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Abstract

article due to contraction of the control wounds.

Background: In recent years, adipose-derived stromal cells (ASCs) have been heavily studied for soft tissue
regeneration, augmentation, and dermal wound healing.

Methods: In this review, we investigated the trends in injectable scaffolds for ASC delivery in the dermis, and
injectable or implantable scaffolds for ASC delivery in the subcutis. A total of 547 articles were screened across
three databases; of these, 22 studies were found to be eligible and were included. The scaffolds were subdivided
and analyzed based on their tissue placement (dermis or subcutis), delivery method (injected or implanted), and by
the origin of the materials (natural, synthetic, and combinatory).

Results: ASCs embedded in scaffolds generally showed improved viability. Neovascularization in the transplanted
tissue was greater when undifferentiated ASCs were embedded in a combinatory scaffold or if differentiated ASCs
were embedded in a natural scaffold. ASCs embedded in natural materials underwent more adipogenic
differentiation than ASCs embedded in synthetic scaffolds, indicating an etiologically unknown difference that has
yet to be described. Increased mechanical strength of the scaffold material correlated with improved outcome
measurements in the investigated studies. Wound healing studies reported reduced healing time in all except one

Conclusions: In future clinical trials, we recommend embedding ASCs in injectable and implantable scaffolds for
enhanced protection, retained viability, and improved therapeutic effects.

Trial registration: This review was registered with PROSPERO: ID=CRD42020171534.
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Background

Mesenchymal stem cells (MSCs) are under investigation
in hundreds of clinical trials [1]. Adipose-derived stro-
mal/stem cells (ASCs) are currently one of the most
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utilized MSCs in plastic and reconstructive surgery be-
cause procurement is minimally invasive (e.g., liposuc-
tion), and ASCs are abundant in number and readily
obtained from fat. Soft tissue regeneration and dermal
wound healing compose a fraction of the studies investi-
gating ASC-based therapy. The rationale is their immu-
nomodulatory and regenerative qualities [2]. However,
there should be a greater focus on methods for cell
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product delivery in clinical trials, as cell quality and po-
tency are highly important for a successful clinical out-
come. ASCs are commonly suspended in low-viscosity
liquid proven to damage cells during injection, thus re-
ducing the cell count and effect of treatment [3, 4]. Cul-
turing ASCs for treatment is currently extremely costly
and time-consuming. It is therefore essential to
maximize cell vitality and minimize cell damage and
rupture during injection.

Soft tissue defects following surgery, birth defects, or
traumas are currently restored using major flap surgery
or artificial prostheses, e.g., breast prostheses. Fat graft-
ing is an alternative method for volume restoration.
However, retention rates can be low and unpredictable
[5-7] and often require multiple procedures for esthetic-
ally pleasing results. Specialists have explored ways to
improve fat graft retention. At present, ASC enrichment
of fat grafts has shown the most promising results in
two human randomized controlled clinical trials [8, 9].
Their secretion of angiogenic and anti-apoptotic factors
[10] can theoretically increase fat-tissue depend neo-
angiogenesis after transplantation and lead to an im-
proved graft retention. Although encouraging clinical re-
sults have been reported, the reproducibility, reliability,
and improved procedure of the soft tissue restoration re-
main to be investigated.

The application of ASCs in dermal wound healing has
been well investigated. Every surgical specialty has pa-
tients with healing problems and hypertrophic scarring,
and the application of ASCs has been acknowledged as
an improved treatment in this area. ASCs are being in-
vestigated due to their ability to mediate and modulate
immune responses associated with wound healing.
Wounds are normally dependent on the healthy sur-
rounding extracellular matrix (ECM), cells, and serum
for vascularization and remodeling of the wound bed
[11]. ASC is known to secrete a plethora of regenerative
growth factors [12] that improve the quality and extent
of wound healing.

To improve clinical results, scaffolds as vehicles for
ASCs are being explored for their protective properties.
Scaffolds are known to influence graft quality, tissue for-
mation, and wound healing by maintaining ASC viabil-
ity/retention and metabolic activity and improving
neoangiogenesis and thereby graft retention and wound
healing.

In this study, we searched for literature (in accordance
with PICO guidelines) to review the use of scaffolds to
improve the ASC delivery for subcutaneous and dermal
applications.

Background for cell delivery scaffolds
Scaffolds are supportive materials. They are currently ex-
tensively investigated for tissue engineering and drug
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delivery. Fundamentally, a scaffold must define a 3D
architectural space that can provide structural support
for the transplanted cells and integrate easily with the
surrounding tissue [13]. Scaffolds are especially of inter-
est for injectable cell delivery, as they theoretically pro-
tect the cells during injection, resulting in more viable
cells with retained potency, thus increasing the rate of
successful clinical treatments with minimal scaring [14].

Designing a scaffold requires careful consideration of
multiple aspects that all may affect the quality of the
graft and ultimately the success of the treatment. As
such, porosity, degradation, mechanical properties, sig-
naling molecules, and polymer type play a role in the
quality of hydrogel scaffolds [13]. The structural base of
scaffolds should ideally mimic the natural 3D environ-
mental niche of the recipient tissue for an easy transition
from culture to tissue [15]. When choosing a scaffold, it
is important to understand the native abilities of the
scaffolded material and the nature of the recipient site.
Injectable scaffolds may be favorable in settings such as
drug delivery or for minimal scaring in cosmetic and re-
constructive surgery. Implantable scaffolds may however
be favorable in an environmental niche where the mech-
anical strength is of most importance such as for menis-
cus repair. Here, we investigate whether embedding
ASCs in scaffolds can improve the quality of subcutane-
ous soft tissue augmentation and dermal wound healing
in comparison to solely injecting/implanting ASCs. We
further inspect whether the origin of the scaffold mater-
ial (natural, synthetic, or combinatory) impacts the
ASCs, vascularization, differentiation, and quality of the
grafts.

