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Conditioned medium (CM) derived from human umbilical cord-mesenchymal stem cells (hUC-MSCs) which con-
tains numerous amounts of growth factors, has demonstrated potential in treatment of diabetic wounds. However,
for practical application, a biodegradable supporting material is needed to hold the CM and fill in the injury site,
where deep cavity wounds are often present in diabetic patients. Poly-L-lactic acid matrix coated with collagen
(PLLA/CQ) is a suitable carrier due to its biodegradability and biocompatibility. Thus, we present a method to

immobilize the hUC-MSCs CM on PLLA/CC through freeze-drying process (PLLA/CC CM FD). When seeded on
PLLA/CC CM FD, fibroblasts had an increased cellular function in producing collagen; although no enhancement
in cell viability was observed. Moreover, implantation of PLLA/CC CM FD on the wound of diabetic rats showed
improvement in wound closure and collagen deposition in the wound area. Altogether, this study exhibits the
potential of PLLA/CC CM FD as a therapy for diabetic deep cavity wound.

1. Introduction

Diabetes mellitus (DM) is associated with various complications,
with one of the most frequent incidences is non-healing wounds. As
per 2021, there are 537 million people suffering from diabetes, that is
10.5 % of the world population, and its prevalence is expected to rise in
the upcoming years, along with the incidence of diabetic wounds [1].
Intriguingly, about 19 to 34 % people with diabetes are likely to suffer
from foot ulcers as well [2]. On top of that, even with current therapies,
diabetic wounds are still difficult to manage, leading to other complica-
tions and reduced quality of life for the sufferers.

The aberrative pathophysiology of non-healing wounds in DM is
caused by hyperglycemia, which leads to alterations in terms of immune
status, endothelial and neural functions [3]. Growth factors responsi-
ble for wound healing are found to be suppressed, both in pre-clinical
and clinical findings. A study showed that hyperglycemic state desta-
bilizes hypoxia inducible factor-1 (HIF-1), the key transcriptional acti-
vator of numerous growth factors. As the consequence, HIF-1-related
downstream factors are failed to be amplified, these include vascu-
lar endothelial growth (VEGF), platelet-derived growth factor (PDGF),
and fibroblast growth factor (FGF). This alteration is suggested to be
the main factor underlying cellular irresponsiveness under diabetic in-
jury [4,5]. Studies using diabetic animal models have shown that poor

wound vascularization in diabetes is linked with down regulation of
VEGF [5], keratinocyte growth factor (KGF) [6], basic fibroblast growth
factor (bFGF) [7], hepatocyte growth factor (HGF) [8], and many other
growth factors. Ultimately, these non-healing wounds might extend be-
low the subdermal layers of the skin, creating cavity wounds, and ex-
pose the affected underlying tissues and structures, e.g., bones, muscles,
or tendons. Also, these wounds are mostly present with high amount
of exudates, which substantially hampers a successful standard therapy
[9,10].

Stem cell therapy has been long-known as a prospective approach to
treat diabetic wounds. Several meta-analyses on completed clinical trials
showed promising results of utilizing stem cells to treat diabetic wounds,
especially diabetic foot ulcers [11-13]. Apart from their capabilities to
differentiate and self-renew, stem cells possess another remarkable prop-
erty through its paracrine activity. Stem cells are able to secrete a vast
amount of growth factors, cytokines, chemokines, and other bioactive
components into their cultured medium, further termed as a conditioned
medium (CM). The use of CM as a cell-free product could overcome the
limitation of stem cell therapy, as stem cell still faces ethical contro-
versies and known to have a low survival rate when transplanted into
unfavorable environment, in most cases, unhealthy recipients [14].

A previous study found that intradermal administration of CM de-
rived from human umbilical cord-mesenchymal stem cells (hUC-MSCs)
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could improve wound healing progression in diabetic rats, resulting bet-
ter re-epithelization and fibroblast function in secreting collagen com-
pared to antibiotic administration [15]. Similar finding is also men-
tioned by Fong et al. by using CM derived from human Wharton’s Jelly
stem cells. Increased re-epithelization, vascularity, and hair follicle, as
well as improved healing rate were seen in diabetic wound murine
model [16]. However, for diabetic deep cavity wound, a biomaterial
scaffold (matrix) might be required to provide mechanical support of
filling in or bridging the wound cavity. This scaffold may also be re-
quired to retain and sustained release the growth factors into the wound
site.

3-Dimensional biomaterial matrix is growing popularity in recent
years, with many advantages to offer. Functions as a scaffold, a 3D bio-
material matrix should be able to provide mechanical support for cells
that mimics the extracellular matrix (ECM) naturally, an important fea-
ture lacking in 2D cell-culture. Some of the most frequently used ma-
terial include Poly-l-lactic acid (PLLA) and poly lactic-co-glycolic acid
(PLGA), as they are FDA-approved biodegradable materials regularly
used for suture fabrication. Previously, we developed a 3D biomate-
rial matrix using PLLA synthetic polymer, coated with collagen layer.
Our engineered matrix displayed great biocompatibility for hepatocytes,
shown through high cell attachment rate and function to secrete albu-
min [17]. Furthermore, implantation of this cellularized scaffolds (autol-
ogous hepatocyte matrix) into liver cirrhosis patients showed clinically
relevant improvements for some patients [18,19]. Our other studies also
showed that implantation of matrix seeded with islet cells could allevi-
ate the blood glucose level in diabetic rats, proving the matrix capability
to deliver cells into implantation site [20].

As diabetic deep cavity wounds lack of tissue integrity and innate
cell regeneration, we discern that our 3D PLLA collagen-coated matrix
(PLLA/CC) holds a great potential as an adjuvant therapy for deep cav-
ity wounds in DM patients. Other than providing appropriate cellular
environment, PLLA/CC could be employed to effectively deliver growth
factor-rich hUC-MSCs CM into diabetic wound. Nevertheless, preclinical
research is necessary to find the technique to immobilize hUC-MSCs CM
on the PLLA/CC matrix, further elucidating its biocompatibility against
fibroblast cells and ultimately, its effectivity to heal diabetic wound.

