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A B S T R A C T

There is an increasing demand to not only accelerate the development of advanced therapy tissue engineered 
medicines, but to also eliminate xenogeneic materials from their development cycle. With these in mind, herein 
we first assessed the influence of carrageenan as macromolecular crowding agent to enhance and accelerate 
extracellular matrix deposition in xeno-free human umbilical cord mesenchymal stromal cell cultures and we 
developed and characterised a non-animal sourced chitosan scaffold. Following appropriate in vitro experi
mentation, a splinted nude mouse wound healing model was used to assess wound closure and scar size of non- 
treated control, non-animal sourced chitosan scaffold, non-animal sourced chitosan scaffold loaded with xeno- 
free human umbilical cord mesenchymal stromal cells and non-animal sourced chitosan scaffold loaded with 
xeno-free human umbilical cord mesenchymal stromal cells cultured under macromolecular crowding conditions 
groups. Across all three donors, carrageenan supplementation significantly increased collagen deposition at day 
5, day 8 and day 11 without affecting cell morphology, viability, DNA concentration and metabolic activity. 
Through freeze drying, a non-animal sourced chitosan sponge was developed with appropriate structural and 
mechanical properties for wound healing applications. In vitro biological analysis made apparent that neither the 
scaffold nor macromolecular crowding negatively impacted xeno-free human umbilical cord mesenchymal 
stromal cell metabolic activity and proliferation. In vivo biological analysis revealed no significant differences 
between the groups in wound closure and scar size, raising question about the suitability of the model. In any 
case, this work sets the foundations for the development of completely xeno-free tissue engineered medicines.

1. Introduction

Mesenchymal stromal cells (MSCs) are multipotent cells, capable of 
self-renewal and multi-lineage differentiation [1,2]. MSCs can be iso
lated from adult (e.g. bone marrow, fat) and foetal (umbilical cord, 
amnion) tissues [3,4]. Independently of the tissue origin, MSCs possess 
immunomodulatory properties and contribute to tissue homeostasis and 
regeneration, which make them valuable candidates for therapeutic 
applications [5,6]. However, adult MSCs require an invasive procedure 
to obtain them, thus compromising local tissue integrity and their 
quality, quantity, differentiation capacity and therapeutic potential are 

donor dependent, thus jeopardising patient therapeutic outcomes [7,8]. 
These limitations of the adult MSCs triggered investigations into the 
potential of foetal MSCs in regenerative medicine, with numerous re
ports now advocating their use [9,10] and pointing out their distinct 
advantages. For example, Wharton’s jelly (a primordial mucous con
nective tissue of the human umbilical cord) contains primitive MSCs and 
yields the highest concentration of MSCs compared to other allogenic 
tissues [11]. Human umbilical cord mesenchymal stem cells 
(hUC-MSCs) are easily accessible and harvested with no risk to the 
donor. Further, hUC-MSCs offer several advantages over those sourced 
from adult tissues (e.g. higher proliferation rate, expansion capability 
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and immunomodulatory properties) [12].
Clinical applications of any tissue engineered medicine may also be 

hampered by xenogeneic contaminations and inter-species disease 
transfer, caused by animal-derived cell culture media components and/ 
or scaffolds. To this end, research and technology endeavours have been 
directed towards the development of xeno-free (XF) media formulation 
for cell culture purposes [13-16] and human recombinant biomolecules 
for implantable device purposes [17-20]. It is worth noting that XF 
media and human recombinant biomolecules have shown promising 
results with foetal [21-23] and adult [24-26], respectively, MSCs (albeit, 
the potential of human recombinant biomolecules with foetal MSCs has 
yet to be assessed).

A particular obstacle in the development of tissue engineered med
icines is the prolonged in vitro expansion and/or culture times necessary 
to obtain the high cell numbers required for therapeutic effects and to 
develop an implantable device, respectively, that are associated with 
loss of phenotype and function [27-30]. It has been argued that extra
cellular matrix (ECM) facilitates maintenance of cell phenotype and 
function during in vitro culture [31], even under serum-free conditions 
[32]. Considering that in standard, deprived of macromolecules, culture 
conditions, the rate of ECM deposition is very slow, macromolecular 
crowding (MMC) has been introduced as a means to enhance and 
accelerate ECM deposition [33-35]. Among the different macromolec
ular crowders that have been tested, the sulphated polysaccharide 
carrageenan has been proved to induce the highest ECM deposition (up 
to 120-fold increase) in the shortest period of time (within 2–6 days in 
culture), due to its high polydispersity and negative charge [36,37]. It 
should be noted that although MMC has been extensively studied in 
non-human animal sera adult human MSC cultures [38-49], there are 
only two reports with MMC in XF adult human MSC cultures [50,51] and 
only one report in non-human animal sera foetal human MSC cultures 
[52]. Further, in preclinical setting, MMC has shown positive results in a 
scaffold-free conformation using adult human MSCs in non-human an
imal sera [46]. To-date, not only MMC has not been investigated in XF 
cultures of foetal human MSCs, but also no tissue engineered construct 
based on a XF scaffold, XF cultured foetal human MSCs and MMC has 
been assessed in preclinical setting.