Natural and synthetic scaffolds

Natural scaffolds inherently play a role in biological sig-
naling, cell adhesion, and can easily be degraded and re-
modeled in vivo. However, they lack mechanical
strength and controllable degradation. Natural scaffolds
can be subject to batch-to-batch variation, thus variate
in quality and quantity [16]. Synthetic scaffolds often
have tunable mechanical properties, controllable degrad-
ation, and are without batch-to-batch variance. Theoret-
ically, synthetic polymers will however not facilitate cell
signaling or cell differentiation [16]. By combining nat-
ural and synthetic scaffolds the desired scaffold qualities
could offer a scaffold with biological signaling, cell ad-
herence, controlled degradation, batch consistency, tun-
ability, and mechanical strength.

Another property of scaffolds is their ability to support
ASCs towards adipocytes. The bio-mechanism is how-
ever vastly unclear. A factor known is however the stiff-
ness of the ECM. A stiffer ECM generally facilitates
osteogenesis and a softer ECM adipogenesis. This
change is due to the changes in focal adhesions. ASCs
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will change their morphology by spreading wider in a
stiffer matrix and regulate focal adhesions leading to
osteogenesis via beta-catenin signaling and adipogenesis
via PPAR-gamma in a softer matrix [17].

Methods

The protocol was published in the register of PROS-
PERO and approved on March 17, 2020, with registra-
tion number CRD42020171534.

Search

Studies from MEDLINE, Embase, and Cochrane Library
were identified. Titles and abstracts were screened for
eligibility using the inclusion criteria until November 1,
2019. The search was limited to the English language.
The search strings were modified for use in the different
databases.

Inclusion criteria
We included peer reviewed publications assessing trans-
plantation of ASCs embedded in injectable scaffolds into
the dermis layer in vivo or injectable and implantable
scaffolds into the subcutaneous layer in vivo. Studies on
the topical application of ASCs, e.g., by acellular dermal
matrix for burn wounds, were excluded. Furthermore,
studies employing animals subjected to chronic illnesses
such as diabetes were excluded. To ensure a degree of
confidence, all the included studies compared their re-
sults to a control group, e.g., transplantation of cells
without a scaffold. Eligible studies also included an as-
sessment of ASC viability post ejection or transplant-
ation, graft retention, or vascularization in comparison
to a control group.

Study characteristics were assessed using the PRISMA
PICOS guidelines.

Outcomes

The eligible principal results were viability, potency,
ASC and graft retention, vascularization, adipogenesis,
and wound healing.

This included viability both in vitro and in vivo; po-
tency was defined as the ability of ASCs to proliferate in
culture and by metabolic activity, e.g, MTT assay,
vascularization by immunostaining or histology, adipo-
genesis by oil red O or Nile red staining, dermal thick-
ness was assessed by histology and wound healing
assessed by wound closure and epithelial thickness. Fur-
thermore, eligible retention results included ASC detec-
tion in vivo using, e.g., fluorescence and graft retention
assessed by MRI or histology.

In addition, eligible studies should include an assess-
ment of scaffold biocompatibility and biodegradability

in vitro using, e.g., a gravimetric method, or an
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assessment of retention in vivo using, e.g., histology or
volume retention.

Results

Characteristics of included studies

Xenogeneic models (human/murine) were the preferred
model in most of the studies (n =17), whereas only six
studies investigated a true murine model whereof one
was in an autologous setting. In the nonxenogeneic
models, all animals used in the individual studies were
of the same species and breed. No human clinical trials
were found. An outline of the included studies is
depicted in Table 1. None of the articles described ran-
domized housing of the animals or blinding of the
caregivers.

Confirmation of the cell lineage (ASC) should be per-
formed before application of ASCs, either by trilineage
differentiation or flow cytometry for cell surface
markers. Six of the 22 included articles confirmed ASC
surface markers using flow cytometry prior to applica-
tion [20-22, 25, 29, 37], of which two studies included
trilineage differentiation [21, 22]. In all the included
studies, the ASCs were culture expanded prior to appli-
cation, and in 12 studies, ASCs were cultured for more
than 24 h in their respective scaffolds prior to in vivo ap-
plication [21, 2426, 28, 29, 32-34, 36—38].

Following scaffold loading either by mixing the scaf-
fold with the cells or by culturing the cells in the scaf-
fold, the scaffolds were either injected subcutaneously,
intradermally, or implanted under the skin of the animal
subjects. Subcutaneous injections were assessed in ten
studies using 18-28G needles with cell concentrations
ranging from 0.05-17 x 10° ASC/ml (Tables 2 and 3),
five articles studied dermal injections using 23—-25G nee-
dles with cell concentrations ranging from 0.01-2 x 10°
ASC/ml (Tables 4 and 5), and seven articles studied the
subcutaneous implantation of ASCs (Tables 6 and 7).

