49]. Commercially available exosome-based
products are emerging as potential treatments for wound healing. Stem cell-based wound healing
often involves the use of biocompatible scaffold materials that provide a three-dimensional structure
for stem cell attachment, proliferation, and differentiation. These scaffolds can be made from natural
or synthetic materials and are designed to mimic the extracellular matrix. They provide a supportive
environment for stem cells to enhance wound healing processes. Stem cell-based wound healing
hydrogels and dressings are also available in the market. These products are designed to provide a
moist environment for wound healing and can be loaded with stem cells or stem cell-derived factors.
Hydrogels and dressings help maintain optimal conditions for stem cell activity, protect the wound
from infection, and facilitate the healing process. Thus, these components represent the diverse range
of products available in the market that harness the potential of stem cells for wound healing. They
offer a variety of approaches to promote tissue regeneration, angiogenesis, and accelerated wound
healing, providing clinicians with valuable tools in the treatment of chronic wounds.

Table 3 presents a compilation of novel stem cell-based wound healing products developed in
recent years. Among them, allo-APZ2 comprises ABCB5-MSCs, TruStem incorporates hematopoietic
and MSCs, and XSTEM utilizes human stem cells along with Integrin a1081 [50-53] The first and last
products mentioned are currently undergoing clinical trials. TruStem demonstrates an extended
response time, taking weeks to months to observe therapeutic effects. Additionally, there are many
other cell-based, growth factor-based, and natural ECM-based wound healing products available in
the market. A few to mention are: ReGenerCell™, DermaPure®, Grafix®, NuCel®, Myskin®,
Cryoskin, ReCell®, BioDfentor, BioDfence®, Appligraf®. ReGenerCell™ utilizes a patient's own skin
cells, which are processed and sprayed onto wounds using the ReCell® device. The product aims to
promote wound healing and reduce scarring by delivering a population of cells, including
keratinocytes, to the wound site [54]. DermaPure® is an autologous (patient-derived) cell therapy
that utilizes a patient’'s own cells to create a bioactive wound dressing. The product is designed to
enhance wound healing by providing a cellular and growth factor-rich environment [55]. Grafix® is
a cryopreserved placental membrane-based product that contains various components, including
MSCs, growth factors, and extracellular matrix proteins. The product aims to facilitate wound healing
by providing a regenerative environment [56]. Therefore, technically sound approaches that facilitate
wound healing are found at the core of all these wound healing products. It is also noted that many
of them have been using the amniotic membrane as an ECM to support and retain the cells and
growth factors. The amniotic membrane's natural ECM properties, including its protective barrier
function, abundance of bioactive factors, anti-inflammatory effects, and support for tissue
regeneration, make it a highly favorable choice for promoting effective wound healing and achieving
optimal clinical outcomes [57]. However, several of these products share common limitations,
including possibility of contaminations, compatibility issues with allogeneic cell source, and
relatively modest wound healing outcomes. Moreover, wound healing products need to undergo
rigorous regulatory scrutiny to ensure the safe and ethical use of stem cells derived from both human
and animal sources in clinical settings.

Table 3. Wound healing products based on animal origin stem cells under clinical trials.

Product Components Problem, Deficiencies, Limitation Company Reference
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al0p1 compatibility, modest healing)

5. MicroRNA-Based Wound Healing Biopolymers

5.1. MicroRNA-Based Wound Healing Biopolymers in Research

MicroRNAs (miRs) are small non-coding RNAs that average 22 nucleotides in length. Primarily
transcribed from DNA sequences they are known to play a key role in the regulation of gene
expression. Mature miRs predominantly interact with the 3’ untranslated region (3'UTR) of
messenger RNA (mRNA) resulting in the degradation and translational repression of mRNA
transcripts. However, they are also known to interact with other regions including the 5" UTR, gene
promoter regions and coding sequences [58]. There are currently over 2,500 known miRs in humans,
some of which target mRNAs involved in a wide range of biological and pathophysiological
processes [59]. Due to this it is vital to consider not only how the presence of an individual miR will
benefit in wound healing, but also how it may impact gene expression in surrounding tissue [60].

