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Abstract

Wound represents a significant socioeconomic burden for both affected individuals and as a whole healthcare system.
Accordingly, stem cells have garnered attention due to their differentiation capacity and ability to aid tissue regeneration
by releasing biologically active molecules, found in the cells’ cultivated medium which known as conditioned medium
(CM) or secretomes. This acellular approach provides a huge advantage over conventional treatment options, which
are mainly used cellular treatment at wound closure. Interestingly, the secretomes contained the cell-secreted proteins
such as growth factors, cytokines, chemokines, extracellular matrix (ECM), and small molecules including metabolites,
microvesicles, and exosomes. This review aims to provide a general view on secretomes and how it is proven to have
great potential in accelerating wound healing. Utilizing the use of secretomes with its secreted proteins and suitable
biomaterials for fabrications of acellular skin substitutes can be promising in treating skin loss and accelerate the healing
process.
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Introduction Wound healing is a process that usually requires a
well-orchestrated integration of composite cellular and
molecular events that occur after the onset of a tissue
lesion in order to restore the damaged tissue. It is a normal
biological and spontaneous self-repairing process in
human body that achieved through four sequential stages
including hemostasis, inflammation, proliferation (migra-
tion or tissue formation), and remodeling.? Once an injury

Skin is important as a protective barrier against the aggres-
sion of external microorganisms and dehydration. It also
has the role of covering and protecting the underlying
organs from ultraviolet radiation, mechanical and chemi-
cal injury, microorganisms’ infection, and water loss.! Skin
injury is widespread and is closely related to a high mortal-
ity and morbidity rate due to breaks off the skin’s barrier
function and changes of the sensitivity of the pain, tem-
perature, and sense of touch. Because of this crucial role, it
is necessity for the wounds to be successfully healed
within a swift time frame. Skin damage can occur because
of burns, cuts, abrasions, and an ulcer depends on degrees ! i o )
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occurs, immediately the first phase of hemostasis begins
at the onset of injury and its main objective is to stop the
bleeding with vascular disruption and fibrin clot forma-
tion. The thrombin, an enzyme will initiates the formation
of fibrin mesh and the platelets aggregate and become
lodged in the matrix to form clot-like structure. When the
bleeding progress is controlled within the first 24 h post
injury, chemotaxis event occurs where the inflammatory
cells are migrated toward the wound and encourage the
inflammatory phase. As the inflammatory phase relieves
accompanied by apoptosis of immune cells, the prolifera-
tion phase begins. This phase is the stage when the wound
actually closed and mainly described by epithelial prolif-
eration and migration (re-epithelialization), formation of
blood vessels (angiogenesis) and reestablishment of the
extracellular matrix (ECM). The underlying mechanism
that responsible for accelerating wound healing is nor-
mally due to the rapid re-epithelialization which may
occurred because of the regulation of collagen expres-
sion.* After an extensive amount of collagen has depos-
ited into the wound, the fibroblast will apoptose and
remodeling phase can begin. This stage is maturation
phase where the new tissue slowly gains strength and
flexibility. The ECM and collagen fibers prepared in the
proliferation phase are remodeled and realigned.

The common problems with wound healing in human
demonstrated by the delayed wound healing such as in
diabetes or radiation exposure or excessive healing, that
may cause hypertrophic scar or keloid scars or depriva-
tion of skin appendages. Earlier on, the fasters of wound
closure were the primary goal of wound treatment.
However, the focus in the field of wound repair nowa-
days is to achieve optimum or perfect healing with a
higher quality of the regenerated skin, that can restore the
anatomical and functionality of the skin. Therefore, there
is a need to establish and determine the best practice to
enhancing wound healing.’

The healing of cutaneous wounds requires interactions
between cell and tissue components of the surrounding
damaged skin which includes the dermal and epidermal
cells (fibroblast and keratinocytes), ECM, and the nerv-
ous and vascular components.®’ But sadly, the healing of
skin wounds, particularly in the older generation or in dia-
betic patients, is often slowed and weakened, causing
increased morbidity. The fetuses and adults skin tissues
have different responses toward injury and mechanisms
for wound healing process. Usually, there is absence of
contraction and scarring for fetal skin during healing pro-
cess as compared to adult skin that involves intense
inflammation and scarring. Dermal fibroblasts are the pri-
mary cells involved in cutaneous regeneration, which are
different between fetal and adults’ skin in many aspects
including cells proliferation and migration rates, ability to
form myofibroblasts, synthesis of ECM and responses to
inflammatory cues.®

Regenerative medicine, which uses tissue engineering
methods, is a promising new multidisciplinary field of
medicine aiming at regenerating and guiding the restora-
tion and augmentation of organ and tissue functioning,
ultimately enhancing the overall quality of life.” Tissue
engineering that employs stem cell-based therapies is cur-
rently explored in numerous research fields and shows a
great deal of potential in regenerative medicine.'*!* Stem
cells have garnered a lot of attention in regenerative medi-
cine in recent years because of their differentiation capac-
ity and ability to aid tissue regeneration by releasing
biologically active molecules known as secretomes. The
conditioned medium (CM) is also known as secretomes
which can be found in the spent medium used for culturing
the stem cells. A secretome is normally has cell-secreted
proteins such as growth factors, cytokines, chemokines,
ECM, and small molecules, including metabolites, ions,
peptides, microvesicles, and exosomes.'* Several studies
on secreted proteins of stem cells have shown that the used
of these secreted factors alone, without the cell, can trigger
healing process in injured tissues/organs.'> Mocchi et al.
have also shown in their review that most recent studies
focused on using cell-secreted proteins for therapeutic pur-
poses. With this in mind, the aim of this review is to pro-
vide a broad view on how secretomes is proven to have
great potential in accelerating wound healing, alternative
uses for cell secretomes, the methods for collecting
secretomes, as well as safety and ethical issues concerning
the use of secretomes.'®

Standard treatment for tissue
regeneration

Autografts remain the standard of care in the treatment of
skin defects which are caused by burns injuries, trau-
matic akin loss, disease such as diabetic foot ulcers and
tumor excision.'”?! The commonly used treatment for
this skin loss is autogenous and allogeneic skin graft-
ing.?? Split-thickness skin grafting (SSG) is the standard
treatment where the harvest of SSG consisting of epider-
mal and dermal tissue creates a partial-thickness wound
that involves pain management, wound care and healing
time.>>** However, SSG have several disadvantages,
including the potential creating of secondary skin injury
from the donor site, high risk of infections, post-implan-
tation failure, increase scarring formation, and difficulty
in treating patients with severe skin loss due to the lim-
ited amount of skin to be harvested.?*>*® Besides that, con-
stituting a further challenge to the use of autologous
grafts is the limitation of donor-site availability in
patients who at the extremes of age such as very young
and very old patients.?’%°