The scaffold

A scaffold used in a subcutaneous/dermal setting should
serve as a delivery vehicle for ASCs and possess a certain
mechanical stability to protect the cells against shearing
and pressure-associated damage during delivery. Once
the ASCs are delivered, the scaffold should provide
structural support for the cells to attach, proliferate, and
differentiate. Furthermore, the scaffold should provide a
void volume for vascularization and new tissue forma-
tion. As such, the engineered material determines the
scaffold functionality, biodegradability, and compatibility
[39].

In the literature, frequently assessed scaffold materials
are natural polymers (polysaccharides, gelatin, extracel-
lular matrix (ECM) components) and synthetic poly-
mers, most frequently PLGA or PEG, or combinations
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Table 1 Outline of the included studies1
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Cell graft Subcutanous injection Dermal injection Subcutaneous implant
Autologe N=11[18] N=0 N=0
Allogenic N=2 119, 20] N=2[21,22] N=1[23]
Xenogenic N=7[14, 24-29] N=3[30-32] N=06 [33-38]
Table 2 Characteristics of subcutaneous injections of ASCs embedded in scaffolds2
Author (year) Type of scaffold Subtype (intervention) Specimens ASCs Gauge Placement ASCs/ Number
ml

Cai et al. Copolymer PEG with 1wt% °PNIPAM  Athymic Human 28G Dorsum 16, 5
(2015) [14] (SHIELD-1) + ASCs nude mice 665,

*PEG with 0.7 wt% "PNIP 000

AM (SHIELD-0.7) + ASCs

*PEG with w/o "PNIPAM

(SHIELD-0) + ASCs
Linh et al. ‘CHPA-YGTA-*PDGF-BB + BALB/c Human NR Dorsum 10, 4
(2017) [24] ASCs nude mice 000,

SCHPA-GTA + ASCs 000
Chen et al. Copolymer + protein Laminin-alginate beads +  Sprague- Rats NR Dorsum 50,000 3
(2017) [18] ASCs Dawley rats  Autologous

Adipocytes + laminin-

alginate beads + ASCs
Choi et al. Polymer PLGA + dASCs Athymic Human 23G Neck 1,000, 6
(2006) [25] nude mice 000
Choi et al. ECM Human ECM powder + BALB/c Human 18G Dorsum 1,000, 10
(2009) [26] ASCs mice 000
Kim et al. Polysaccharide Alginate + dASCs Nude mice  Human 23G  Chest wall ~1, 5
(2012) [27] and abdomen 000,

000

Cheung et al. 9DAT + (GAG + polymer) or PMGC + 5% 9DAT + dASCs ~ Wistar rats ~ Human NR NR ~1, 3
(2013) [28] (polysaccharide + polymer) IMCS + 5% 9DAT + dASCs 888
Wang et al. ECM JSISE + ASCs Nude mice  Human NR Dorsum 100, 6
(2013) [29] KATE 4 ASCs 000
Sumi et al. Protein + anticoagulant 'F/P, plasma, FGF-2 and Fischer 344  Rats 25G Dorsum 4,000, NR
(2013) [19] ASCs rats 000

'F/P and plasma and ASCs

Plasma and MFGF-2 and

ASCs

'¥/P, serum and MFGF-2

and ASCs

'F/P and serum and ASCs

Serum and ™FGF-2 and

ASCs
Derby et al.  Peptide "PuraMatrix + ASCs Nude mice  Murine 23G  Parascapular 5000, 6
(2014) [20] 000

dASCs adipogenically induced ASCs, NR not reported, ®PEG polyethylene glycol, °PNIPAM poly(N-isopropylacrylamide), <CHPA 4-hydroxypheny! acetic acid, °GTA
gelatin modified with tyramine, ®PDGF-BB platelet-derived growth factor, ‘PLGA poly (lactide-co-glycolide), 9DAT decellularized adipose tissue, "MGC methacrylated
glycol chitosan, '"MCS methacrylated chondroitin sulfate, ’SISE small intestine submucosa extract, “ATE adipose tissue extract, 'F/P fragmin/protamine, ™FGF-2
fibroblast growth factor 2, "PuraMatrix PuraMatrix peptide hydrogel (BD Biosciences, Bedford, Massachusetts)
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Table 3 Results of subcutaneous injections of ASCs embedded in scaffolds.2

Author Scaffold material  Cells Results from each study’s best scaffold for ASC delivery Duration
(year) In vitro In vivo In vivo
[ref]
Caietal. °PEG+P°PNIPAM ASCs  Cells are protected from shear  Cell retention 60% at day 3 vs. 13% for ASCs alone 2 weeks
(2015) [14]  (SHIELD-1) stress during injection ASC proliferation within the scaffold
Linh et al. “CHPA-YGTA-°PDGF- ASCs  Cells are viable and proliferate in Cells are viable and proliferate within the scaffold 2 weeks
(2017) [24] BB scaffold Observed infiltration and vascularization of the scaffold
Chen Adipocytes in ASCs n/a Fat graft retention at week 6 is 60% and increasing to 89% 12 weeks
et al. laminin-alginate at 12 weeks, indicating formation of new fat tissue.
(2017) [18]  beads Newly formed tissue with healthy adipocytes
Choi et al. PLGA dASCs  Cells proliferate and maintain Cells maintain their pre-adipocyte phenotype in the 8 weeks
(2006) [25] pre-adipogenic phenotype in scaffold
the scaffold Newly formed tissue following week 4

Neovascularization observed
Choi et al. hECM powder ASCs  Cells adhere and proliferate in Observed infiltration and vascularization of the scaffold 8 weeks
(2009) [26] ECM powder Newly formed tissue with healthy adipocytes either by

differentiation or migration of host cells
Kim et al. Alginate dASCs  Cells maintain their pre- Fat graft retention at week 10 is 50% + 12%, indicating that 10 weeks
(2012) [27] adipocyte phenotype in the the entire scaffold had been resorbed and half of it

scaffold replaced by neotissue

Newly formed healthy fat tissue with vascularization
Cheung IMCS + "DAT dASCs  Cells are viable and maintain Observed infiltration and vascularization of the scaffold 12 weeks
et al. their pre-adipocyte phenotype  Newly formed tissue with healthy adipocytes
(2013) [28] in the scaffold Graft surrounded by a fibrous capsule that qualitatively

decreased in thickness and increased in vascularization as
the scaffold remodeled.