With these in mind, herein we developed a XF tissue engineered 
medicine using MMC, XF hUC-MSCs and a non-animal sourced chitosan 
sponge and assessed its therapeutic potential in a mouse excisional 
wound splinting model (Supplementary Schematic S1 provides the 
experimental design). This work essentially creates a blueprint for the 
development of a XF tissue engineered medicine.

2. Materials and methods

2.1. Materials

All chemicals, reagents, and tissue culture consumables were pur
chased from Sigma Aldrich (Ireland), unless otherwise stated. Carra
geenan (Viscarin® GP 209 NF) was provided by FMC International 
Health and Nutrition (Ireland). XF hUC-MSCs (three donors) and 
appropriate media (RoosterBasal™-MSC) and supplements (Roos
terBooster™-MSC-XF) were bought from RoosterBio® (USA). Chitosan 
powder (KiOsmetine®-CsH) was supplied by KitoZyme (Belgium).

2.2. Cell culture

The XF hUC-MSCs were cultured in RoosterNourish™-MSC-XF, using 
CellBIND®, Corning® plates. Cells were detached with TrypLE™ Select 
(Life Technologies, USA), an animal origin-free recombinant enzyme 
alternative to porcine or bovine trypsin. For cryopreservation, Cryo
Stor® CS5 (STEMCELL Technologies, UK), a serum-free and animal 
component-free freezing media, was used. Cells at passage 4 were 
seeded at density of 25,000 cells/cm2 and allowed to attach for 24 h at 
37 ◦C in a humidified atmosphere of 5 % CO2. After 24 h, the medium 

was replaced with medium containing various concentrations (10, 25, 
50, 75 or 100 μg/ml) of carrageenan (CR) and 100 μM l-ascorbic acid 2- 
phosphate sesquimagnesium salt hydrate. Medium with 100 μM l- 
ascorbic acid 2-phosphate sesquimagnesium salt hydrate served as a 
control (-MMC). The cells were cultured for 5, 8 and 11 days.

2.3. Phase contrast microscopy analysis

XF hUC-MSCs morphology as function of donor, MMC and time in 
culture was assessed using an inverted brightfield microscope (Leica 
Microsystem, Germany). The experiment was conducted in three tech
nical replicates per donor.

2.4. Cell viability analysis

Cell viability was assessed using the Live/Dead™ (ThermoFisher 
Scientific, UK) assay, as per manufacturer’s procedure. Briefly, at each 
time point, cells were washed with Hank’s Balanced Salt Solution 
(HBSS) and a solution of calcein AM at 4 μM and ethidium homodimer I 
at 2 μM was added. After 30 min incubation at 37 ◦C in a humidified 
atmosphere of 5 % CO2, fluorescence images were acquired with an 
Olympus IX-81 inverted fluorescence microscope (Olympus Corpora
tion, Japan). Cells treated with dimethyl sulfoxide were used as negative 
control. The experiment was conducted in three technical replicates per 
donor.

2.5. DNA concentration analysis

DNA concentration was quantified using the Quant-iT™ PicoGreen® 
dsDNA (ThermoFisher Scientific, UK) assay, as per manufacturer’s 
protocol. Briefly, 250 μl of nucleic acid-free water was added to each 
well, the well plate was frozen at − 80 ◦C and three freeze-thaw cycles 
were performed to lyse the cells and extract the DNA. 100 μl of each DNA 
sample were transferred into a 96-well plate. A standard curve was 
generated with 0, 200, 375, 500, 1000 and 2000 ng/ml DNA concen
trations. 100 μl of PicoGreen® reagent at 1:200 dilution in 1X Tris-EDTA 
buffer was added to all standards and samples. Fluorescence values 
(excitation: 480 nm, emission: 520 nm) were detected with a Varioskan 
Flash Spectral scanning multimode reader (ThermoFisher Scientific, 
UK). DNA concentration was calculated using the standard curve. The 
experiment was conducted in three technical replicates per donor.