In this study, we found a method to immobilize growth factor-
rich CM onto a PLLA/CC matrix scaffold through freeze-drying process
(PLLA/CC CM FD). This treated matrix might be able to stimulate the
function of seeded fibroblasts in producing collagen, the predominant
structural component of ECM. Next, we aimed to assess the efficacy of
PLLA/CC CM FD in vivo by implanting the matrix into diabetic rats us-
ing wound splinting model; in which, silicone splint is used to fix and
cover the wound area, as well as to prevent skin contraction. Hence,
this model ought to simulate the wound healing progression occurring
in human [21]. Knowing the importance of fibroblast in producing ECM
for tissue regeneration [22], we also generated a cellularized matrix
by seeding allogeneic fibroblasts into PLLA/CC CM FD, expecting this
fibroblast-containing matrix could further boost the wound healing pro-
cess when implanted into the wound area. Although more study needs
to be conducted for clinical implementation, our present study discov-
ers a novel 3D CM-immobilized matrix as a potential treatment for deep
cavity wounds in diabetic patients.

2. Material and methods
2.1. Preparation of hUC-MSCs CM

2.1.1. Isolation of human umbilical cord

Conditioned medium (CM) was produced from mesenchymal stem
cells (MSCs) derived from human umbilical cord (hUC) in Tarumana-
gara Human Cell Technology Laboratory (THCT Lab) [15]. The study
was approved by Universitas Tarumanagara Human Research Ethics
Committee (UTHREC No. PPZ20192062). Briefly, fresh umbilical cord
was obtained from caesarean delivery with parental consent. The tis-
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sue was washed with Phosphate Buffered Saline (PBS; Sigma Aldrich,
St. Louis, MO) supplemented with 1 % antibiotic-antimycotic solution
(Ab/Am; Sigma Aldrich) and cut into small pieces. Afterwards, the tis-
sues were transferred into culture flasks containing complete medium,
consists of Minimum Essential Medium Alpha (MEMg; Gibco, Life Tech-
nologies, Grand Island, NY), 20 % fetal bovine serum (FBS; Gibco), and
1 % Ab/Am. MSCs were expanded and cultured until confluent.

2.1.2. Identification of hUC-MSCs

Characterization of hUC-MSCs was performed at Biotechnology
Laboratory, Primate Research Centre, Bogor Agricultural University.
hUC-MSCs were expanded until passage 3 and subjected to reverse-
transcriptase polymerase chain reaction (RT-PCR) analysis. Specific cell
markers for mesenchymal stem cells were analyzed, i.e. CD73 and
CD105, using GAPDH as the housekeeping gene [15,23]. The primer se-
quences of CD73 are as follow: forward: GACCTGGCTTTGTGACAGCAA;
reverse: CTGACCCTGAGTAATCATGTCAGTCT. The sequences of CD105
primer are: forward: GACTGTCTTCACGCGCTTGA; reverse: GGAAG-
GCACCAAAGGTGATG. As for GAPDH, the primer sequences are: for-
ward: CGGATTTGGTCGTATTGG; reverse: TCAAAGGTGGAGGAGTGG
[24].

2.1.3. Preparation of hUC-MSCs CM

hUC-MSCs were cultured until reaching 80 % confluence at passage
5 - 6. After that, the complete medium was replaced with serum-free
medium before culturing the cells under hypoxic condition (5 % O,) for
3 days, using Forma™ Steri-Cycle™ i160 Dual CO, incubator (Thermo
Scientific, Waltham, MA). This hypoxic condition is known to facili-
tate an increased secretion of growth factors by hUC-MSCs [15]. Af-
terwards, the culture medium was collected, separated from cell pellet,
and sterile-filtered using 0.22 pm filter to obtain hUC-MSCs CM. Sterility
tests were performed using Thioglycollate, CASO, and Sabouraud Broth
(Millipore, Sigma Aldrich), to ensure the absence of microorganisms and
fungi growth. Endotoxin and mycoplasma detections were performed
using Toxin Sensor™ (GenScript, Piscataway, NJ) and Venor® GeMq
One Step (Minerva Biolabs, Berlin, Germany) respectively, according to
manufacturer instruction.

2.1.4. Growth factors content measurement

Quantification of the growth factors content in hUC-MSCs CM
was conducted through enzyme-linked immunosorbent assay (ELISA),
specifically basic Fibroblast Growth Factor (Human bFGF ELISA Kit;
Sigma Aldrich), Procollagen I (Human PCI ELISA Kit; Elabscience,
Wuhan, China), Vascular Endothelial Growth Factor (Human VEGF
ELISA Kit; Thermo Scientific), and Hepatocyte Growth Factor (Human
HGF ELISA Kit; Elabscience). Procedure was performed according to
manufacturer’s manual.