Wang 'ATE ASCs  Cells proliferate in the scaffold Confirmed adipogenesis within the scaffold. 8 weeks
et al. Observation of vascular components in the scaffold.

(2013) [29]

Sumi JF/P, plasma, KFGF-2  ASCs  Cells proliferate in the scaffold Observed vascularization of the scaffold at day 15 8 weeks
et al. (a)

(2013) [19]

Derby 'PuraMatrix (@mino  ASCs  n/a Cells are viable and proliferate within the scaffold 8 weeks
et al. acids) ASC display ability to transdifferentiate into epithelial cells

(2014) [20]

dASCs adipogenically induced ASCs, 2PEG polyethylene glycol, °PNIPAM poly(N-isopropylacrylamide), “<CHPA 4-hydroxypheny! acetic acid, 9GTA gelatin modified
with tyramine, °PDGF-BB platelet-derived growth factor, PPLGA poly (lactide-co-glycolide), SMCS methacrylated chondroitin sulfate, "DAT decellularized adipose
tissue, 'ATE adipose tissue extract, Jf/P fragmin/protamine, “FGF-2 fibroblast growth factor 2, 'PuraMatrix PuraMatrix peptide hydrogel (BD Biosciences,

Bedford, Massachusetts)

Table 4 Characteristics of dermal injections of ASCs embedded in scaffolds

Author (year) Scaffold material Subtype (intervention) Specimens ASCs Gauge Placement ASCs/ Number
ml
Dong et al. (2014) Polymer + protein PEG and PSH-HA + ASCs Sprague-Dawley Rats NR Dorsum 1,000, 3
[21] Rats 000
Dong et al. (2017) Polysaccharide & °PEG and gelatin + ASCs FVB mice Murine  NR Dorsum 1,000, 10
[22] polymer 000
Machula et al. (2014) Protein Electrospun tropoelastin +  SCID congenic Human NR Dorsum 756,000 6
[30] ASCs mice
Kim et al. (2016) [31]  Polymer + ECM ECM protein + Sprague-Dawley ~ Human 23G Dorsum 100,000 3
methylcellulose rats
+ASCs
Cheng et al. (2017) Polysaccharide + Chitosan + “bFGF + ASCs C57/B6 mice Human 25G Dorsum 2,000, 4
32 protein Chitosan/gelatin+ ASCs + 000
‘bFGF

dASCs adipogenically differentiated ASCs, 2PEG polyethylene glycol, PSH-HA thiolated hyaluronic acid, “bFGF basic fibroblast growth factor
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Table 5 Results of dermal injections of ASCs embedded in scaffolds

Author Scaffold Cells Results from each study’s best scaffold for ASC delivery Duration
(year) [ref] material In vitro In vivo in vivo
Dong et al. *PEG + bSH — ASCs Cells are viable in the scaffold Decreased wound contraction 3,7, and
(2014) [21] HA Re-epithelialization from the wound edges 14 days
The scaffold retains the ASCs within the
scaffold. No ASCs were found in host
tissue
Increased vascularization of the wounds
Dong etal.  “PEG+ gelatin ASCs  Cells are viable and proliferate in the scaffold Cells are viable within the scaffold 4 weeks
(2017) 221 The scaffolds mechanical strength decreased Faster wound healing
during 4 weeks of culture. Increased vascularization of the wounds
ASCs regenerate the ECM network and maintain
scaffold shape.
Machula Electrospun ASCs  The cells are compatible with the scaffold assessed  Faster wound healing 6 days
etal. (2014)  tropoelastin by ASC morphology and deposition of ECM Thicker re-epithelization of wounds
[30]
Kim et al. ECM protein +  ASCs Cells are viable and proliferate in the scaffold Observed host infiltration of the scaffold 3 weeks
(2016) [31] methylcellulose No increased vascularization nor increased
epithelial thickness of the wounds
Cheng et al.  Chitosan/gelatin  ASCs Cells are viable and proliferate in the scaffold Increased vascularization 5 days
(2017) 1321 + “bFGF 1.2% of the cells are released after 14 days HNA+ Cells in the wound

11 +3.2% CD31+ cells per power field

dASCs adipogenically differentiated ASCs, °PEG polyethylene glycol, BSH-HA thiolated hyaluronic acid, “bFGF basic fibroblast growth factor

of the two. In general, natural polymers have been re-
ported to display excellent biocompatibility [12]. The
cells are most often able to adhere and proliferate in a
natural scaffold; however, the mechanical stability of the
scaffold is limited. It is therefore often attempted to
reinforce natural scaffolds with synthetic polymers,

providing the physical properties necessary for successful
delivery [39]. However, this reinforcement can poten-
tially compromise scaffold biocompatibility either by
evoking an immunological reaction or by altering the
degradational properties of the scaffold. As such, biodeg-
radation is yet another important aspect when designing