As previously stated, wound healing is a multi-step process involving coagulation and
hemostasis, inflammation, proliferation, and remodeling of tissue. Following tissue damage miRs are
transiently expressed to suppress excessive inflammatory responses, promote proliferation and
migration of keratinocytes, and improve collagen expression and the ECM remodeling [59]. In recent
years many miRs have been discovered that contribute to wound healing during the inflammation
(21, 125b, 132, 146a, 155, 223), proliferation (21, 31, 99, 132, 210) and remodeling (29a, 29b, 29¢, 192)
phases, detailed in Table 4 [59]. In order to exploit these miRs to enhance wound healing using
biopolymers several criteria must be met; (1) the biopolymer must be positively charged to facilitate
adhesion as all miRs are negatively charged, (2) cellular uptake of miRs at the site of the wound must
be stable, avoid lysosomal degradation and positively contribute to the wound healing process, (3)
the biopolymer/miR complex must be non-toxic and biocompatible with the surrounding tissue and
microenvironment [61,62]. Biopolymers can also overcome limitations of traditional viral vector-
based delivery systems such as, limited capacity for genetic cargo resulting in poor immunogenicity,
possibility of viral mutagenesis leading to malignant transformation of cells, and other unwanted
cytotoxic effects [63].

Wound treatment strategies using miRs predominantly focus on either upregulating miRs that
have a positive effect on wound healing or downregulating those which have a negative effect. This
task is complicated by changes in miR expression throughout the wound healing process, alongside
differences in miR expression profiles in different tissue types and in those with chronic wounds such
as venous ulcers (VUs) and diabetic foot ulcers (DFUs) [64]. Due to this many natural biopolymer-
based products incorporating miRs often focus on treating acute cutaneous wounds (burns, bacterial
infection) or chronic wounds (VUs, DFUs) that are associated with unique miR profiles. This
approach has been successful in recent in vivo studies in mice for both acute and chronic wounds.
Using a Chitosan, Puerarin hydrogel (C@P) Zeng et al. [65] successfully inhibited miR-29abl,
resulting in the downregulation of IL-18 and TNF-a secreted by M1 macrophages, significantly
accelerating the wound healing process in diabetic mice. Similarly, Zhang et al [66]. used a Jiang Tang
Xiao Ke (JTXK) based hydrogel to inhibit miR-139-5p to promote accelerate healing process in
S.aureus infected wounds.
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Another recent study comparing miR expression in chronic venous insufficiency patients against
a healthy population of similar age resulted in the identification of seventeen pathologically relevant
miRs that contributed to persistent inflammation and proliferation phase inhibition. The study found
that three miRs (34a, 424, 516) were consistently upregulated in patients with VUs, the most common
chronic nonhealing wound type [67]. Similarly, patients suffering from diabetes mellitus complicated
by chronic non-healing wounds such as DFUs exhibit an overexpression of miR-29ab1l from M1
macrophages. All this research confirms sufficient progresses of microRNA-based wound healing

biopolymers in recent years.

Table 4. miRNAs associated with the wound healing process. Wound healing phase and associated

wound type have been listed alongside a brief synopsis of the miRNA function that promotes wound

healing.
Associated
Phase miRNA Function ssoclate Reference
Wound Type
_ . Reduces pro-inflammatory
Inflammation miR-23b ) Acute [146]
cytokines
Downregulation of miR-27b
Inflammation miR-27b promotes fibroblast Acute (burn) [147]
proliferation
. Promotes production of .
) miR- ) . Chronic (venous
Inflammation chemokines and cytokines [148]
34a/b L. . ulcers)
prolonging inflammation
miR-146a deficiency is
. miR- associated with enhanced Diabetic foot
Inflammation . i [149]
146a inflammatory response in ulcers
diabetic wounds
Inflammation MiR-203 Il’Thlblt.S prohferatpn and Diabetic foot [150]
migration of keratinocytes ulcers
Inflammation MiR-223 Enhances clearanc? of S‘.aurjeus Ac1.1te (B'ficterlal [151]
through neutrophil activation  infection)
Down-regulates PTEN/RECK
i APK/ERK
Inflammation/Proliferation miR-21 & activates M y ,/ Acute [152]
cascade, inhibiting
inflammation
Enh kerati
Inflammation/Proliferation miR-31 n anc:es eratm-ocyt(? Acute [153]
proliferation and migration
miR Interacts with TP53INP1
Inflammation/Proliferation 195b promoting cell migration and Acute [154]
proliferation
Promotes endothelial cell
Inflammation/Proliferation miR-132 proliferation, migration, and  Acute (burn) [155]
angiogenesis
Suppresses miR-139-5p
) expression enhancing .
R-139- A B 1
Inﬂammation/Proliferationml 39 neutrophil migration and c1.1te ( iactena [66]
. . infection)
proliferation in S.aureus
wounds
Promotes keratinocyte
Inflammation/Proliferation miR-155 migration and cellular Acute [156]