2.2. Fabrication of collagen-coated PLLA matrix (PLLA/CC)

Three-dimensional collagen-coated Poly-l-Lactide Acid (PLLA)
sponge was produced according to previous studies [17,25-27]. PLLA
was purchased from Lactel®1-PL (B6002-2), Evonik (Piscataway, NJ).
Shortly, PLLA matrix was prepared through salt-leaching method, us-
ing NaCl as the porogen. The resulting PLLA sponge had the thickness
of 2 mm and porosity of >90 % with pore size ranged from 355 to
425 um. The matrix was cut into round shape with diameter of 10 mm.
Collagen coating was then performed by soaking the PLLA matrix in
0.5 % (w/v) type I bovine dermis collagen solution (AteloCell®, Koken,
Tokyo, Japan) under reduced pressure using a vacuum freeze dryer FDU-
2200 (EYELA, Tokyo, Japan), so that the collagen solution could fill the
pores of the sponges. Each PLLA/collagen sponges were then put onto a
100 um cell-strainer and then centrifuged at 2000 G for 10 min at 4 °C to
remove excess collagen liquid, creating a thin-layer of collagen on PLLA
matrix. Subsequently, the sponge was freeze-dried under vacuum con-
dition (<5 Pa) for at least 24 h. Then, this collagen-coated PLLA sponge
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(PLLA/CC) underwent plasma treatment (plasma cleaning and activa-
tion) using a custom-made plasma treatment system (Diener Electronic
GmbH, Ebhausen, Germany). This PLLA/CC matrix was further used as
our standard matrix. Finally, sterilization process was done by treating
the matrix with 30 % H,0, (Merck, Sigma Aldrich), at 30 °C, for at least
15 min.

2.3. Mechanical compression test

Compression test was evaluated by placing PLLA/CC cylindrical ma-
trix with 10 mm of diameter (n = 3) between two steel rods of a me-
chanical test instrument with dynamic force processor (Unipulse F381A,
Tokyo, Japan). A vertical force was applied at a controlled speed of
100 rpm at room temperature. The compressive strength was obtained
from the compressive force divided by the cross-sectional area. Strain
was calculated by dividing the percentage of displacement by the orig-
inal distance of sample. Modulus of elasticity was determined by the
ratio of compressive strength over the change of deformed sample area
at the end of compression test [28,29].

2.4. Matrix degradation test

In order to assess the degradation rate of standard PLLA/CC matrix,
in vitro degradation test was performed according to Yoshioka et al.
[30]. Shortly, sterile standard matrices (n = 3) were placed in tubes
and soaked in sterile PBS (pH 7.4) under shaking of 80 rpm at 37 °C
using orbital shaker. The upper three-fourth of PBS was aspirated and
replaced with new PBS every week; the collected PBS was subjected to
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pH measurement to observe the pH changes caused by the degraded ma-
trix. The mass of the matrix was weighed every 6 weeks, with timepoint
of 6-, 12-, 18-, 24-, and 30 weeks. Prior to weight measurement, ma-
trices were washed with deionized water, air-dried under a fume hood
for 24 h, and finally, vacuumed for 72 h using a vacuum drying oven
DP200 (Yamato Scientific, Tokyo, Japan). The weight loss (%) of matrix
at every endpoint was calculated using a simple equation:

(Wo —W,) /Wy x 100%;

W, is the initial weight and W, is the final weight at the designated
timepoint.

2.5. CM immobilization of PLLA/CC matrix

CM immobilization was conducted through four methods based on
literatures (Fig. 1): CM freeze-drying (CM FD) [31], CM absorption (CM
Abs) [32], collagen-CM mixture freeze-drying (Col-CM FD), and gelatin-
CM mixture air drying (Gel-CM AD) [33]. Later, to choose the best CM
immobilization method, in vitro trial was performed.

2.5.1. Procedure of CM immobilization: CM freeze-drying (CM FD)

PLLA/CC was soaked in 1 % CM (v/v; in MEMa) for 30 min under
reduced pressure, followed by freeze-drying process under vacuum con-
dition (<5 Pa) for at least 24 h. CM concentration of 1 % was used based
on prior pilot study, in which, 1 % of CM was sufficient to affect fibrob-
lasts growth. Plasma treatment and sterilization were then carried as
previously described.

C

PLLA matrix sponge

v

-,

O O

v v

@ O

. . : Collagen + 5% Gelatin +
Collagen soaking Collagen soaking Collagen soaking CM soaking CM soaking
Freeze-drying Air-drying

!

CM soaking

!

Freeze-drying

v !

v

Plasma treatment and matrix sterilization

y v

v
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|| -
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-

@ O
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Fig. 1. Schematic diagram for techniques of CM immobilization on PLLA matrix. PLLA/CC: standard PLLA matrix coated with collagen solution; PLLA/CC CM
FD: PLLA/CC immobilized with 1 % CM through freeze-drying; PLLA/CC CM Abs: PLLA/CC immobilized with CM through absorption; PLLA/Col-CM FD: PLLA
immobilized with mixture of collagen and 1 % CM; PLLA/Gel-CM AD: PLLA immobilized with mixture of gelatin and 1 % CM.
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2.5.2. Procedure of CM immobilization: CM absorption (CM abs)

Absorption of the PLLA/CC matrix in CM was done by soaking the
sterilized PLLA/CC sponge in CM concentrate, shaken at 100 rpm, 37 °C
for 24 h. Following the absorption process, the PLLA/CC CM Abs matrix
was transferred into a new well-plate, prior to cell seeding.

2.5.3. Procedure of CM immobilization: collagen-CM freeze-drying
(Col-CM FD)

Modified PLLA/CC coating procedure was carried; instead of coating
with collagen only, the PLLA matrix sponge was soaked in a mixture of
collagen and 1 % CM under reduced pressure. Afterwards, the freeze-
drying procedure, plasma surface treatment and sterilization were per-
formed as usual.

2.5.4. Procedure of CM immobilization: gelatin-CM air-drying (Gel-CM
AD)

After salt-leaching procedure, the standard PLLA matrix was soaked
in a mixture of 5 % gelatin (Sigma Aldrich) and 1 % CM under reduced
pressure. The soaked matrix was then air-dried under a fume hood for
24 h and proceeded to plasma treatment and sterilization.