Hence, skin substitutes may offer another option for
wound management and they have also been considered as
one of the treatment options for significant skin loss. Skin
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substitutes consist of variety group of biologics, synthetic,
or biosynthetic materials that can provide temporary or
permanent coverage of open skin wounds. In the treatment
of burns, skin substitutes are primarily used to treat full-
thickness skin loss and can also be used to cover skin
defects that may result following release of post-burn con-
tractures.’® Previously study by Rheinwald and Green’!
who are first expanded human epidermal keratinocytes
into cultured epithelial autografts for transplantation onto
burn injuries. Up to date, commercially available skin sub-
stitutes may be categorized as acellular and cellular, or by
source including human (allograft), animal (xenograft), or
synthetic origin.’?> Acellular substitutes serve as skin scaf-
folding for granulation tissue formation and revasculariza-
tion. Meanwhile, cellular substitutes consist of cells that
secrete the ECM proteins and growth factors.3*34

Therapeutic approaches using tissue
engineered products

Wound dressing-based therapy

Wound management has become a crucial problem in the
healthcare industry as it is a constantly progressing process
involving a complete range of medicinal methods, inter-
ventions, and holistic clinical measures, in the care of
patients with wounds. Various methods of wound dress-
ing-based therapy have been introduced to help mitigate
this issue. These are include old traditional methods (plas-
ters, gauze, and bandages) that require frequent changing,
unique skin substitutes (allograft, autografts, and tissue
engineered derivatives) that accelerate the wound closure
and replaces the role the skin has to promote wound heal-
ing, interactive materials (gels, foams, and hydrofibres)
that promote wound healing and mitigate or prevent bacte-
rial infection and finally bioactive dressings (collagen,
growth factors, and elastin) that were prepared from bio-
materials to enhance the wound healing. Moreover, these
wound-based dressing biomaterials would have eco-
friendly nature and cost-effective for the preparation of
wound care materials in order to resist microbial infection
and promote healing as well (Figure 1). These wound
dressings are categorized in two types, primary dressings
which are directly placed on the wound and secondary
dressings that are covered on the primary and act as a sup-
plement. Additionally, dressings can also be categorized as
either bioactive/interactive dressings or inert/passive
dressings depending on the type of interaction with the
biological tissue. Bioactive/interactive dressings are read-
ily available for application in acute and subacute wounds
however; inert/passive dressings are a bit unconventional
and include antimicrobial dressing’s steps.

Recent developments in wound dressing-based therapy
have introduced and incorporated the use of nanoparticles
and nanomaterials in biomedical applications to help

create natural polymeric-based dressings.** This is due to
their amazing properties such as non-allergenic nature,
biocompatibility, biodegradability, and low toxicity.
Examples are electrospun nanofibers which have been
useful because of their nanoscale diameter as well as their
ability to form a nonwoven structure or membrane-based
materials with suitable porosity.>® Structure-wise, they are
similar to that of collagen fibers in tissues, becoming a
good choice for skin substitutes.’” These nanomaterials are
used found in silk fibroin which has been carefully studied
on their outstanding traits for wound dressing such as their
robust mechanical properties, high water and oxygen
uptake, low immunogenicity as well as biocompatibility
and biodegradability.

Various hurdles regarding wound healing arise; causes
apart from infections are still not completely explained.
These include the size and location of the wound, per-
ceived levels of pain felt by patients as well as the limita-
tions of certain models of wound based dressing therapy.
Ideally the development of new wound-based dressings
should also explore the patient-related consequences
including but not limited to; improved ease of a dressing
application or removal, quality of live improvements as
well as perceptions of the painful in wound care manage-
ment and how to reduce it. An ideal wound-based therapy
should address the flaws of currently available wound
dressings, also feedback from physicians and healthcare
workers as well as patients who have been administered to
these treatments.>* Current advancements of this field have
suggested new-material based dressings on hydrogel or
bacterial nanocellulose which comes close fixing the prob-
lems of current treatments and is step toward the ideal
wound-based therapy.*>*! However numerous complica-
tions still arise and recent studies revealed a relationship
between healing progressions with certain biomarkers
such as pH, temperature inflammatory mediators toward
the formation of biofilm.*> Henceforward, other methods
of wound healing that provide an alternative to wound
dressing able to offer their own unique benefits.

Growth factor therapy

In wound healing process, the secretion mediators or
growth factors are crucial for the biological process by
activating or inhibiting the respective signaling. Therefore,
these secretion mediators have the potential to be used as
supplementary therapies in wound treatment. The main
growth factors that play role in re-epithelialization during
healing are transforming growth factor (TGF), vascular
endothelial growth factor (VEGF), basic fibroblast growth
factor (bFGF), and granulocyte-macrophage colony-stim-
ulating factor (GM-CSF).*** Besides that, becaplermin
(Regranex gel, Johnson & Johnson Wound Management,
Somerville, NJ, USA), which contains human PDGF, an
important angiogenesis and granulation growth factor,*
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Figure |. Schematic image of the human skin barrier function and protection with wound-based dressing material against wound
infection bacteria. An ideal dressing should be biocompatible and biodegradable, maintain the moisture, be permeable to oxygen,
enable the exudate removal, prevent the wound from pathogens and mechanical irritation, improve cell behaviors, and promote

wound healing. Image created with Biorender.com.

was approved by the US FDA for treating diabetic neuro-
pathic ulcers because it enhances the rate of wound heal-
ing.* Meanwhile, epidermal growth factor (EGF) and
keratinocyte growth factor-2 are the recommended treat-
ment for venous ulcer.*’ Dermatopontin (DPT), a non-col-
lagenous matrix protein that mainly expressed in the
dermis, is vital in wound healing, especially during re-
epithelialization, promoting keratinocyte migration in
vitro via paracrine action, while IGF-1 and EGF influence
the keratinocyte components that regulate wound epitheli-
alization speed.*®*° The major growth factors and cytokines
involved in wound healing are listed in Table 1. At present,
researchers are focusing on the proteins secreted by cells
in culture medium and their effects on wound healing in
vitro and in vivo. However, the use of growth factors or
conditioned medium (CM) in promoting wound healing

remains unclear. Its success depends on the interaction
between the growth factors, cells and ECM, and a suitable
delivery system and dosage to ensure a satisfactory wound
healing rate.

Tissue engineered skin substitutes

The culturing of human skin cells and development of tis-
sue-engineered skin substitutes have been started since 1975
and skin substitutes have been used in most hospital for
treating major skin loss, especially due to chronic wounds.*®
Currently, many skin substitutes that are commercially
available were classified according to the presence (cellular)
or absence (acellular) of viable cells, the use of cells or tis-
sue that is autologous (from the same patient), allogeneic
(from different human donor), or xenogeneic (from animal),
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Table I. List of major growth factors and cytokines involve in wound healing.