proliferation
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Suppresses keratinocyte

Proliferation miR migration and cellular Acute .(slow [157]
99a/b . . healing)
proliferation
Remodelin MR o and firoplasa, AU ar o
& 29a/b/c P P ! prevention)

preventing fibrotic scars

Enhances collagen expression
Remodeling miR-192 targeting SMAD-interacting Acute [159]
protein 1 (SIP1)

5.2. MicroRNA-Based Wound Healing Biopolymers in the Market

Research into small RNA based therapeutics containing miRs or small interfering RNAs (siRs)
is currently in a state of relative infancy, and although there are not commercially available miR-
based therapeutics today, over 2,000 patents have been filed relating to their use, with several studies
having reached the latter stages, i.e., Stages III and IV, of clinical trials [68]. There are however
numerous obstacles that hinder progress through clinical trials, such as wound healing being a
species-specific process, meaning no animal model can fully predict clinical outcomes in humans.
There is also the potential for unwanted off-target effects as many miRs can upregulating/repress
numerous genes. This coupled with a limited availability of positively charged, affordable
biopolymers, capable of carrying sufficient genetic cargo that can survive rapid degradation of miRs
is another key factor. These obstacles, coupled with the robust regulations surrounding gene-based
therapeutics, are pivotal to understanding why miR based biopolymers have yet to become
commercially available despite several products having had recent success in clinical trials [69,70].
However, currently treatment strategies for chronic and slow healing wounds (severe burns, VUs,
DFUs) often requires lengthy hospitalization, constant reapplication of surgical dressings at the site
of the wound, courses of nonsteroidal anti-inflammatory drugs (NSAIDs) and topical antimicrobial
ointments. Cellular/tissue-based products capable of accelerating the wound healing process are
often costly and usually only administered after 4 weeks of standard care [71]. With the global
financial burden of wound treatment estimated between $28.1-$96.8 billion, of which chronic wounds
represent a huge portion, identification of wound specific miRs is vital to developing biopolymer
based miR treatment strategies. Chronic wounds are also more common in the elderly and as global
life expectancy and healthcare costs continue to rise so too will this financial burden [18].

6. Market Growth of Wound Healing Products

6.1. USA, Europe, and Asia’s Potential to Meet the Growing Demand for Biomaterials

The demand for biomaterials is expected to grow in the coming decade. Based on a recent
survey, the global market value for biomaterials was estimated at $60 - $100 billion in 2020, despite
the economic downfall introduced by the SARS-CoV-2 (COVID-19) pandemic. The latest market
survey and analysis (2020 to 2030) predicts that the market value of biomaterials will triple at a
Compound annual growth rate (CAGR) of 212% to reach 2$200 billion (USD) by the end of the decade
(Table 5) [72-76]. Market surveys were segmented according to commonly referenced biomaterials
products such as medical implants, diagnostic tools, tissue engineering and regenerative medicine or
drug delivery tools.

Evidently, USA has played a leading role in driving innovations, applications and information
technology in the introduction of biomaterials into the wound care market. As global pioneers, the
strength bore by USA is in the presence of large market players [77]. The availability of investors for
research and development, and the healthcare infrastructures to support such efforts are never scarce.
Some of the dominant conglomerates, not confined by geographical factors, were incidentally based
in the USA. These include 3M Healthcare, Stryker, Johnson & Johnson, and more [72-77]. Another
prominent factor from the USA belongs to their impactful lab-to-market transitions. Solely having
investment power is not definitive enough to determine success but conducting thorough market
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analysis is within their specialty. This process is crucial in securing credibility, resourcefulness and
predicting the future of any product or service. It compartmentalizes all the necessary information
including supply and demand, client preferences, competitors, and other market-related variables.
Given the presence of major regulatory bodies originating from the USA like the Food and Drug
Administration (FDA), quickens decision-making process for researchers and scientists to channel
their products into the market.