Table 6 Characteristics of subcutaneously implanted ASCs embedded in scaffolds4

Author (year) Type Subtype (intervention) Specimen ASCs Placement ASC/ml Number
Wu et al. (2017) Biodegradable polymer ?PLGA and bOEG1 + ASCs Nude mice Huabman Dorsum 500,000 14
[33] 9PLGA and OFGo + ASCs
Zhang et al. (2017) *PLGA + dASCs Nude mice Human Dorsum NR 5
(34 °PLGA + ASCs
Cho et al. (2005) Fibrin gel, “bFGF + dASCs Athymic nude  Human  Dorsum 80,000, 4
[33) Fibrin gel, 9pFGF, mice 000
PGA + PLLA + dASCs
Hong et al. (2006)  Gelatin Gelatin sponge + dASCs SCID mice Human  Dorsum 3,000, 4
[36] Gelatin sponge + ASCs 000
Dhillon et al. Polysaccharide + peptide IMGC + ASCs NOD/SCID mice Human  Dorsum 10000, 6
(2019) [37] sequence IMGC-RGD + ASCs 000
IMGC-KVAV + ASCs
Jing et al. (2007) Polysaccharide Alginate +ASCs BALB/c mice Murine Dorsum 2,000, 8
(23] Alginate +dASCs 000
Storck et al. (2017) Biodegradable polymer and JPu-fibrin + ASCs Athymic mice Human Groin 1,000, 5

[38] protein Jpu-fibrin + dASCs OOO

Jpu-fibrin +dASCs + fat flap

dASCs adipogenically differentiated ASCs, 2PLGA poly (lactide-co-glycolide), POEG; ethylene glycol, “OEG, oligo (ethylene glycol) 400, °bFGF basic fibroblast growth
factor, ePGA_pon (glycolic acid), PPLLA poly(L-lactic acid), MGC N-methacrylate glycol chitosan, PRGD GGGGRGDS peptide sequence derived from collagen and
fibronectin, IKVAV CSRARKQAASIKVAVSADR peptide sequence derived from laminin, ’PU poly(e-caprolactone)-based polyurethane
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Table 7 Results of subcutaneously implanted ASCs embedded in scaffolds

Author (year) Scaffold Cells Results from each study’s best scaffold for ASC delivery Duration
[ref] material In vitro In vivo in vivo
Wu et al. (2017) “PLGA + bOEGg ASCs  Most cells are viable and proliferate Increased vascularization 4 weeks
[33] after 3 days Host cells invade the scaffold
The cells adhere to the scaffold Positive stain for CD31+ cells and VEGF
Zhang et al. °PLGA dASCs  Cells are viable and adhere to the Increased vascularization 12 weeks
(2017) [34] scaffold Fat formation surrounded by a thin fibrotic
Cells form lipid droplets and express capsule
adipogenic genes No necrosis or inflammation
Positive staining for CD31+ cells and VWF
Cho et al. (2005)  Fibrin gel + dASCs  Cells proliferate in the scaffold The implant did not shrink at visual inspection 6 weeks
[35] “bFGF + Cells form lipid droplets Fat formation
9PGA + °PLLA
Hong et al. (2006) Gelatin sponge dASCs Cells proliferate in the scaffold Increased vascularization 4 weeks
[36] Cells form lipid droplets Human dASCs found after 4 weeks
Fat formation (40% of histological section is
newly formed fat tissue)
Dhillon et al. "MGC-9RGD ASCs  Cells are viable and metabolically active Cells are retained inside the scaffold 2 weeks
(2019) [37] Cells express angiogenic genes Increased vascularization
Cells have normal morphology
Jing et al. (2007)  Alginate dASCs  Cells form lipid droplets The grafted dASCs and scaffold are visually like 8 weeks
[23] Cells express adipogenic genes and adipose tissue
proteins Increased metabolic activity of dASCs during the
first week
Fat formation and adipogenic gene expression
Storck et al. Pu-fibrin + fat  dASCs n/a Fat formation 12 weeks
(2017) [38] flap Neotissue originates from the host

dASCs adipogenically differentiated ASCs, °PLGA poly (lactide-co-glycolide), POEG, oligo (ethylene glycol) 400, “bFGF basic fibroblast growth factor, dpGA poly
(glycolic acid), °PLLA poly(L-lactic acid), "MGC N-methacrylate glycol chitosan, SRGD GGGGRGDS peptide sequence derived from collagen and fibronectin, 'PU

poly(e-caprolactone)-based polyurethane

a scaffold for cell delivery. Depending on the purpose, a
scaffold should have at least a temporary resistance to
biodegradation upon implantation but eventually be-
come degraded over time (days to months) without
evoking an immunological response. As the majority of
the included studies established xenogeneic models

Table 8 Degradation time of the scaffold materials

using immunocompromised animals to overcome mis-
matched cell grafting [18, 21, 28], immunological evalu-
ation of biocompatibility is not included in this review.
In the eligible studies, considerations regarding the
scaffold design led to the utilization of one of three cat-
egories of material: natural polymers (polysaccharides,

Scaffold Origin
2PEG [14] Synthetic
°PEG /°PNIPAM [14] Synthetic
SCHPA / 9GTA / °PDGF-BB [24] Natural
Laminin/alginate [18] Natural
PuraMatrix [20] Synthetic
PMGC/ 9DAT (28] Natural
'MCS / 9DAT [28] Natural
Scaffold Origin
CCHPA-YGTA-°PDGF-BB [24] Natural
Chitosan/gelatin + 'bFGF [32] Natural