2.6. Isolation of fibroblasts

Primary rat dermal fibroblasts were isolated from male Sprague
Dawley aged 12 weeks (National Agency of Drug and Food Con-
trol, Jakarta, Indonesia) according to previous study [17]. The iso-
lation procedure was approved by the Institutional Animal Care and
Use Committee (IACUC) of Tarumanagara University (IACUC No.
003.KEPH/UPPM/FK/V1/2019). Under deep anesthesia, full thickness
abdominal skin (3 x 3 cm) was collected and subsequently washed
with PBS containing 2 % Ab/Am for five times. Additional wash-
ing was performed using 0.5 mM ethylene glycol bis (2-aminoethyl
ether)-N,N,N’,N’-tetra acetic acid (EGTA; Sigma Aldrich) containing 2 %
Ab/Am for another five times. Tissue was digested using 200 U/mL
collagenase type I (Gibco) and incubated for 5 h at 37 °C, 5 % CO,.
Cells were gently scraped from the dermis side of the abdominal skin;
cells were collected, sieved, and suspended in standard medium, that is
Dulbecco’s Modified Eagle’s Medium (DMEM; Sigma Aldrich) contain-
ing 20 % FBS, 1 % sodium pyruvate (Sigma), 1 % 4-(2-Hydroxyethyl)
piperazine-1-ethanesulfonic acid (HEPES; Sigma), and 1 % Ab/Am. Fi-
broblasts were cultured until 90 % of confluence and used afterwards
for further in vitro and in vivo study as an allotransplant.

2.7. Cell culture and seeding

Fibroblasts were grown and cultured using standard DMEM medium.
For experiments involving 3D matrices, cells were seeded on matrix
(5 x 10° cells/matrix) by adding 100 uL of cell suspension into each
matrix. As for control, which regarded as control 2D, cells were seeded
directly into 12 well-plate with equal number of cells as in 3D matrix.
For scratch wound assay, cells with 80 to 90 % confluency (2 x 10°
cells/well) were seeded on a 6-well plate.

2.8. Cell viability assay

To detect viable cells adhering onto the matrix, cell viability assay
was performed using Cell Counting Kit-8 (CCK-8; Sigma Aldrich) ac-
cording to manufacturer’s instruction. This assay was conducted to an-
alyze the cyto-compatibility of the matrix to support fibroblast growth.
Briefly, 24 h after the seeding, the culture medium was collected for
further total collagen detection assay. Meanwhile, the matrix was trans-
ferred into a new well-plate prior to the addition of working medium
to prevent the detection of cells attached on bottom of the well-plate
(leaked cells). Working medium containing standard medium and CCK-
8 solution (10:1) was added to each well and incubated in CO, incubator
for 4 h at 37 °C. Afterwards, the absorbance was measured at 450 nm us-
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ing a microplate reader (Multiskan EX, Thermo Scientific). Fibroblasts
seeded in 2D well-plate format was used as the control. Results were
expressed as relative number of viable cells compared to the control,
which was assumed as 1.

2.9. Scratch wound assay

To evaluate the effect of CM on fibroblasts migration, a scratch
wound assay was performed [34]. Shortly, 24-hours after seeding, the
cells were cultured in starvation medium (DMEM without FBS) for 16—
18 h to halt cell proliferation. Then, a scratch was applied on a mono-
layer confluent fibroblast and cells were washed with PBS to remove
cell debris. For 1 %CM group, 1 % amount of CM was added into the
medium. After 24 h, cells were fixed using 4 % paraformaldehyde and
captured for further wound closure measurement using ImageJ software
(National Institute of Health, Bethesda, MD):

Wound closure(%) = (Ag — A; ) /Aq X 100%;

where A is the initial wound area at DO and A, is the final wound area
at endpoint.

2.10. Sirius red total collagen detection assay

In order to quantify the total collagen amount secreted by fibroblasts,
culture medium was collected from each well after 24 h of fibroblast
seeding. ELISA was performed using Sirius Red Total Collagen Assay Kit
(Chondrex, Woodinville, WA) according to manufacturer’s guidelines.
Prior to ELISA assay, culture medium was centrifuged at 1000 G for
20 min to remove cell debris, followed by concentrating the sample us-
ing Concentration Solution (Chondrex) accordingly. The optical density
(OD) was read at 530 nm.

2.11. Scanning electron microscope imaging

SEM analysis was carried to visualize the morphology of fibroblasts
attached onto the PLLA/CC sponges. The protocol was done according
to previous study [17]. Pre-treatment of the sample included sample
washing in PBS and fixation in 3 % glutaraldehyde (Sigma Aldrich) for 2
h at 4 °C. Samples were then dehydrated using increasing concentration
of ethanol up to 100 % at room temperature. Afterwards, samples were
chemically dried with hexa-methyl disilizane (HMDS; Sigma Aldrich)
for 24 h at room temperature. Samples were coated using Fine Coater
JFC 1600 (JEOL, Tokyo, Japan) and visualized with JEOL JSM 6510-LA
Scanning Electron Microscope (JEOL). Energy Dispersive Spectroscopy
(EDS) detection was conducted to determine elemental content of the
sample. Latter protocol was performed in SEM Laboratory, Faculty of
Mathematics and Natural Sciences, Bandung Institute of Technology,
Bandung, Indonesia.

2.12. Animal experiment

Male Sprague Dawley rats aged 14-week-old (150-180 g) were ob-
tained from National Agency of Drug and Food Control, Jakarta, Indone-
sia. All procedures were conducted in PT Bimana Indomedical, Bogor,
West Java, Indonesia following the protocols accepted by the Animal
Care and Use Review Committee of Bimana Indomedical Corporation
(ethical approval number R.05-22-IR). The number of animals was de-
termined using ANOVA Resource Equation formula, considering the 3Rs
principle (Replacement, Reduction, and Refinement) [35]. Rats were
housed under controlled temperature, humidity, and lighting (12-hour
light/dark cycle) with ad libitum feeding; rats were acclimatized for one-
week post-arrival.