Europe, similar to the USA, stands at the forefront of pioneering innovative biomaterials for
wound healing applications, driven by its robust scientific research capabilities and extensive
network of universities, research institutions, and industry collaborations. What sets Europe apart is
its strong emphasis on translational research, enabling a seamless transition from laboratory
discoveries to practical clinical applications. This is achieved through close partnerships between
academic researchers, industry stakeholders, and healthcare professionals, facilitating the integration
of scientific advancements into real-world patient care. To ensure the safety and effectiveness of these
wound healing products, the European Medicines Agency (EMA) and national regulatory bodies
uphold rigorous testing and evaluation procedures, assessing parameters such as biocompatibility,
stability, and performance [78]. Compliance with these stringent regulatory requirements guarantees
that biomaterial-based wound healing products meet elevated standards of quality, safety, and
efficacy prior to their approval for clinical use [78]. By fostering ongoing research, encouraging
innovation, and promoting collaboration, Europe is poised to effectively meet the growing demand
for advanced biomaterials, making significant contributions towards enhancing wound healing
outcomes [79].

Asia possesses immense potential to meet the escalating demand for biomaterials in wound
healing [80]. The rich biodiversity, advanced scientific research, and thriving healthcare industries of
India, China, Japan, Korea, Singapore, Malaysia, Indonesia, Thailand and many other Asian countries
make this continent an ideal hub for the development and production of innovative biomaterials [81].
With a diverse array of natural resources and traditional medicine practices, Asia offers a vast pool
of materials and knowledge that can be harnessed to create effective wound healing solutions [82].
Furthermore, Asia's rapidly growing economies and increasing investments in research and
development provide a conducive environment for collaboration between academia, industry, and
healthcare sectors, fostering the translation of cutting-edge research into practical applications [83].
As Asia continues to harness its unique strengths and capabilities, it is poised to play a pivotal role
in meeting the growing global demand for biomaterials in wound healing, benefiting countless
individuals worldwide.

Recent progress in healthcare management has extended worldwide life expectancy from 67.1
to 73.2 years, from 2000 to 2020 [84]. Furthermore, three of the top five countries ranked in life
expectancy are of Asian demographic, namely Japan (2nd, 85.03 years); Macao (3rd, 84.68 years) and
Singapore (5th, 84.07 years). According to WHO, by 2030, 1 in 6 people in the world will be aged 260
years. At this time the share of the population aged 260 will increase from 1 billion in 2020 to 1.4
billion. By 2050, the world’s population of people >60 will double (2.1 billion). The number of persons
aged >80 is expected to triple between 2020 and 2050 to reach 426 million. By 2050, two-thirds of the
world’s population 260 will live in low- and middle-income countries [85]. Consequently, geriatric
care associated to wounds will be a major industrial driver in Asia.

Table 5. Global market forecasts for biomaterials, 2020 to 2030 period.

Forecasting period Reference value Forecasted value
(yeargs)p CAGR %) sD billions) (USD billions)  eference
2020-2027 12.2 110.0 245.6 [73]
2020-2027 15.2 109.4 390.9 [76]
2021-2030 12.7 165.0 212.4 [74]
2022-2030 15.4 135.4 488.7 [72]

2022-2030 12.2 121.4 343.7 [75]
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6.2. Barriers in the Process to Meet the Growing Demand for Biomaterials

Unfortunately, the same barriers that have existed before, still remain today [86,87]. Diminishing
sources or depletion of raw materials are always a competitive issue in most industries. Hence, it
often leads to more drastic acts or regulations, which ultimately serve to limit or prohibit new players
to access the market, and this is in turn translated into higher efforts and costs for the new industries
and, possibly, and impediment for the smaller ones to partake. As is the case of all markets that are
in similar conditions, as smaller companies merge or are acquired by larger entities, the market
becomes less diverse and discouraged from changing. This, in turn, creates a monopolizing effect
between pre-existing or established conglomerates. Downstream, consumers are constantly
threatened by price escalation, regardless of life-threatening situations.