PLGA and 'OEGs [33]
"PLGA [34]

Combinatory

Synthetic

Degradation in vivo Measured after

70% 3 days
40% 3 days
40% 2 weeks
60% 6 weeks
100% 8 weeks
50% 12 weeks
75-80% 12 weeks

Degradation in vitro Measured after

50% 20 days
65+ 3.5% 1 week

70% 4 weeks
=50% 6 weeks

2PEG polyethylene glycol, °PNIPAM poly(N-isopropylacrylamide), <CHPA 4-hydroxyphenyl acetic acid, “GTA gelatin modified with tyramine, °PDGF-BB platelet-
derived growth factor, fPuraMatrix PuraMatrix peptide hydrogel (BD Biosciences, Bedford, Massachusetts), 9DAT decellularized adipose tissue, "MGC methacrylated
glycol chitosan, '"MCS methacrylated chondroitin sulfate, ’bFGF basic fibroblast growth factor, “PLGA poly (lactide-co-glycolide), 'OEG, oligo (ethylene glycol) 400
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gelatin, extracellular matrix (ECM) components) (n=
13); synthetic polymers (n = 4), such as PLGA; or combi-
nations of the two (17 =5).

Although the length of the studies limited the evalu-
ation of the total degradation time, studies evaluating
natural [18, 24, 28] or synthetic [14, 20] scaffolds re-
ported at least partial degradation of scaffolds at the end
of the study periods (Table 8). Based on these limited re-
sults, the natural and synthetic scaffold materials in-
cluded in this study seem to meet the defined criteria for
biodegradation. However, full graft retention was not ex-
tensively evaluated, as the scaffold materials had not
fully degraded at the evaluation point, which could lead
to misconception of the retention rates [18, 23, 27, 35].

Cell characteristics

When evaluating the ASCs in the included studies, some
precautions should be taken. Promising results have
been obtained in the field of stem cell therapy, but the
differences in proprietary methods for cell culture and
production have resulted in clinical results with variable
success. In regard to these methods, the crucial question
of cell dose remains. With respect to the variation in cell
culture procedures, the cell dose needed to achieve a
clinically relevant result is still vastly unknown. A recent
porcine study investigated the optimal dose of ASC en-
richment to fat grafts within the range of 2.5-20 x 10°
cells/ml. A concentration of >10 x 10° significantly in-
creased graft retention compared with the nonenriched
control (p =0.02). However, no significant dose depend-
ency in graft retention was found [40], implying that a
certain threshold cell dose is needed for successful fat
graft retention.

None, but one, of the 22 included articles in this re-
view tested the effects of various cell concentrations
[22]. In the included study by Dong et al. [22], a cell
concentration of 10 x 10° cells/ml displayed a signifi-
cantly increased in vitro expression of the two stemness-
related genes Oct4 and Sox2. The expression of the
wound healing-related cytokine genes Sdf-1, Hgf, Angpt-
1, Vegf-a, Fgf-2, and Pigf was also elevated when com-
pared to a lower cell concentration of 1 x 10° cells/ml
(p <0.05). This result, in context with the previous por-
cine study [40], indicates that higher cell concentrations
may be favorable for fat tissue engineering in terms of
graft retention, stemness, and wound healing.

ASC viability and potency

Intuitively, the quality of the cells embedded into a scaf-
fold affects the fate of the transplant. If the fraction of
viable/vital cells loaded into the scaffold is low, the pro-
cedure of mixing and injecting the cells may further im-
pair the cell quality and ultimately jeopardize the clinical
results. Thus, the cell quality should be assessed prior to
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application and, if possible, monitored post ejection. Pa-
rameters such as cellular metabolism, proliferation, and
population doubling time can provide crucial informa-
tion about the quality of the cell product prior to appli-
cation and thereby insinuate the treatment outcome.
Twelve of the included articles assessed ASC prolifera-
tion in coculture with the scaffold [19, 21, 22, 24—26, 28,
29, 32-34, 37]. Nine articles found the ASCs to be pro-
liferating, but without indication of a preferred scaffold
material (natural (z=75)) [19, 24, 26, 29, 32], combin-
atory (n =2) [22, 33], or synthetic (n=2) [25, 34]. Three
articles, of which two tested the natural scaffold material
methacrylated glycol chitosan [23, 29], reported re-
stricted proliferation resulting in a maintained or de-
creased cell population. The third study utilized a
combinatory scaffold comprised of hyaluronic acid-SH
and a PEG scaffold [21].

The results confirm that it is possible for the ASCs to
proliferate and maintain healthy coculture with the
tested scaffold materials, both of natural and synthetic
origin, barring only a few exceptions.

Cells have been shown to rupture when injected due
to three different types of mechanical forces [14]: a pres-
sure drop across the cell, shearing forces due to linear
shear flow, and stretching forces due to extensional flow
[4]. Six of the included studies investigated the effects of
mechanical strength by, e.g., oscillatory rheology, on cell
viability in vitro. In these studies, increased mechanical
strength of the scaffold generated retained viability of
the ejected ASCs. The retained viability was regardless
of the origin of scaffold material [14, 21, 31, 33, 34, 37]
(n=2 natural, n=2 synthetic, and n=2 combinatory)
when compared to ASCs injected in a low viscus solu-
tion, e.g., saline solution.