2.12.1. Induction of diabetic rats
Diabetes model was established through a streptozotocin (STZ) in-
jection according to our previous study [15]. STZ (Sigma Aldrich S0130)
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Fig. 2. Schematic diagram for matrix implantation grouping onto diabetic rats with excisional wound splinting model.

was freshly prepared in citrate buffer pH 4.0 prior to single intraperi-
toneal injection of 50 mg/kg BW [36]. As the baseline, fasting blood
glucose level was measured through tail prick method using GlucoDr.
(All Medicus, Anyang, South Korea) before diabetes induction. At 9th
day post induction, fasting blood glucose level was measured again; rats
were confirmed as diabetic with the blood glucose level of >200 mg/dL.

2.12.2. Establishment of excisional wound splinting model

Excisional wound splinting model was created on diabetic-induced
rats according to protocols conducted by Wang et al. [21] and Shin et
al. [37]. Briefly, rats were anesthetized through intraperitoneal injec-
tion of ketamine 10 % (40-80 mg/kg; Kepro, Woerden, Netherlands)
and xylazine 2 % (5-10 mg/kg; Xyla, Interchemie, Hapert, Netherlands)
as previously described [15]. Two full thickness skin wounds (diame-
ter 8 mm each) were created on dorsal side of each rat using a biopsy
puncher (Fig. 2). Rats (n = 2) were grouped randomly to receive im-
plantation of matrices on the wound site. As the control group, stan-
dard PLLA/CC matrix added with 0.2 mL NaCl dropwise was implanted
into the wound site. Antibiotic group was treated with PLLA/CC matrix
added with 0.2 mL Gentamicin Sulphate dropwise (40 mg/mL; Sages-
tam®, Sanbe, Bandung, Indonesia). As for CM-treated groups, divided
into: 1) CM Drop group were implanted with standard PLLA/CC ma-
trix added with 0.2 mL CM drop by drop; 2) CM FD group was treated
with PLLA/CC CM FD matrix; and 3) CM FD+Fibro group was implanted
with PLLA/CC CM FD seeded with fibroblasts obtained from a donor rat
(5 x 10° cells/matrix). Subsequently, all wounds were closed with Tega-
derm transparent dressing (3 M, St. Paul, MN). Silicone splints (diameter
19 mm) were fixed upon the wound area (wound splinting) using ad-
hesive glue and 6-0 nylon suture (Ethilon®, Ethicon, Raritan, NJ) at 2
points. Afterwards, a non-woven dressing (Hypafix®, Essity, Stockholm,
Sweden) was applied across both wounds and enclosed with a cohesive
bandage.

2.13. Wound closure measurement

Wound area was captured and measured at two endpoints: 7- and 14-
days post wound splinting procedure. The area of the wound was deter-
mined by tracing the outer margin of the wound using ImageJ software
[38]. The percentage wound closure was calculated using the wound
closure equation at indicated endpoints, as previously described.

2.14. Histopathological analysis

At endpoint (14 days post wound splinting procedure), rats were eu-
thanized and full-thickness skin specimens were collected. Specimens
were fixed in 4 % paraformaldehyde and afterwards, histochemical
staining was performed by the Pathology and Anatomy Laboratory, Pri-
mate Research Centre, Bogor Agricultural University. Tissue specimens
were subjected to Hematoxylin & Eosin (H&E) staining to determine the
width of re-epithelization, which results were represented as the ratio
of re-epithelization length over total length of the wound. Masson’s Tri-
chome staining (MT) was also performed to obtain the area of collagen
deposit, which data were expressed as the ratio of collagen deposit area
over total skin tissue area. Section images were obtained with Nikon
Eclipse 80i microscope (Nikon, Tokyo, Japan). Quantification was done
using ImageJ software.

2.15. Statistical analysis

All results were expressed as means + SD. Wound closure percentage
between two time points was analyzed using mixed- Analysis of Vari-
ance (ANOVA). Quantification of histopathological analysis was evalu-
ated using Kruskal-Wallis. Other experiments were evaluated using one-
way ANOVA. *p < 0.05 was considered as significantly different, while
**p < 0.01 was defined as highly significance.
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3. Results

3.1. Mechanical and biological properties of PLLA/CC

As the standard matrix, PLLA matrix was prepared using salt-
leaching method, subsequently coated with collagen through freeze-
drying process, further designated as PLLA/CC matrix. PLLA/CC in-
tended to act as cellular support, which mimics natural extracellular
matrix [17,39]. Compression test showed that PLLA/CC had a compres-
sive strength of 30 kPa with elastic modulus of 143 kPa (Fig. 3A-3B).
The relatively low mechanical strength of matrix is due to the highly
porous state of PLLA/CC, that is >90 %. In comparison, another study
also stated the low mechanical strength of PLLA scaffold with 80 %
porous content, that was 0 ~ 5000 kPa. At the same time, low elasticity
of PLLA/CC might be due to the brittleness of PLLA material [40], al-
though PLLA/CC was more elastic than that of porous scaffold made of
collagen only, with Young’s modulus of 23.6 kPa [29].

While PLLA/CC had low mechanical strength, this feature might take
part in its ability to degrade. Degradation test showed that PLLA/CC
matrix had an increasing weight loss over incubation time, reaching
about 30 % of loss at week 24 (Fig. 3C). During these 24 weeks, the
pH value remained particularly stable, that was in the range of 7.17-
7.24 (Fig. 3D). Although lower than the original pH of PBS (7.4), the
pH decrease resulted by PLLA/CC matrix was still in compliance with
the range of physiological pH for most tissues in human (7.0 - 7.4) [41].

Moreover, PLLA/CC poses great biocompatibility against fibroblasts.
After 24 h of seeding, the fibroblasts were able to attach and spread
inside the pores of PLLA/CC; present with round and spindle-shaped,
elongated morphologies (Fig. 4A-4B). This conforms with our previous
finding, indicating that PLLA/CC had 70 % of adherence rate against rat
dermal fibroblasts [17]. Energy dispersive spectroscopy (EDS) analysis
further showed the element constituent of PLLA/CC, which is dominated
by carbon (C), followed by oxygen (O) (Fig. 4C). Therefore results above

depicted the properties of PLLA/CC, although had low mechanical prop-
erty, PLLA/CC had a proven degradability and biocompatibility against
fibroblasts.