Growth factor

Cells

Functions

References

EGF Platelets, Macrophages,
Fibroblasts
FGF-2 Keratinocytes, Mast Cells,

TGF-B (including

Fibroblasts, Endothelial
cells, Smooth muscle cells,
Chondrocytes

Platelets, Keratinocytes,

Mitogenic for keratinocytes and fibroblasts, re-
epithelialization

Granulation tissue formation, re-epithelialization,
matrix formation, remodeling, angiogenesis,
wound contraction, and matrix deposition

Inflammation, granulation tissue formation, re-
epithelialization, matrix formation, remodeling,
stimulates tissue inhibitor metalloproteinases
(TIMP) synthesis, keratinocytes migration,
angiogenesis and fibroplasia, inhibit production
of metalloproteinases (MMPs) and keratinocytes

Inflammation, granulation tissue formation,
re-epithelialization, matrix formation and

remodeling, stimulate angiogenesis and wound

Granulation tissue formation, mitogenic for

Inflammation, re-epithelialization

Inflammation, re-epithelialization

Haase et al.,*’ Bhora
et al.>®

Shipley et al.,>' Sogabe
et al.>?

Penn et al.,>3 Pakyari
et al.>

Barrientos et al.,*

Pierce et al.>*

Barrientos et al.,** Bao
et al.,*® Johnson and
Wilgus®’

Sauder et al.,*® Ishida
et al.>?

Lin et al.,*° McFarland-

isoform B, 32, Macrophages, Lymphocytes,
and (33) Fibroblasts, endothelial cells
proliferation
PDGF Platelets, Keratinocytes,
Macrophages, Endothelial cells,
Fibroblasts
contraction
VEGF Platelets, Neutrophils,
Macrophages, Endothelial cells, endothelial cells
Smooth muscle cells, Fibroblasts
IL-1 Neutrophils, Monocytes,
Macrophages Keratinocytes
IL-6 Neutrophils, Macrophages
TNF-a Neutrophils, Macrophages

Inflammation, re-epithelialization

Mancini et al.®'

Barrientos et a
Ashcroft et al.6?

|_,43

use of biomaterials that are either biological or synthetic,
and involve physical stimulation to create a living substi-
tute.®* Skin substitutes are suitable for alleviating non-heal-
ing chronic wounds, as such wounds are deeper and involve
a more wide total surface area, or for non-healing smaller
wounds, due to other factors.** Re-epithelialization is only
activated when fibroblasts begin to produce collagen and
matrix and recreate the dermis.

Biological skin substitutes are used as permanent
replacements or temporary dressing before normal skin
regeneration or healing occurs.®® The transplanted skin
substitute acts as a normal autologous skin graft by sup-
porting the wounded area and providing the normal func-
tion of the skin in term of physiological and mechanical
strength. The best skin substitute should have no immune
or toxicity effect; have biocompatibility, and low risk of
disease transmission. Besides, the other advantages of skin
substitutes which includes: (a) protection against micro-
bial infection and slow down the loss of vapor, water, pro-
teins and electrolytes; (b) procrastination: covering the
wound after wound debridement until the wound is ready
and closed by the skin grafts; (¢) promotion: by providing
the dermal matrix, and releasing its components such as
cytokines, chemokines and growth factors, can promotes
and enhances the healing process; and (d) provision: of
new anatomical skin structures and re-establishment the
skin function by using different biomaterials or ECM such

as dermal collagen or cultured cells that are incorporated
into the wound during healing process.®®

Skin substitutes are used in treating acute wounds,
although no substitute can fully replace the damaged
skin.®®® Each skin substitute product has its advantages
and disadvantages, relying on the patient’s clinical condi-
tion. The tissue-engineered skin substitutes are divided
into four groups based on the layer: (a) epidermal, (b) der-
mal, (c) bilayer, and (d) amniotic membrane. The epider-
mal can be classified to the first degree injuries, superficial,
or deep dermal referred to the second degree injuries,
bilayer or full thickness denoted to the third degree injuries
meanwhile the amniotic is for acute wounds.”® Shortly
after the findings, it is clear that the skin substitute or skin
replacements provide speedy wound protection solutions
that may require a less vascular layer of the wound bed,
increase in the dermal component of healed wound, reduce
or eliminate factors that impede wound healing, reduce the
inflammatory response and subsequent scarring.®>’! The
list also shows the combination of acellular, cellular or
biomaterials, which are derived from human only, human
with animal-derived products or human-/animal-derived
products with synthetic products. The high demand for
skin substitutes has inspired most of the scientists and spe-
cialist in this field to collaborate in developing the suitable
skin substitutes that can promote healing, as an alternative
to SSG.
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Cellular approaches. The use of cellular therapy in the
treatment of skin wounds is currently an active areca of
investigation. The cell-based treatment is simple and
reduces the surgical burden for the patients in the acute
wounds repair. Therapeutically delivered cells may partici-
pate directly in regenerative capacity and become attrac-
tive choice due to cells have a large proliferative potential,
the ability to differentiate into different cell types and pro-
duce a variety cytokines and growth factors which are
important to wound healing.”” However, each method has
advantages and some limitations since that in this case,
most cell-based skin substitutes require long production
time and thus, patients endure long waiting times. Table 2
showed the list of the commercial tissue-engineered skin
substitutes with living cells and their applications with
approval by US Food and Drug Administration (FDA).

Acellular approaches. Basically, wound healing process
involved dynamic interaction between cells, ECM and
growth factors. The non-cellular component which is ECM
become a major constituent of the skin layer and it is com-
posed of structural proteins such as fibronectin, collagen,
laminin, glycosaminoglycans, proteoglycans, and other
non-structural matricellular proteins. In wounds, proteo-
lytic dysregulation has leads to degradation of ECM com-
ponents, receptors and growth factors in which are essential
for healing and regeneration. Thus, it can provides a struc-
tural support for cells and act as a reservoir for growth
factors that are rapidly to mobilized to stimulated cell pro-
liferation and migration upon injury.”®

In addition to developing tissue engineered skin substi-
tutes, there have been numerous efforts as to mimic struc-
tural and functional aspects of the native ECM. Once
placed it in the wound, the tissue engineered skin substi-
tute would be able to withstand the harsh proteolytic
wound micro environment and act as a temporary matrix
that allows cell infiltration so that normal cellular activity
can occur to promote matrix deposition, angiogenesis, and
ultimately wound healing.”” Table 3 showed the list of the
commercial tissue-engineered skin substitutes without liv-
ing cells and their applications with approval by US Food
and Drug Administration (FDA).