In contrast to the strengths of the USA and Europe mentioned in "Section 6a," there are several
countries with an unexplored potential for the biomaterial industry. This lack of knowledge is
primarily due to insufficient financial, labor, and raw material resources, as well as inadequate
technology infrastructure and customer/market relations, among other factors. Additionally, a
considerable number of countries lack the necessary governing bodies or guidelines to facilitate the
development of this industry. Recognizing the significant benefits that the biomaterial industry has
contributed to the medical, economic, and educational sectors, Asian countries have started exploring
the production of biomaterial products. By adopting regulatory bodies or guidelines similar to those
in the Western countries, it is possible to prevent any false or malicious entities from exploiting the
market [88,89]. As a result, Asia was recently cited as the fastest growing region [72-76]. Most of these
countries include financial powerhouses such as India, China, Japan, Korea, Singapore, and specific
countries in the Middle East, while others that follow closely include Malaysia, Indonesia, Thailand,
etc. This is important because Asia remains an untapped potential and their willingness to explore
further into this industry is a good sign. It is possible that a minimally biased and diversified market
could exists with greater emphasis on Research and Development of new or improved versions of
existing products. This model could also test more resource-efficient and cost-saving methods,
relative to the challenges plaguing the West.

The success of biomaterial products is also due to the prevalence of various health problems.
While the US has led the way in impairments associated with metabolism such as obesity and
diabetes for years, an increase in new cases has now been reported in Asia [90-93]. These diseases
impair the innate recovery or the natural homeostasis of those affected. Therefore, a reliance on
extrinsic methods through surgical interventions, drugs or medical devices is necessary. However,
the treatability of these conditions should not be exploited for benefit purposes, but used only when
necessary and to raise medical awareness.

7. Global Regulatory Issues for Wound Healing Products

Adherence to quality standards is crucial for the safe use of a medical device; otherwise, it can
result in several clinical cases, such as the one we have observed with a medical device causing visual
impairment in multiple countries [94,95].

7.1. USA Regulatory Issues

The Food and Drug Administration (FDA) oversees the regulatory framework for wound
healing products in the United States [96], as the regulatory issues are an integral aspect of the
healthcare business, especially for wound healing treatments. The FDA plays a crucial role in
ensuring that wound healing products are safe, effective, and in accordance with applicable rules. In
the USA, the regulation procedure for wound healing products can be difficult and time-consuming.
Wound healing products are classified as medical devices and are subject to the FDA's Center for
Devices and Radiological Health's regulatory standards (CDRH) [97]. Generally speaking, the
regulatory procedure for wound healing devices consists of two phases: premarket review and
postmarked monitoring [98]. Prior to allowing a wound healing product to be commercialized in the
United States, the FDA assesses it through the premarket review procedure. The premarket review
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procedure consists in several steps, including product categorization, device testing, and the filing of
a premarket notice or premarket approval application.

Classification of a product is a crucial stage in the premarket evaluation process [99,100]. Class I
devices are deemed low-risk and are only subject to general regulations, such as labelling
requirements and good manufacturing procedures. Class Il medical devices are moderately risky and
are subject to stringent regulations, including performance criteria and post-market surveillance.
Class III devices are regarded as high-risk and require clearance prior to commercial release. Testing
of the device is another crucial phase in the premarket evaluation procedure. The FDA demands
testing of wound healing products to guarantee their safety and effectiveness. The testing standards
differ, depending on the classification of the device. Class I medical devices are normally exempt
from testing, but Class II and Class III medical devices may require bench testing, animal testing, or
clinical trials [101]. After classifying and testing a wound healing product, the company must file an
FDA premarket notice or premarket approval application. Class I and Class II devices must submit a
premarket notification, whereas Class III ones must submit an application for premarket clearance
[100]. The premarket notice or premarket approval application must contain information on the
product, its intended use, its performance characteristics, and any testing or clinical studies
completed.