3.2. Immobilization of CM on PLLA/CC matrix promotes collagen
secretion of fibroblasts

Previously, we found that conditioned medium derived from hu-
man umbilical cord mesenchymal stem cells (hUC-MSCs CM) could en-
hance the wound healing progression in diabetic rats [15]. Subsequent
to hUC-MSCs isolation, RT-PCR screening confirmed the isolated hUC-
MSCs to be positive of CD73 and CD105, main surface markers for hUC-
MSCs (Supplementary Fig. S1). Furthermore, CM collected from hUC-
MSCs contained a robust amount of growth factors, particularly basic
fibroblast growth factor (bFGF), procollagen I (PCI), vascular endothe-
lial growth factor (VEGF), and hepatocyte growth factor (HGF) (Supple-
mentary Fig. S2A). This CM could also promote the migration potential
of fibroblasts (Supplementary Fig. S2B, S2C), which is one important
factor to accommodate the formation of ECM in the wound site [22].
However, despite of aforementioned favorable properties of hUC-MSCs
CM, to maintain the CM in deep cavity wounds, a scaffold is required to
provide the mechanical support and sustained CM delivery. Therefore,
we aim to immobilize the hUC-MSCs CM on our 3D biodegradable and
biocompatible PLLA/CC matrix.

Among four different CM immobilization techniques, in vitro biocom-
patibility test for each matrix was performed through CCK-8 assay. After
24 h, CCK-8 results showed that PLLA/CC CM FD had the most promi-
nent viable cells among other immobilization techniques. However, it is
noteworthy that fibroblasts seeded in all 3D matrices had lower viability
than cells grown in 2D format (well-plate) (Fig. 5A). At the same time,
cells grown in PLLA/CC CM FD and PLLA/Col-CM FD showed improve-
ment in their capacity to produce total collagen protein, compared to
control 2D (Fig. 5B). Although a thin-layered collagen in the PLLA/CC



JID: ENGREG

S. Hendrawan, O. Marcelina, S.T. Tan et al.

A)

&.

600X
PLLA/CC + Fibro
e

B)

C)

[m5GeSdc;May 30, 2024;5:49]

Engineered Regeneration xxx (xxxx) xxx

400
44.90%
(o)
€ 38.04%
a0 | 5
) 5
: T} c 55.10%
00 61.96%
HEWeight concentration
100 H Atomic concentration
0 S
B i I e e B R A |1 T

Fig. 4. Biocompatibility and chemical property of PLLA/CC matrix for fibroblasts growth. (A) Representative SEM images of cell-free PLLA/CC matrix and (B)
fibroblasts-loaded PLLA/CC matrix. Left panels show 600x magnification (scale bar: 40 pm) with red boxes indicate the focus area for 1000x magnification; right
panels show 1000x magnification (scale bar: 20 um). (C) Energy Dispersive Spectroscopy detection of PLLA/CC; element code "C" stands for Carbon, "O" stands for

oxygen.
A)

1.2 -

%k

*k

1.0
0.8
0.6
0.4 -

0.2

o- ml HN

E Control 2D EPLLA/Col-CM FD
EPLLA/CCCMFD OPLLA/Gel-CM AD
EPLLA/CC CM Abs

Relative viable cell number

B)

60

N w B A
o o o o
1 1 1 1

Total collagen level (ug/mL)
S
1

i [

EControl 2D BEPLLA/Col-CM FD
EPLLA/CCCMFD OPLLA/Gel-CM AD
EPLLA/CC CM Abs

Fig. 5. Viability and collagen secretion of fibroblasts on PLLA matrices immobilized with hUC-MSCs CM. (A) Viability of fibroblasts seeded on PLLA matrix with
different CM immobilization methods, as examined using CCK-8 assay (n = 3). (B) Total collagen production of fibroblasts on different PLLA matrices immobilized
with CM, as determined by ELISA (n = 5). All experiments were done at 24 h after seeding. Data were shown as means + SD (**p < 0.01). Control 2D: cells seeded
on well-plate; PLLA/CC CM FD: PLLA matrix coated with collagen solution and immobilized with CM through freeze-drying; PLLA/CC CM Abs: PLLA matrix coated
with collagen solution and immobilized with CM through absorption; PLLA/Col-CM FD: PLLA matrix immobilized with mixture of collagen and CM; PLLA/Gel-CM

AD: PLLA matrix immobilized with mixture of gelatin and CM.

matrix might also contribute to the collagen quantification, this result
depicted that fibroblast grown in PLLA/CC CM FD showed the most
prominent level of total collagen production compared to other groups,
and therefore selected for further study.

3.3. PLLA/CC CM FD accelerates wound healing progression in diabetic
rats

In order to assess the efficacy of PLLA/CC CM FD for diabetic wound
healing, in vivo study was carried using excisional wound splinting
model on diabetic Sprague Dawley rats. All rats were confirmed as di-
abetic (fasting blood glucose level >200 mg/dL) and showed a signifi-
cant body weight decrement after streptozotocin injection (Supplemen-
tary Table S1), which conformed to pathophysiological states of dia-
betes [36].

Visually, wounds in diabetic rats were present with exudates and
poor complexions (Fig. 6A). After 7 days of implantation, the CM
Drop group showed the highest tendency of wound closure percent-
age (10.85 % = 17.76 %), although not statistically significant among
other groups (Fig. 6B). However, after 14 days, CM FD group showed the
highest wound closure percentage, reaching more than 30 % of mean
wound closure percentage. The mean wound closure percentage of CM
FD group was significantly higher compared to NaCl group (p = 0.018)
and CM FD+Fibro groups (p = 0.046). Intriguingly, in contrast to our
hypothesis, CM FD+Fibro groups showed no improvement in wound
closure percentage.