Secretomes

Secretomes refers to the used/waste/spent medium of cul-
tured cells after specific incubation time that contains pro-
teins, includes growth factors, cytokines, chemokines, and
ECM secreted by the cells. Besides that, small molecules
including metabolites, ions, peptides, microvesicles,
exosomes, etc. are also released by the cells. Proteins
secretion is one of the most fundamental biological pro-
cesses as they are involved in the regulation of numerous
cellular functions."* The use of secretomes is attractive
because it can be used allogenically and contains proteins

that enhance cell proliferation, differentiation, migration
and tissue repair. Several studies have revealed that the
secretory proteins in secretomes are involved in intercel-
lular connection and have substantial in regulating biologi-
cal effects.”® This is due to the properties of living cells
being unable to interact directly with foreign material but
require attachment to soluble matrix proteins to establish
cellular interaction.” Secretomes analysis also identifies
the proteins in CM, which can be used as biomarker iden-
tification for specific diseases and in drug identification
and development.® Therefore, studies on secretomes pro-
vide insight into tissue engineering and regenerative
medicine.

Secretomes is collected from various cell types after
exposure to serum-free medium or hypoxic conditions.
More than 10 sources of mesenchymal stem cells (MSC),
were used to treat skin conditions including isolated from
bone marrow (BM), umbilical cord or Wharton’s jelly, are
the most common cells used in the study of secretomes.
The umbilical cord or Wharton jelly mesenchymal stem
cells (MSCs) is the easiest obtainable cell source which
has known with low immunogenicity thus give advantages
to wound healing process for allogenic application.®!

The secretomes of cells may also vary depending on the
age of the cells.®? Transplanted MSC secrete growth fac-
tors and cytokines thus create a better microenvironment
for tissue regeneration.'$3%* CM from MSC (MSC-CM)
contains various ECM components (e.g. collagen,
fibronectin, lumican, periostin), growth factors (e.g. bFGF,
TGF-B1, pigment epithelium-derived factor [PEDF]),
cytokines and chemokines.'#>% The secretory proteins
enhance cellular migration, proliferation, and angiogene-
sis, and accelerate wound healing in vitro and in vivo.’” %
Interestingly, the factors also have anti-inflammatory, anti-
fibrotic and immunomodulatory actions. In a diabetes-like
microenvironment, MSC-CM can reduce glucose levels,
activate extracellular signaling, and promote keratinocyte
proliferation and migration.®

Another alternative to get the secretomes is by using the
human adipose-derived stem cells (ADSC) due to the ease
of access in human tissue and the great potential of secre-
tory proteins in stem cell therapy.’**> ADSC-CM is good
for wound healing therapy because it contains growth fac-
tors and cytokines vital to wound healing by promoting
granulation and vascularization and enhancing mac-
rophage recruitment.”> The growth factors include FGF,
TGF-B1, and PDGF, which promote ECM synthesis, depo-
sition, and organization of collagen and fibronectin besides
contributing to cell signaling and tissue remodeling.”* The
possible signaling pathways stimulated by ADSC-CM on
skin cells are involved in cell motility, migration, differen-
tiation, response to wound injury, and angiogenesis.®
Moreover, the secretory factors in ADSC-CM such as
VEGF, HGF and IGF have therapeutic effects on hair
regeneration, promoting hair growth in a clinical study.’
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Table 2. Tissue-engineered skin substitutes with living cells.

Product Description

Indication

Nature of FDA
Approval(s) and year(s)

Cellular autologous skin substitute
Epicel™ e Autologous keratinocytes from skin on
petrolatum gauze backing.
e Permanent use

Epidex™ e Autologous keratinocytes from outer
root sheath of hair follicles on a silicone
membrane.

Laserskin™ or e Autologous keratinocytes seeded directly

Vivoderm™ on esterified laser-perforated hyaluronic
acid matrix.

e Permanent use

BioSeed-S™ e Autologous oral mucosal cells on a fibrin
matrix

Myskin™ e Autologous keratinocytes seeded on

coated silicone sheet

CellSpray™or e Cultured autologous keratinocytes
ReCell® suspension delivered via spray
PermaDerm® e Autologous keratinocytes and fibroblast

seeded onto dermal substitute of
absorbable bovine collagen matrix
LOEX skin e Autologous keratinocytes seeded on
top of dermal substitute of collagen gel
containing autologous fibroblasts
Hyalograft 3D™ e Autologous fibroblasts seeded on
hyaluronic acid matrix

MyDerm™ e Autologous keratinocytes and fibroblasts
in autologous fibrin matrix

Cellular allogenenic skin substitute

Dermagraft™ e Allogeneic dermal substitute using
cryopreserved human fibroblasts
from neonatal foreskin cultured on
bioabsorbable polyglactin mesh matrix

e Dermal replacement or temporary skin

substitute
e Biosynthetic
TransCyte™ e Silicone membrane as temporary

epidermal barrier
e Biosynthetic
e Human fibroblasts from neonatal
foreskin on silicone with nylon mesh and
combined with synthetic epidermal layer.
ICX-SKN™ e Allogeneic fibroblasts seeded on a freeze-
dried natural human collagen matrix
PriMatrix™ (TEI e Processed from fetal bovine dermal
Biosciences) matrix (Xenogenic)

SurgiMend® PRS e Processed from fetal bovine dermis

(TEI Biosciences) (Xenogenic)

OrCel™ e Human keratinocytes and fibroblasts
from neonatal foreskin seeded on bovine
collagen sponge matrix

e Duration of contact- permanent

e For treatment of partial and full
thickness burns, chronic ulcers
and congenital nevi

e As epidermal substitute for
treatment of partial and full-
thickness burns and chronic
ulcers

e For treatment of partial and
full thickness burns, chronic
venous and pressure ulcers,
vitiligo

e For treatment of partial-thickness
burns and chronic ulcers

e For treatment of partial-
thickness burns and chronic
ulcers

e For treatment of partial-
thickness burns and chronic
ulcers

e For treatment of full-thickness
burns

e For treatment of full- or
partial-thickness burns and
chronic ulcers

e For treatment of full- and
partial-thickness wounds, foot
ulcer

e For treatment of full- and
partial-thickness wounds

e For treatment of full-thickness
chronic wound and diabetic
ulcer

e Temporary wound coverage
e For treatment of partial- and
full-thickness burns

e For treatment of full-thickness
burns

e For treatment of partial and
full-thickness of chronic and
diabetic wounds;

e Trial for breast reconstruction.

e For treatment of skin graft
donor sites and partial
thickness wound.