Neo adipogenesis

A scaffold’s ability to support adipogenic differentiation
is crucial, as these scaffolds are meant to regenerate and
augment soft tissue. The demarcation of the origin of
scaffolds in natural, synthetic, or combinatory scaffolds
suggests that ASCs embedded in natural scaffolds (n =
13), such as ECM, adipose tissue extract, and small in-
testine submucosa extract [23, 26—29, 36], differentiate
adipogenically in vivo. ASCs embedded in synthetic scaf-
folds (n=2) did not differentiate [14, 20] unless predif-
ferentiated (n=2) [25, 34]. Predifferentiating the ASCs
prior to application generally resulted in increased adi-
pogenesis in vivo regardless of the scaffold subgroup [23,
25, 27, 28, 34-36, 38]. Interestingly, one article described
increased neoadipogenesis in a synthetic scaffold with
noninduced ASCs. However, the scaffold did not inte-
grate successfully with the host tissue [25]. Based on
these results, it would be paramount to discover whether
the synthetic scaffold could be modified, e.g., combined
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with a natural scaffold, to retain neoadipogenesis while
improving scaffold integration.

One study found significantly increased neoadipogen-
esis after the addition of fat to a natural scaffold embed-
ded with ASCs [18]. The addition of ASCs to fat
resembles the latest attempted method for soft tissue
augmentation. Members of our research group have pre-
viously found that enriching fat grafts with autologous,
ex vivo expanded ASCs was beneficial for graft survival
compared to conventional fat grafting [8]. Recently,
these findings were confirmed in a randomized clinical
breast augmentation trial [9]. Whether the increased
neoadipogenesis results from ASC-enriched fat alone or
the synergism of fat, ASCs and the scaffold was not
assessed.

A study utilizing natural scaffolds (small intestine sub-
mucosa extract and adipose tissue extract) reported that
ASCs alone induced lipid droplet formation but without
the functions and components of normal lipid droplets
[29]. In general, ASCs embedded in natural scaffolds in-
duce neoadipogenesis and differentiation of ASCs prior
to application [23, 36, 38]. Adding fat to an ASC-
embedded scaffold would probably improve this effect
further.

Vascularization

Neovascularization is fundamental for new tissue forma-
tion. Eight of the 13 studies utilizing natural scaffolds re-
ported positive results of vascularization when
embedding dASCs [19, 26-29, 32, 36, 37]. However, this
effect was lost when employing undifferentiated ASCs
[18, 24, 30, 31], indicating that adipogenic induction
might enhance vascularization in a natural scaffold.

Of the studies that utilized synthetic scaffolds, only
two assessed neovascularization [25, 34]. One of which
solely stated, “blood supply in the engineered tissue re-
mains a problem” [25]. The other study successfully de-
tected vascularization when embedding both dASCs and
ASCs via histological examination and positive CD31
and vWF staining [34].

The formation of neovascularization in the combin-
atory scaffolds was reported in four [21, 22, 33, 37] out
of five studies [21, 22, 33, 35, 37]. In contrast to the nat-
ural scaffolds, neovascularization in combinatory scaf-
folds only occurred with the use of undifferentiated
ASCs. However, no vascularization was observed in the
combinatory scaffold embedded with dASCs [35]. These
results could indicate that the adipogenic induction of
ASCs might not enhance vascularization in combinatory
scaffolds. This conclusion agrees with the report from
the study in which both dASCs and ASCs were assessed
in a combinatory scaffold [38]. This study found that
blood vessel development was unaffected despite the use
of adipogenic induction. The adipogenic effect on
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neovascularization remains to be characterized, along
with the observation that the effect is lost when applied
to combinatory scaffolds.

The origin of neovessels was reported to be formed by
host tissue in natural-/dASCs [37], synthetic-/ASCs [34],
and combinatory/ASC scaffolds [33]. One study reported
that dASCs induced vascularization in the host tissue,
whereas ASCs induced vascularization in the donor tis-
sue when embedded in synthetic scaffolds [34].

Two articles found no significant difference in
vascularization by the end of the studies when compar-
ing injected ASCs alone and ASCs embedded in scaf-
folds [22, 31]. However, one of the studies described a
significantly faster initial vessel formation in the ASC-
embedded hydrogel group compared to the control
groups, but this difference between the groups was
aligned by day 21 [31]. This limited number of studies
indicates that dASCs in combination with a natural scaf-
fold or ASCs employed with a combinatory scaffold im-
prove neoangiogenesis.

Wound healing

Wound healing is a complex process. In short, it can be
divided into four distinct phases: the hemostasis phase,
the inflammatory phase, the proliferative phase, and the
remodeling phase. ASCs are known for their regenera-
tive properties; they secrete VEGF, fibroblast-like growth
factor, platelet-derived growth factor promoting angio-
genesis [41], which provides the newly formed tissue
with oxygen and nutrition faster [42]. Furthermore,
ASCs promote ECM reconstruction by regulating the ra-
tio of collagen type Illitype I, transforming growth
factor-B3:transforming growth factor-f1 and matrix
metalloproteinases-3:matrix metalloproteinase-1. These
shifts in ratios decrease fibrosis, which contributes to
scar remodeling [43]. Knowing these distinct phases and
ASC functions, the application of ASCs is evident in
wound healing.

The five included studies assessing wound healing uti-
lized undifferentiated ASCs injected dermally in natural
or combinatory scaffolds [21, 22, 30-32]. All but one
study [21] reported significantly faster (P < 0.05) wound
healing, adherent to the theoretical advantage of adding
ASCs to wounds. The latter study was leveled out by
contracture of the control wounds. Although no differ-
ence was found regarding healing time, the wounds
treated with scaffolded ASCs trended towards better re-
epithelization and increased vascularization [21].