Subsequently after 14 days of implantation, H&E staining was
performed to determine the fibroblast count and observe skin re-
epithelization, while MT staining was done to analyze the total colla-
gen deposit for wound tissue. In line with above results, histopatholog-
ical analysis showed similar tendencies (Fig. 7). CM FD group had the



JID: ENGREG [m5GeSdc;May 30, 2024;5:49]

S. Hendrawan, O. Marcelina, S.T. Tan et al. Engineered Regeneration xxx (xxxx) xxx

A)

&

60 ~ D7 D14
50 -

CMFD
NaCl Antibiotic CM Drop CMFD ~__+Fibro.

40
30

20

Wound closure percentage (%)

40J ONacCl B CM Drop OCM FD+Fibro
@ Antibiotic BCM FD

Fig. 6. Wound closure of diabetic rats following matrix implantation. (A) Representative images of wound closure in diabetic rats at 7- and 14 days following wound
splinting establishment and treatment (scale bar: 4 mm); yellow circle indicates the initial wound size with diameter of 8 mm. (B) Quantification of wound closure
percentage compared to initial wound area (n = 4). Data were shown as means + SD (*p < 0.05). NaCl: PLLA/CC implant with NaCl drops; Antibiotic: PLLA/CC
matrix implant with gentamicin sulphate drops; CM Drop: PLLA/CC implant with CM drops; CM FD: PLLA/CC CM FD implant; CM FD+Fibro: PLLA/CC CM FD
implant seeded with fibroblasts.

A) CMFD
Antibiotic +Fibro
&% ’P—'V ', . N R = IS Z ; IS
- TN RN i V-] N\ A
Fibroblast count 2o N V7 W’E& @

(H&E)

&:’ S
72

Re-epithelization .
(H&E)

Collagen deposit ¢

(MT)
B) C) D)
600 - 1.2 4 1.2 4
2 =
E 500 .E 1.0 'g 1.0 *
3 § g
5 3 400 - 2 0.8 T 0.8 -
=2 ] =
— > § g
o2 300 - 2 0.6 S 0.6
£¢ 8 g
£ 8 2001 5 0.4- %5 0.4-
: o o0
§ 100 & 0.2- & 0.2
=
0 0- 0-
ONacCl ECMFD ONacCl ECMFD ONacCl ECMFD
E Antibiotic 0 CM FD+Fibro B Antibiotic OCM FD+Fibro @ Antibiotic OCM FD+Fibro
B CM Drop B CM Drop B CM Drop

Fig. 7. Wound healing progression of diabetic rats following matrix implantation. (A) Representative images of histopathology analysis for fibroblast count (H&E
staining, indicated by green dots; upper panel, scale bar: 50 pm), re-epithelization (H&E staining, indicated by yellow line; middle panel, scale bar: 200 um), and
collagen deposit area (MT staining, green line; lower panel, scale bar: 200 pm) in wound area of diabetic rats 14 days following wound splinting establishment and
treatment. Implanted matrix is indicated by “M”. (B) Mean number of fibroblasts count in 10 field views (n = 4). (C) Re-epithelization length ratio over total wound
length (n = 4). (D) Collagen deposit ratio over total skin tissue area (n = 4). Data were expressed as means + SD (*p < 0.05 vs. Antibiotic). NaCl: PLLA/CC implant
with NaCl drops; Antibiotic: PLLA/CC matrix implant with gentamicin sulphate drops; CM Drop: PLLA/CC implant with CM drops; CM FD: PLLA/CC CM FD implant;
CM FD+Fibro: PLLA/CC CM FD implant seeded with fibroblasts.



JID: ENGREG

S. Hendrawan, O. Marcelina, S.T. Tan et al.

highest score of fibroblast count and re-epithelization, as well as signif-
icantly higher area of collagen deposit, compared to Antibiotic group
(p = 0.034).

4. Discussion

Current standard care for diabetic wound is still considered insuffi-
cient and often ends with poor prognosis, due to abnormal wound heal-
ing process in diabetes. Adjuvant therapy is required to complement the
standard care, to support endogenous healing capabilities in diabetic pa-
tients [42]. Previously, we found that conditioned media obtained from
human umbilical cord mesenchymal stem cells (hUC-MSCs CM) could
improve wound progression in diabetic rats [15], which might attribute
to the high concentration of several GFs, including VEGF, HGF, bFGF,
and PCI. VEGEF is renowned as the key promoter of angiogenesis process
required to initiate vessel formation [43]. VEGF works synergistically
with HGF in enhancing endothelial function, as HGF is the mitogen for
endothelial cells [44]. It promotes fibroblast proliferation and migra-
tion, inducing collagen deposition and epithelization [43], which is in
accordance with our finding that hUC-MSCs CM also stimulates the mi-
gration potential of fibroblasts. At the same time, bFGF is known as a
potent stimulator for angiogenesis, by promoting endothelial cells mi-
togenesis and fibrocytes function [45]. Meanwhile, procollagen I is the
precursor of collagen type I and its presence is correlated with colla-
gen synthesis, found during tissue granulation in wound healing process
[46].

Although hUC-MSCs CM could be effective for wound healing stim-
ulation, a scaffold is required to deliver and retain the CM in the
wound area, as diabetic wounds are often present in the form of deep
cavities [31,32]. Herein, we develop a collagen-coated PLLA 3D ma-
trix (PLLA/CC) to provide structural and functional support for wound
cavity closure process. Our PLLA/CC presents with weak mechani-
cal strength and elasticity, and hence, easily deformed. Nevertheless,
PLLA/CC low mechanical property might contribute to its ability to de-
grade, with 18 % of weight loss after 12 weeks and 30 % loss after 24
weeks. Meanwhile, others reported the PLLA degradation of 23 % af-
ter 12 weeks [47] and 15 % after 26 weeks [30]. Faster degradation
rate might be due to the matrix porous structure, collagen coating, and
plasma treatment to PLLA/CC, which converts the hydrophobic PLLA
into a more hydrophilic material and speed up surface erosion of the
entire matrix [17,47,48]. It is notable that in vivo degradation rate could
be faster due to the plasma content and enzymatic process to accelerate
the degradation [49].