Unregulated device (1988)
Humanitarian use device
Exemption (HDE) (2007)
(2003)

No FDA Designation

(2002)-510(k)

(2002)
- No FDA approval
(2004)
- No FDA approval

Premarket Approval
(2018)

Orphan Approval by FDA
(2012)

No FDA approval
510(k)-(2003)

No FDA approval

PMA-(2001)

PMA-(1998)

No FDA Approval

510(k)-(2006)

510(k)-(2017)

PMA-(1998)

(Continued)
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Table 2. (Continued)

Product Description Indication Nature of FDA
Approval(s) and year(s)
Apligraf™ Similar to Orcel™ e For treatment of venous and PMA-(1998)
e Bilayer skin substitute diabetic foot ulcers.
Human keratinocytes upper layer
whilst bottom layer fibroblast consist
of fibroblast with bovine collagen- to
produce matrix
e Duration of contact permanent
TheraSkin™ e Cryopreserved human native skin e For treatment of chronic HCT/Ps - (2011)
allograft consists of both epidermal and wounds Compliance with the
dermal layers. AATB and FDA guidelines
EpiFix® e Dehydrated human amniotic membrane e For acute and chronic wound ~ HCT/Ps - (2013)
care
AmnioFix e Dehydrated human amniotic membrane e For acute and chronic wound ~ HCT/Ps - (2018)
care
e Reduce scar tissue formation,
enhance healing and acts as a
barrier.
Grafix®Core e Cryopreserved placental membrane e For the treatment of acute and -

comprised of an extra-cellular matrix and
cells native to the tissue.

chronic wounds

Source: Auger et al.%* Debels et al.,”> Alrubaiy and Al-Rubaiy,”* Mohamed Haflah et al.,”> with modification (HCT/Ps: human cells, tissues, or cellular-
based products, 510(k): Premarket notification process, PMA: Premarket approval).

Although in vitro and animal models have their place,
by far the better models are based on humans that provide
physiologically accurate mechanisms on which new treat-
ments.”® Most recently, secretomes have been used in pre-
clinical studies as a substitute for numerous cellular based
therapies including wound healing. It is accepted that the
use of human models offers the best opportunity to under-
stand the factors that influence secretomes in wound heal-
ing as well as to evaluate efficacy of treatments applied to
wounds. Recent clinical study has shown the wound heal-
ing process of a 17-year-old man treated with Wharton’s
Jelly-derived MSCs-CM topical gel improved signifi-
cantly, the lesion has reduced in size and turned into a
closed wound.?

Embryonic stem cells (ESC) also have the potential to
secrete growth factors in secretomes, which is essential in
angiogenesis and wound healing. Topical application and
subcutaneous injection of ESC-CM into wounds acceler-
ate wound healing via granulation tissue formation and re-
epithelialization and increase the regenerated skin tensile
strength. Furthermore, ESC-CM enhances keratinocyte
and fibroblast proliferation and migration in vitro.?
Moreover, dental pulp stem cells (DPSC), which is an
available stem cell source, secrete mediators that enhance
angiogenesis, ECM synthesis and deposition and activate
fibroblast proliferation and migration.?”

Keratinocyte CM (KCM) has favorable effects in regu-
lating ECM degradation and remodeling. The mediators
expressed by keratinocytes include IL-1, IL-6, IL-7, IL-8,

IL-10,1L-12,IL-15, IL-18 IL-20; TNF-a, interferon (IFN),
TGF-B1, and PDGF. Keratinocytes indirectly stimulate the
expression of autocrine anti-fibrogenic factor to control
deposition of ECM which may cause scarring formation
during healing.!"%!%! The scar formation or contracture
during healing should be controlled because it affects the
patient’s quality of life.

Interestingly, secretomes is rich in various growth fac-
tors, cytokines and tissue regenerative agents secreted by
the stem cells that will satisfy regulatory requirements.
This is because the cell’s secreted products are likely to
have less risk or safety issues than stem cell therapy prod-
ucts. The most common secreted factors found in
secretomes collected from stem cells are VEGF, PDGF,
Hepatocyte growth factor (HGF), bFGF, Macrophage
stimulating protein (MSP), Keratinocyte growth factor
(KGF), Insulin-like growth factor 1 (IGF-1), and many
more.'%? These secreted factors play essential role in regen-
eration and angiogenesis during healing process.

The different microenvironments for preconditioning
different cell types yield different secretory profile out-
comes. Secretomes from different cell sources was studied
extensively to evaluate the potential of secretomes on skin
regeneration and wound healing. In order to establish a
suitable method for collecting the enriched secreted pro-
teins from cells, optimization of the pre-conditioned envi-
ronment is important including the culture medium, cell
confluence and incubation time. Therefore, medium that
was commonly selected were due to their role on the cell
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Table 3. Tissue-engineered skin substitutes without living cells.

Product

Description

Indication

Nature of FDA
Approval(s) and year(s)

Acellular skin substitute

Integra™

Biobrane™

Alloderm™

Oasis™

EZ-Derm™

Permacol™
(Covidien)

FortaFlex™

Repliform™
Cymetra™
Matriderm™
DermACELL™

DermaMatrix™

DermaPure™

Graftjacket®

Strattice™

XenoMem™

Allopatch®

Acellular

Bilayer substitutes that contains epidermal
substitute of silicone polymer polysiloxane
on top of dermal matrix made of bovine
collagen and chondroitin-6 sulfate or
glycosaminoglycan (biosynthetic)
Temporary

Ultrathin silicone as epidermal and nylon
membrane as dermal chemically bound to
porcine collagen (biosynthetic)

Temporary

Skin tissue from cadavers

Acellular (freeze-dried) allogeneic dermis
Duration of contact- permanent

Acellular porcine small intestine submucosa
Matrix composed of acellular collagen acts
as a wound covering and dermal scaffold for
tissue growth

Aldehyde-crosslinked porcine dermal collagen
to provide strength and durability

Composed of cross-linked porcine dermal
collagen.

Crosslinking improves the tensile strength and

long-term durability, but decreases pliability
(Xenogenic)
Acellular porcine small intestine submucosa

Acellular human dermal allograft

Micronized particulate acellular cadaveric
dermal matrix

Acellular scaffold made with bovine collagen
types |, lll, V and elastin

Decellularized regenerative human tissue
matrix allograft

Freeze-dried acellular dermis (allograft)
derived from donated human skin tissue.

A single layer decellularized human dermal
allograft

Acellular regenerative tissue matrix that has
been processed from human skin

Non-cross-linked porcine-derived acellular
dermal matrix (xenogenic)
Decellularized porcine peritoneal membrane

Aseptically processed human reticular dermal
tissue for use as a chronic or acute wound
covering.