Increased epithelial thickness was reported to be im-
proved in two natural scaffolds embedded in ASCs [30,
31]. Faster re-epithelialization was reported in two stud-
ies, one natural [31] and one combinatory [22]. Three of
the five papers reported increased vascularization in nat-
ural [32] and combinatory [21, 22] scaffolds compared
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with their controls. Even with this limited number of
studies on wound healing, these results indicate that
ASC-embedded scaffolds improve wound quality. This
proves to be a great prospect for the treatment of
chronic wounds; however, chronic disease models were
excluded from this review, and these scaffolds have been
reported to accelerate diabetic wound healing and en-
hance ASC cytokine secretion [44].

Discussion

Although statistical comparison was limited by clinical
heterogeneity, the included studies have provided us
with important knowledge within the advancing field of
ASC treatments for soft tissue restoration and wound
healing.

With respect to the investigated outcomes, four nat-
ural, two synthetic, and two combinatory scaffolds em-
bedding ASCs significantly increased outcome
measurements compared to ASCs alone [14, 21, 22, 25,
27, 29, 32]. Three scaffolds did not reach statistical sig-
nificance but trended towards improved treatment em-
bedded in a natural scaffold [19, 32]. It seems that
scaffolds generally enhance ASC-associated outcomes.
This may be attributed to the mechanical protection
provided by the scaffold, leading to sustained cell viabil-
ity in vivo.

Another important consideration in designing scaf-
folds for ASC treatment, uncovered in this review, is
whether to use natural, synthetic, or combinatory mate-
rials. A natural scaffold is recommended for fat gener-
ation due to the uncovered adipogenically inducing
effects of undifferentiated ASCs in combination with
natural materials. However, entirely natural scaffolds
generally have reduced mechanical stability, and as dis-
covered in this review, the mechanical strength and pro-
tective qualities of the scaffold are of great importance
for cell viability and differentiation. At present there is
no data evaluating the functional differences between
natural derived scaffolds embedding ASCs. However, the
native biological function must be expected by natural
scaffolds, if they are injected or implanted in the same
environmental niche as harvested.

An important aspect to consider before the clinical ap-
plication of scaffolds is manageability. This needs to be
addressed when selecting a suitable scaffold for ASC
transplantation. This subject is highly overlooked or only
superficially considered in most studies. Questions such
as the following: how well do the cells mix with the scaf-
fold solution, what is the required time for embedding a
clinical dose, will the scaffold be able to support a clinic-
ally relevant dose, and is the embedding procedure to be
done in a closed system manner in the laboratory or in
the OR? Last, will the scaffold be approved for clinical
use in humans?
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The common use of immunodeficient animal models
in this review is a potential source of inaccuracy when
translating these strategies to clinical applications in
humans. Furthermore, human and murine MSCs differ
in their immunomodulatory mechanisms and cannot be
directly compared with each other [45]. The use of hu-
man ASCs in animal models poses another interspecies
problem regarding immune responses. By injecting hu-
man ASCs into an immunodeficient animal, the donor
cells and recipient tissue will not respond adequately to
one another, as they would after autologous or allogenic
transplantation in an immunocompetent human. The
immunomodulatory and anti-inflammatory factors medi-
ated by the injected cells may therefore impair out-
comes. A solution to this problem is emerging with the
use of humanized murine models, in which parts of the
human immune system are incorporated into mice [46].

Potential solutions to current obstacles in the field of ASC
treatments

As mentioned, the protective qualities and therefore the
mechanical strength of a scaffold largely influence cell
viability. However, the stiffness of scaffolds is limited by
the needle gauge. In response to this hindrance, some
authors successfully designed thermoresponsive scaf-
folds. In short, these scaffolds were designed to be vis-
cous and protect the cells during injection, similar to
every other scaffold, but to stiffen at a higher
temperature [14, 31, 32]. If this approach is applied
properly, ASCs could have the best possible protection
during injection and gain additional mechanical protec-
tion as the scaffold stiffens postinjection. Furthermore,
the thermoresponsive scaffold can be moldable, which is
a major advantage for dermal injections to treat and
minimize skin irregularities. Therefore, a combinatory or
synthetic scaffold with thermoresponsive abilities in
combination with dASCs could be favorable for achiev-
ing both increased adipogenesis, vascularization, and
mechanical protection during delivery and after implant-
ation. If utilizing a combinatory scaffold, it should be
taken into consideration that vascularization could be
enhanced by the use of undifferentiated ASCs.

Conclusions

The use of scaffolds as a vehicle for ASC delivery gener-
ally improved cell viability, angiogenesis and wound
healing in vivo compared to utilizing ASCs alone. ASCs
embedded in natural materials induced more adipogene-
sis than ASCs embedded in synthetic materials. dASCs
further increased this effect. The included studies indi-
cate that the seeded scaffold material influences the dif-
ferentiation of ASCs in vivo. All studies investigating the
mechanical strength of ASC scaffolds reported improved
outcome measurements with improved mechanical



Mamsen et al. Stem Cell Research & Therapy (2021) 12:68

strength. The results suggest that scaffolds, in general,
are favorable for ASC delivery. We recommend initiating
clinical studies using scaffolds based on mechanical
properties and tunability to improve ASC viability. For
fat regeneration, natural scaffolds are recommended.
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