Post-market monitoring is the method through which the FDA monitors wound healing
products after they have been introduced to the marketplace [97,98]. Post-market surveillance is to
detect and address any safety or efficacy concerns that may develop after a medical device has been
licensed for sale. Manufacturers must report adverse occurrences related with their devices to the
FDA, and the FDA may conduct inspections or investigations to ensure that devices continue to
comply with regulatory standards. In addition to the FDA, additional regulatory organizations may
be engaged in wound healing product regulation. For instance, the Federal Trade Commission (FTC)
controls wound healing product makers' advertising and marketing claims. The Occupational Safety
and Health Administration (OSHA) may regulate the workplace usage of wound healing products
[102].

Thus, regulatory issues are an integral part of the United States wound healing product sector.
The regulatory procedure consists of many processes, including product categorization, device
testing, and premarket evaluation. The FDA plays a crucial role in ensuring that wound healing
products are safe, effective, and in accordance with applicable rules. Also, manufacturers must be
aware of various regulatory agencies that may be engaged in wound healing product regulation.
Overall, the regulatory process can be difficult and time-consuming, but it is vital to guarantee that
patients receive high-quality, safe, and effective wound healing treatments.

7.2. European Regulatory Issues

The European Pharmacopoeia (Ph. Eur.) serves as the primary source of official quality
standards for medicines and their ingredients within Europe. However, medical devices, which
include products or equipment intended for medical purposes, are not categorized as medicines and,
in accordance with the ‘classification rules’ set out in Annex VIII of Regulation (EU) 2017/745 on
medical devices (MDR), a wound healing product is classified according to Rule 4 as "Device that
meet injured skin or mucous membrane". These products are labelled as class I if they are used as
simple wound dressings for skin or mucous membranes, as class Ila if used as dressings for wounds
or injuries (such as non-medicated, hydrogel dressings), and as class IIb if used for severe wounds
on the skin or mucous membranes (e.g., ulcers, burns, severe decubitus wounds) or as a temporary
skin substitute [103]. However, any wound healing product incorporating, as an integral part, a
substance which, if used separately, can be a medicinal product, as defined in point 2 of Article 1 of
Directive 2001/83/EC, and that has an action ancillary to that of the device, are labelled as class III, in
accordance with Rule 14. Therefore, a wound healing dressing incorporating, for example, an
antimicrobial agent which has an ancillary action on the wound, will be labelled as class III product.
This classification necessitates the requirement of clinical studies to obtain a CE mark. Regardless of
the classification of a wound healing product, it is essential for all products to comply with the
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relevant obligations outlined in the MDR. However, the specific requirements vary based on the
classification of the wound healing product. A real case is represented by silk fibroin, a 100%
biocompatible natural protein, totally free of any dangerous particle/molecule, with intrinsic
antioxidant and reparative properties [104][105]. A clear candidate for natural polymer-based class I
wound care products. Silk fibroin could be a suitable natural polymer to produce high-performance
wound caring product, if combined with antioxidant treatments, inflammation suppressors, and
promotors of skin cells regeneration, e.g., silk protein hydrogels incorporating extracts of stem cells,
medicinal plants, or stem cell secretome [106]. Nevertheless, since this silk fibroin incorporates
substances with medicinal properties, when used independently, to enhance its therapeutic
properties, its classification would pass from class I to class III.

A wound healing product must adhere to the general safety and performance requirements,
which include providing the necessary information, as specified in Annex I of the MDR, by the
manufacturer. Additionally, the product should comply with reporting requirements outlined in the
medical device vigilance system, obtain CE marking (with exceptions for custom-made devices and
devices intended for clinical investigation, which must comply with the provisions of Art. 52.8 and
Annex XIII or Articles 62-80, 82 and Annex XV respectively), be assigned a Unique Device Identifier
(UDI) number, and be registered in the electronic system in accordance with Article 29 of the MDR.