For treatment of partial- or
full-thickness burns

For treatment of partial-
thickness burns and wounds

For treatment of full- and
partial-thickness wounds,
Burns

For treatment of partial-
and full-thickness pressure,
venous and diabetic wounds,
burns

For treatment of partial- and
full- thickness pressure, venous
and diabetic wounds, burns
Soft tissue repair

For treatment of full- and
partial-thickness burns,
venous and diabetic ulcers
Urological plastic surgery
applications

Wound filler in plastic surgery

For treatment of partial- or
full-thickness burns

Chronic non-healing wound

Replacement, repair or
reinforcement of soft tissues
for grafting procedure

For the treatment of acute
and chronic wounds

For treatment of full- and
partial-thickness chronic
ulcers

Support tissue regeneration

For treatment of partial

and full- thickness wounds;
venous ulcers, diabetic ulcers,
chronic vascular ulcers.

For the treatment of acute
wounds, chronic wounds,
diabetic ulcers, pressure ulcers.

PMA-(1996)
510(k)-(2002)

510(k)-(2008)

HCT/Ps-(2011)

510(k)-(2006)

510(k)-(1994)

510(k)-(2006)

510(k)-(2002)

Discontinued
HCT/Ps-(2009)
510(k) -(2000)
HCT/Ps - (201 1)

No FDA approval

510(k) - (2016)

HCT/Ps - (2006)

510(k) - (2007)

510(k) - (2015)

Source: Auger et al.* Debels et al.,”> Alrubaiy and Al-Rubaiy,”* Mohamed Haflah et al.,”> with modification (HCT/Ps: Human cells, tissues, or cellular-

based products, 510(k): Premarket notification process, PMA: Premarket approval).
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growth and their potential to enhance the secretion of
essential proteins into culture medium.'”® Table 4 shows
the secretomes derived from difference sources and the
relevant effects involved in wound healing. Though, the
preparation, composition and concentration of the secreted
proteins as well differ with culture conditions and environ-
mental factors. One of the extracellular membrane vesicles
is exosome which secreted from various cells and contain
proteins, lipids and nucleic acids to coordinate intercellu-
lar communication.

Extracellular vesicles (EVs) and exosomes

Tissue engineering and regenerative medicine are strongly
associated with the use of controlled cells for wound heal-
ing therapy. An important recent development in the
understanding of intercellular communication is the appre-
ciation of the role of extracellular vesicles (EVs). The EVs
consist of variety of subtypes, including of exosomes,
microvesicles (MVs), ectosomes, oncosomes and apop-
totic bodies where they are offered unique potential to be
used as a delivery vehicle in personalized medicine.'” Its
role to be an important cell-based component therapy and
become a primary design consideration in tissue engineer-
ing specifically as the potential impact of culture condi-
tions and cell-biomaterials.!'®!" Interestingly in the field
of EVs research, the starting material for EVs isolation is
cell culture CM. Furthermore, EVs isolation from cell cul-
ture and EVs production as well are constantly involve the
use of CM which contains EVs released from cultured
cells along with other proteins and metabolites.'?* Thus,
most researchers added fetal bovine serum (FBS) as a sup-
plement in the culture media as to keep the culture cells in
a healthy condition so that they can continue to release
EVs. Regarding the methods used for the isolation and
purification of EVs, the most widely used approach is
ultracentrifugation, complemented by other techniques
such as precipitation, size exclusion chromatography,
affinity isolation and density gradient centrifugation.'?!
As mentioned above, exosomes are one of the several
subtypes from various of membrane vesicles and have
unique characteristics including specialized components
and biogenesis.'?? Basically, they are called EVs and their
diameter ranges from 30 to 150nm. Previous studies
proved that exosomes are participants in intercellular com-
munication and also indicated that exosomes can diagnose
diseases and predict prognosis as biomarkers.!?>!24
Furthermore, exosomes also able to modulate the function
of cells which involved in wound healing in particularly
promote neovascular growth,'?>!2¢ stimulate collagen dep-
osition'?” and inhibit inflammation,'?® thus accelerating
wound healing. Recently, Li and Wu'?* reported on the
mechanism of exosomes in the cells involved in diabetic
wound healing including endothelial cells, fibroblasts,
macrophages and keratinocytes. Figure 2 represented the

mechanism by which exosomes regulate the processes in
order to enhance and promote diabetic wound healing.

Application of secretomes

The secretomes have a promising prospect for tissue engi-
neering and regenerative medicine due to the abundance of
factors that can enhance tissues and organs’ regeneration.
Several studies on stem cell-derived secretory factors
showed that secreted factors alone, without stem cells can
promote tissue repair when applied in different condi-
tions.'* The secretomes contain cell-secreted products but
without cellular components demonstrated not only for
therapeutic benefits for regenerative treatment application
meanwhile, the cell free therapy is relatively safe to human
body.

Recently, a study that pioneered in secretomes with bio-
materials showed significant acceleration in wound clo-
sure and improved regeneration outcome. Based on the
above-mentioned promoting regeneration effect, a study
proposed by Chen et al. demonstrated that the use of
secretomes to treat wounds during in vivo assays signifi-
cantly accelerated wound closure and improved regenera-
tion outcome as shown in Figure 3. Wounds of all groups
were almost closed after 15 days. They were indicated that
secretomes had significant effect on promoting normal
skin regeneration, inhibiting fibrosis, and quickly restoring
the appearance and function of damaged skin in vivo.'?
Gomes et al. demonstrate secretome derived from adipose
tissue has shown to have regenerative properties by induc-
ing neurite outgrowth.'3® In some research, it shows that
MSC-CM can intensify migration of skin cells in in vitro
scratch assays.”* Besides that, the PEDF in MSC-CM play
roles in enhancing migration of fibroblasts to the injured
tissues. MSC-CM also have a significant effects on the
keratinocytes migration and proliferation by activating the
extracellular signal regulated kinase (ERK) signaling path-
way in diabetes-like microenvironment.'* Therefore, pre-
conditioning of MSCs or any related cells in the suitable
microenvironment are important to exploit the therapeutic
potential of the secretomes in wound healing.

There are several advantages of secretomes compared
to the use of cells where it can be manufactured and formu-
lated in various form depending on the suitability, applica-
tion, and can be packed or transported more easily. Since
the collected secretomes are in a liquid form, a scaffold is
required as a carrier for the secretomes to be used for skin
treatment. The scaffold is one of the main components of a
delivery system for sustained release of supplementary
proteins. The scaffold also can provide a native microenvi-
ronment like the ECM to support tissue regeneration,'3-132
Accordingly, a scaffold fortified with supplementary pro-
teins could be suitable for fabricating acellular tissue sub-
stitutes, for example an acellular skin patch. A scaffold is
fabricated using biological or synthetic biomaterials to
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Figure 2. Exosomes and important cells involved in diabetic wound healing. Exosomes can promote endothelial cell function
recovery and angiogenesis through activating the Erk|/2signaling pathway or activation of eNOS/AKT/ERK/P-38 signaling pathways,
inhibition of AP-1/ROS/NLRP3/ASC/Caspase-1/IL-18, and increasing the secretion of VEGF, IGF-1, and FGF. Exosomes inhibit
inflammation by promoting phenotypic changes of macrophages by activating the PTEN/Akt signaling pathway. Exosomes promote
proliferation and migration of fibroblasts by activation of PI3K/Akt pathways or activating the Rho-YAP signaling pathway exosomes

promote the proliferation and migration of keratinocytes. The figure is reprinted (adapted) with permission from reference

124 under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

regenerate different tissues and organs.'’* Biomaterials
interact with biological systems to repair, maintain or
replace any tissue or organ to restore the body function.!'3*
The selection of the fabrication method and biomaterial is
crucial for producing a scaffold that mimics the desired
native tissue.