During the degradation of PLLA/CC, the environmental pH is mainly
stable while still in the range of physiological pH (7.17 — 7.24). In con-
trast, PLLA-based scaffold is known to undergo hydrolytic degradation
into lactic acid, and these acid by-products hardly diffuse out of the ma-
trix and are accumulated within the PLLA interior in bulk. As the matrix
degrades, the acidic monomers are then burst released to the system en-
vironment, leading to environmental pH drop, which could induce in-
flammatory response in recipient body system [47,48]. In this regard,
weekly replacement of 75 % PBS volume might prevent the pH drop.
Still, if significant pH drop ought to happen, the resultant pH will fur-
ther decrease regardless of PBS replacement. Furthermore, in terms of
biocompatibility, PLLA/CC shows great biocompatibility against fibrob-
lasts. Overall, although PLLA/CC possesses weak strength and elasticity,
the main purpose of the matrix is to act as a provisional matrix for cells
to reside, proliferate and migrate, facilitating wound healing process
while retaining the hUC-MSCs CM.

Next, we immobilize hUC-MSCs CM into PLLA/CC matrix through
freeze-drying process, modifying the method from Horimizu et al. [31]
(further mentioned as PLLA/CC CM FD). Interestingly, fibroblast grown
in 3D PLLA/CC CM FD has a significant lower cell number, while ex-
hibiting a more robust collagen production compared to 2D well-plate
culture. Similar with our finding, MSCs grown in 3D gelatin/poly capro-
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lactone electro spun fiber also had a lower viability compared to 2D cul-
ture. However, secretory function of MSCs in 3D culture increased sig-
nificantly, in particular, factors playing important roles in tissue regen-
eration, i.e., bFGF and HGF [50]. This phenomenon might be due to the
homogenous distribution of nutrition and oxygen in 2D culture system.
Still, 2D culture hardly represents the actual in vivo cellular environ-
ment, as well as cellular bioactivity [51]. Taken together, the PLLA/CC
CM FD displays the capacity to carry and importantly, enhance fibrob-
last function, at least in producing collagen.

To further determine the efficacy of PLLA/CC CM FD, we performed
in vivo study using excisional wound splinting model in diabetic rats.
PLLA/CC CM FD matrix was implanted with or without fibroblast cells
and as the comparison, we also implanted PLLA/CC matrices dripped
with NaCl, antibiotic, or CM to other groups. All groups show no signif-
icant improvement of wound closure at 7 days-post implantations. At
14th day, implantation of PLLA/CC CM FD indicates the most profound
wound closure percentage in diabetic rats, that is about 32 %. Concomi-
tantly, PLLA/CC CM FD also demonstrates the highest collagen deposit
area at 14 days, in line with the in vitro study. Higher re-epithelization
and fibroblast count are also observed in wound tissue of PLLA/CC CM
FD.

In contrast to our hypothesis, implantation of cellularized PLLA/CC
CM FD (seeded with fibroblasts) does not improve the outcome.
PLLA/CC CM FD+Fibro involves the loading of cell suspension into
the matrix and further culturing process for 24 h, producing an im-
plant with more liquid content compared to other matrix implants. It
is plausible that PLLA/CC CM FD+Fibro implant interferes the heal-
ing process, as diabetic wound generally produces excess exudates [52].
Therefore, effective diabetic wound reinforcement also requires a type of
therapy/dressing which could absorb the excessive fluid [53]. It is also
noteworthy that PLLA/CC CM FD+Fibro contains allogeneic fibroblasts,
which might raise immune rejection and impede wound healing pro-
cess [54,55]. In this respect, the use of PLLA/CC CM FD+Fibro, might
not be an ideal therapy for diabetic wound. Meanwhile, non-cellularized
PLLA/CC CM FD is present as a dry porous matrix and more likely to
play a better role to support cell function in diabetic wound area. High
content of GFs in CM hUC-MSCs, immobilized all over the PLLA/CC ma-
trix, might account for the wound healing process by PLLA/CC CM FD
implant.

Treatments for hard-to-heal wound are broadly available, consisting
of debridement, dressing, decompression, or application of GFs [56].
Utilization of stem cells and its derivates, such as conditioned medium
or exosomes, has been extensively studied in search for optimum dia-
betic wound treatment. However, in spite of their potent activity, effec-
tive mode of delivery is prerequisite to ensure a maximum retention.
Ultimately, the main goal is to promote patient tissue regeneration in
wound healing process [57,58]. PLLA/CC CM FD is a potential 3D matrix
carrying robust angiogenic GFs, with biodegradable and biocompatible
profiles. Although more research is required, PLLA/CC CM FD offers a
new insight for novel treatment of diabetic wound, especially ones with
deep cavities.

5. Conclusion

Deep cavity wound in diabetic patients poses a great challenge to
healthcare systems, where current standard care is mostly insufficient
to induce a proper healing. Through our study, we present a poten-
tial therapeutic agent, PLLA/CC CM FD, a 3D PLLA matrix immobilized
with hUC-MSCs CM, in which the CM itself contains a robust amount
of growth factors. This porous matrix is biodegradable and could act as
the structural support for cells to grow. Moreover, in vivo study confirms
the effectivity of PLLA/CC CM FD to promote wound healing in diabetic
rats, which suggests more research to be done for further potential ap-
plication in diabetic wound.
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