7.3. Asian Regulatory Issues

The collective contributions of China, India, Japan, and South Korea demonstrate their crucial
role in the wound healing product market. The regulatory issues in these countries also play a vital
role in ensuring the safety, efficacy, and quality of these products within their respective markets. Of
particular interest because of its diversity and large population is Southeast Asia: Indonesia,
Malaysia, the Philippines, Singapore, Thailand, Vietnam, Brunei, Cambodia, Laos, Burma, and
Timor-Leste. To market the goods across this area, makers of wound healing treatments must traverse
several regulatory systems, as each nation has its own regulatory framework. In Asia also, wound
healing items are often classified as medical devices and are subject to special regulatory regimes
[107]. Each nation in the area has its own regulatory authority responsible for assessing and
approving medical devices, such as wound healing treatments, prior to their commercialization and
distribution inside its boundaries [108]. These regulatory authorities include the National Medical
Products Administration (NMPA) in China, the Central Drugs Standard Control Organization
(CDSCO) in India, the Pharmaceuticals and Medical Devices Agency (PMDA) in Japan, the Ministry
of Food and Drug Safety (MFDS) in South Korea, the National Pharmaceutical Regulatory Agency
(NPRA) in Malaysia, the National Agency for Drug and Food Control (NADFC) in Indonesia, the
Health Sciences Authority (HSA) in Singapore and the Food and Drug Administration (FDA) in both
Thailand and Philippines [109].

In Asia, the regulatory standards for wound healing products differ by nation. However,
product classification, clinical data, quality control, labeling, and packaging are examples of common
needs [110]. The regulatory framework for wound healing products is based on the norms and
regulations established by each country's regulatory organizations. The regulatory structure is
intended to guarantee that all medical goods, including wound healing treatments, are safe, effective,
and of high quality. The essential components of the regulatory framework for wound healing goods
in Asia are as follows [45]:

e  Product Classification: Medical products are categorized according to their intended purpose,
level of risk, and mechanism of action. Depending on its mechanism of action and intended
usage, wound healing products are often classed as Class III or IV medical devices. However,
the classification system ranges from Class I (low-risk) to Class IV (high-risk). Each class has

specific regulatory requirements and evaluation processes.

e  Pre-Market Approval: Before a wound healing product may be sold in Asia, it must be

authorized by each country's regulatory agency. The approval procedure requires the
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submission of a dossier covering all pertinent information regarding the product, such as its

safety, effectiveness, and quality.

o  Clinical Trials and Evaluation: Depending on the risk classification, wound healing
products may be subject to clinical trials and evaluation to assess their safety and efficacy.
Clinical data and evidence are required to demonstrate the product's performance and
benefits in promoting wound healing.

o Quality Management System: Compliance with quality management system
requirements, such as Good Manufacturing Practice (GMP) and ISO certification, is
necessary for wound healing product manufacturers. These standards ensure consistent
product quality and safety throughout the manufacturing process. Harmonization with
international regulations and standards with global guidelines is necessary to facilitate

international trade and ensure product quality and safety.

e  Post-Market Surveillance: Once a wound healing product has been approved and sold, the
regulatory authority performs post-market monitoring to ensure that the product continues to
fulfill safety, effectiveness, and quality criteria. Adverse event reporting, post-market studies,

and periodic safety updates are required to identify and address any potential safety concerns.

e Labeling and Advertising: The labeling and advertising of wound healing products must
adhere to the norms and guidelines established by each country's regulatory agency. The

labeling and advertising must be precise, honest, and not deceptive.

Thus, Asia's regulatory environment for wound healing products is complicated and
demanding. Manufacturers must traverse different regulatory systems, show the safety and efficacy
of their goods, and adhere to each country's unique standards. Inadequate regulatory agencies'
coordination and inadequate resources can also result in manufacturing delays and cost increases.
Notwithstanding these obstacles, Asia remains a very attractive market for wound healing products,
and firms that can effectively negotiate the regulatory framework will benefit from the expanding
demand of this region.

8. Conclusions

Wound, especially chronic wound is like an epidemic, silently, affecting large populations
worldwide but with stronger effects in the developing countries since in advanced countries this is
diagnosed earlier due to health facilities.

Wound healing is a complex process that requires the use of specific care products. Due to the
increase in the world's aging population and the increase in cases of diabetes and obesity among the
younger generations, there is a very large increase in people susceptible to injuries and an increase
in the need for effective products for their care; and this increasing demand for wound healing
products translates into a large additional financial burden. However, this demand also creates
opportunities for growth in the global market for wound care products. These products mainly
consist of natural polymeric materials, stem cells and microRNA. Despite these advances, achieving
complete healing of chronic wounds continues to pose significant challenges and, at the same time,
great market opportunities.
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