To the best of our knowledge, secretomes from MSC
involves collagen synthesis which suggests that MSC-CM
may also become a potential candidate for preventing
UV-induced skin damage.'?® Collagen is a dominant pro-
tein found in the human body, including in the skin, ten-
dons, and ligaments.'*'37 The ECM components are
essential in providing the mechanical strength and extra-
cellular architecture that support cellular growth, migra-
tion and differentiation for tissue regeneration and
healing.'3® There are 29 types of collagens; type I collagen
is the main collagen found in the body. Type I collagen is
found in the skin, tendon, and bone, meanwhile type III
collagen is found alongside it. Type II collagen is the main
component of cartilage tissue, type IV collagen forms the
basal lamina and type V collagen is present in cell surfaces
such as hair and placenta.’>® Due to its properties such as
biocompatibility, biodegradability and low immunogenic-
ity, collagen is widely used in tissue engineering.'4%!4!
Many collagen scaffolds are available for in vivo use, such
as skin replacement, tissue fillers and artificial vascular
structures.

Collagen can be extracted from human cadavers or mam-
malian sources (such as bovine or porcine skin, tendon, or
bone), fish and marine species, amphibians, plants or

recombinant sources'*® and is widely used in biomedical and
clinical applications. However, it stimulates the immune
response in patients.'* In addition, there is the risk of prion
transmission such as that responsible for bovine spongiform
encephalopathy (BSE), foot and mouth disease (FMD), and
transmissible spongiform encephalopathy (TSE).'* For that
reason, alternative animals such as goat or sheep, which are
less susceptible to infectious diseases and acceptable to all
communities, are suitable for collagen extraction.'* Type I
collagen is the major collagen extracted from sheep ten-
don.'* Marine collagen could also be a potential source of
type I collagen for clinical use, nevertheless extensive stud-
ies need to be performed to ensure its biocompatibility. A
three-dimensional (3D) tissue model is useful to simulate the
physiology of the cells in in vivo environment to develop
interaction between cell, protein, and materials. Collagen are
the principle structural component of ECM cross-linked net-
works and they can be designed into many forms (e.g. sheets,
tubes, sponges, powders, fleeces, injectable solutions, hydro-
gel, dispersions) for different purposes.'*®!4” The secretomes
can be incorporated with biomaterials to fabricate a 3D acel-
lular skin patch as an alternative approach for immediate
treatment of skin loss, as illustrated in Figure 4. The role of
collagen in wound healing is to attract fibroblasts and pro-
mote the deposition of new collagen into the wound site. In
the aspect of skin substitute toward wound healing and tissue
engineering, collagen-based dressing helps stimulate new
tissue growth, while promoting autolytic debridement, pro-
mote cell proliferation, angiogenesis, re-epithelialization,
provide a non-immunogenic, resorbable scaffold for cellular
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Figure 3. Secretomes promoted wound healing and inhibits scar formation in vivo. (a) Compared with the control and MPF,
MPF@CM promotes skin regeneration in vivo. Statistical analysis of the healing of (b) skin defect and (c) scar area (Average = SD,

n=3 for each group, *denotes p < 0.05, **denotes p <0.01, and ***denotes p <0.000] by One-way ANOVA followed by Tukey’s

multiple comparison test). Figure (a—c) reprinted (adapted) with permission from reference'? under the terms of the CC-BY-NC-
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Figure 4. A staged schematic of (a) a traditional engineered skin graft implanted onto the injured skin formation and (b) fabrication

of secretomes with biomaterials for of 3D acellular skin substitute.

migration and matrix deposition, guide organization of ECM
deposition.'*®!%° There is no doubt that collagen compounds
meet many of these criteria and have several distinct advan-
tages because they are biocompatible and non-toxic to vari-
ous types of tissues.

Wnt-CM that is derived from umbilical cord-MSC
(UC-MSC) was capable of enhancing the healing of full-
thickness skin wounds in mice.! Previously, study using
dermal fibroblasts conditioned medium (DFCM) that was
produced by culturing human dermal fibroblasts (HDF)
showed the presence of multiple proteins that enhance the
expansion of keratinocytes and accelerate wound healing
in vitro and in vivo .1'7!3 Study by Shrestha et al.® also
showed that the transplantation of UC-MSC and their
secretomes to accelerate wound closure in diabetic mice
which provided a detail account on the common use of
secretomes in wound healing. The researchers had injected
US-MSC and its’ secretomes subcutaneously around full-
thickness dermal wound that were created on the diabetic
mice. The wound closure was significantly expedited as
compared to control group and the healing process was
consistent until 14 days.!

Adult stem cells were the main cell source used in stud-
ies of tissue regeneration. These cells are mostly originated

from hematopoietic, mesenchymal, epithelial, and neural
cell lineages. MSC are the most generally used source in
cell therapy due to its high proliferation ability, paracrine
effect, and multipotent differentiation potential immu-
nomodulatory capacity.!>%!>! The use of stem cells in treat-
ing tissue regeneration have yield high efficacy results due
to stem cells’ ability to facilitate the healing of skin wounds
by enhancing neovascularization and promoting microvas-
cular remodeling.!’>!3 Study by Hashemi et al.!>* showed
the route of administration of MSC and secretomes in dia-
betic mice was done by injecting intraperitoneally or intra-
venously into mice. The outcome for both administrations
showed the decrease in blood glucose, recover pancreatic
islets, and increase the levels of insulin-producing cells.
Previous study on DFCM fortified with collagen hydrogel
as an acellular 3D skin patch demonstrated the possibility
of using allogenic fibroblast secretory factors for the
immediate treatment of full-thickness skin loss X91.
Another study by Zhao et al.!*> showed that the adminis-
tration of MSC-CM via intranasal has therapeutic effect in
stroke rat’s model. The MSC-CM was administrated 24 h
after middle cerebral artery occlusion in rats and the results
showed significantly enhances blood brain barrier func-
tional integrity and promotes functional outcome.
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Since the secretomes only consists of cell secreted pro-
teins, the used of secretomes for treatment have low or no
risk of Graft Versus Host Disease (GvHD) and side effects,
provided that the source tissue donor was properly
screened, tested and are free from infectious diseases.'?’
However, other issues still linger regarding secretomes on
its uses, disadvantages and known issues regarding it.

Underlying mechanism of using secretomes in
wound healing

In general, skin wound healing process will takes around
2weeks depending on the wound severity either acute or
chronic wounds.!**!57 Once injury occurs, the blood vessel
damage and become leakage of blood constituents into the
wound site. Hemostasis begins immediately after wound-
ing. The migration of inflammatory cells into the wound
by chemotaxis starts with the infiltration of neutrophils,
macrophages and lymphocytes.!*® These cells are a major
source of growth factors through phosphoinositide
3-kinase (PI3K) PI3K/Akt, Janus kinase, Signal Transducer
and Activator of Transcription (Jak-STAT) pathways. For
instance, neutrophils initiate VEGF and TGF-f, mean-
while lymphocytes initiate tumor necrosis factor (TNF),
granulocyte-colony stimulating factor (G-CSF), granulo-
cyte macrophage-colony stimulating factor (GM-CSF),
whereas IL-1 and macrophage secretes bFGF, EGF, PDGF,
GM-CSF, TGF-a, TGF-B, IL-1, and TNF. However, the
duration of wound healing process depends on the indi-
viduals as the expression of these groups of cytokines and
growth factors.

The introduction of secretomes to the site of injury will
accelerate the recovery process. Accordingly apart from
the host tissue, secretomes have a wide range of cytokines
and growth factor which are directly related to the wound
healing development. Following that, angiogenesis is the
next phase of recovery, whereby the molecules such as
VEGF, bFGF, EGF, and TGF-B. They are promote new
blood vessel, sustain the newly formed granulation tissue
and help in the survival of endogenous keratinocytes.”
Meanwhile for the final phase of wound healing process,
growth factors including EGF, GM-CSF, and hepatocyte
growth factor (HGF) will prompt keratinocytes to migrate
from the basal population around the wound edge to over
lesion and differentiate into squamous keratinizing epider-
mal cells® (Figure 5).

Ethics, drawbacks, and issues of secretomes

The focus of using stem cells is not only for alternative
treatments of wound healing and cures but also for other
diseases. However, this process is interrupted by important
ethical debates. Side effects and potential risks do come
with the uses of stem cells, and many of these risks cannot
be fully solved with the use of secretomes. There are a

variety of other ethics and regulatory issues associated
with the stem cell research and treatment. These ethical
matters will affect the donors, scientific requirement and
qualification for clinical testing, translation of stem cell-
based therapies from research to clinical use, and appropri-
ate and equitable access to emerging therapies. Besides the
risks of stem cells, possible drawbacks can come from the
secreted proteins on the conditioned medium.

Various studies used different cell types and doses of
secretomes. This is in turn leads to a lack of standardiza-
tion to produce secretomes, cultured medium and
secretomes’s processing. The mode of delivery as well as
volume of secretomes also plays a crucial role. This is vital
to use secretomes for research or treatment on various
human diseases. This can begin by focusing on a standard
for production method such as the type of cell and number
required to produce the secretomes. Other data that is
important to factor in is the diseases that were treated or
studied on, details on the patient (age, gender, weight,) or
experiment model (species, age, gender, body weight) and
what type of secretomes, volume of secretomes used and
mode of application in their treatment. The standardization
of secretomes can lead to mass production by pharmaceu-
ticals companies for use in treatments. It is also crucial to
note and analyze possible cytokine contents from certain
secretomes. The cytokine content must be validated and
have a reason for its use before application is done.

Scaling up production of secretomes—
manufacturing challenges

Secretomes and its cell-secreted proteins have been shown
by recent studies for its therapeutic purposes. Due to their
distinctive characteristics and potential therapeutic use,
there will be increasing in future demand. However, to
produce a large scale of concentrated secretomes requires
lots of cell expansion. This will increase production, work-
load and labor costs, as well as spaces for culturing pro-
cesses. Furthermore, there are several scaling up processes
use in manufacturing and each has its own challenges. For
instance, in scaling up the production MSC, microcarriers
in the stirred-tank bioreactors have been widely utilized
instead of conventional planar tissue culture. Though, the
used of microcarrier-expanded MSC were differ from
standard culture vessel (dish- or flask) for expansion of
cells in term of size, morphology, proliferation, viability,
surface markers, gene expression, differentiation potential,
and secretome, which will lead to alteration in immuno-
suppressive properties and clinical effectiveness of
MSC.!3%160 On the other hand, the scientists just have to
depend on the donor samples in which they are coming
with varies batch-to-batch samples. To reduce the varia-
tion, we have to pool all the batches. The major challenge
in scaling up the cell cultures and cell-based therapy is to
make sure their therapeutic potency is well-maintained. At
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Figure 5. Mechanism of wound healing using secretomes. The stem cell secretomes may promote wound healing by stimulating

the proliferative and migratory abilities of skin cells.

the same time, it is to standardize bioprocessing parame-
ters on the differentiation, migratory ability, and secretory
function of the manufactured cell-based therapy. The oth-
ers point is the mixture itself, in which including of pro-
teins, metabolites and wastes secreted by cells. If the
metabolites are increased, then it will be toxic to cells.
Therefore, we are suggested to lyophilized secretomes to
remove metabolites and small molecules.

Conclusions and future perspective

The utilization of skin substitutes and the use of secretomes
with its secreted proteins can be promising in treating skin
loss and aid in the healing process. Due to the limitation of
treatment like SSG in treating significant skin loss, skin
substitutes now can be considered as a treatment option.
Besides, currently there is ongoing research on skin substi-
tutes in treating skin loss that shows promising results.
However, each skin substitute product has its advantages
and disadvantages, depending on the patient’s clinical

condition, hence more studies need to be done to analyze
its therapeutic efficacy and safety. Secretomes and its
secreted factor have lots of potential uses in tissue engi-
neering and regenerative medicine. The released factor
alone, without the stem cell, can trigger tissue repair in
conditions involving skin defect. The use of stem cell
secretomes in wound healing has potential as an alterna-
tive approach to overcoming the limitations of cell-based
therapy. Nevertheless, there is still lack of standardization
in the production of secretomes, studies on mode of deliv-
ery of secretomes and its secreted factor.

On the other hand, the future for secretomes is bright
with its potential to be utilized properly in tissue regenera-
tive medicine, wound closure, tissue engineered products
and treatment of burn victims. The uses of secretomes out-
side tissue healing have also been carefully studied and
making significant progress as well. This gives a good pic-
ture for secretomes to be used more broadly and is expected
to become a more frequent sight in clinical treatments. If
given a good appeal to pharmaceutical companies, we can
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see more commonly uses of secretomes in hospitals and
private clinics.
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