2.6. Cell metabolic activity analysis

Metabolic activity was evaluated using the alamarBlue® (Invitrogen, 
UK) assay, following the supplier’s method. Briefly, samples were 
washed with HBSS and left in HBSS containing 10 % alamarBlue® for 3 
h at 37 ◦C in a humidified atmosphere of 5 % CO2. 100 μl of the ala
marBlue® solution were transferred into a 96-well plate. Absorbance 
values were measured at 550 nm excitation and 595 nm emission with a 
Varioskan Flash Spectral scanning multimode reader (ThermoFisher 
Scientific, UK). Metabolic activity was expressed in terms of % of 
reduced alamarBlue™ dye normalised to the DNA quantity (ng/ml) 
obtained from the Quant-iT™ PicoGreen® dsDNA assay. Values were 
normalised to the -MMC control group. The experiment was conducted 
in three technical replicates per donor.

2.7. Electrophoresis analysis

Collagen deposition was quantified using sodium dodecyl sulphate- 
polyacrylamide gel electrophoresis (SDS-PAGE), based on established 
protocol of the group [53]. Briefly, at each time point media were 
aspired and cell layers were washed with HBSS. Subsequently, cell layers 
were digested with porcine gastric mucosa pepsin at a final concentra
tion of 0.1 mg/ml in 0.05 M acetic acid (ThermoFisher Scientific, 
Ireland) and incubated for 2 h at 37 ◦C with gentle shaking. After 
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digestion, cell layers were scraped and neutralised with 0.1 N sodium 
hydroxide. 8 μl of cell layer solution were mixed with 34 μl of deionised 
water and 18 μl of sample buffer [0.25 g SDS (Bio-Rad Laboratories, UK) 
in 0.625 ml 1.25 M Tris–HCl (pH 6.8), 2 ml ultrapure water, glycerol 
(Bio-Rad Laboratories, UK) up to total volume of 5 ml and 1.25 mg 
bromophenol blue (Bio-Rad Laboratories, UK)]. The solution was briefly 
vortexed and denatured for 5 min at 95 ◦C. 10 μl of this solution were 
loaded per gel (3 % stacking gel and 5 % separation gel) lane and ana
lysed (50 V for 30–40 min and 120 V 50–60 min) under non-reducing 
conditions with a Mini-Protean® 3 electrophoresis system (Bio-Rad 
Laboratories, UK). Bovine collagen type I (125 μg/ml, Symatese Bio
materiaux, France) was used as control. Protein bands were stained with 
the SilverQuest™ kit (Invitrogen, UK) according to the manufacturer’s 
protocol. The gels were imaged with a HP PrecisionScan Pro scanner 
(HP, UK). Densitometric analysis of the α1 and α2 bands was performed 
with ImageJ software (NIH, USA). The experiment was conducted in 
three technical replicates per donor.

2.8. Scaffold fabrication

A solution of 2 % (w/v) XF chitosan was prepared in acetic acid (1 % 
v/v in ultrapure water) and left overnight at room temperature under 
magnetic stirring. Then, the solution was poured into aluminium trays 
and frozen at − 20 ◦C overnight. Frozen samples were lyophilised for 3 
days (VirTis Advantage 2.0 Benchtop Freezer Dryer, Scientific Products, 
USA). Using a biopsy punch, round-shaped sponges were cut with a 
diameter of ~ 8.0 mm, thickness of ~ 2.1 mm and volume of ~ 105 
mm3. Sponges with this size were used for all in vitro experiments except 
for mechanical testing, which required specific dimensions to fit the 
tensile grips of the machine. For in vivo experiments, a smaller scaffold 
size (diameter of ~ 5.0 mm, thickness of ~ 2.1 mm and volume of ~ 41 
mm3) was used to match wound site dimensions.

2.9. Scaffold ultrastructural analysis

To assess pore size and distribution within the scaffolds, XF chitosan 
sponges were imaged with a Hitachi S-4700 scanning electron micro
scope (SEM, Hitachi High- Technologies Europe GmbH, Germany). Prior 
to imagining, samples were sectioned in the dry state, mounted onto a 
carbon disk and gold splutter coated (Emitech K-550X Sputter Coater, 
Emitech, UK). Experiments were performed in triplicates. From 
collected images, pore area was analysed using the ImageJ software 
(NIH, USA) with N = 100 for each sample. Porosity measurements were 
obtained by determining scaffold density (mass per unit volume). To 
assess sample volume, Archimedes’ Principle was employed [54]. The 
following equation was used: 

Porosity (%) =
ww − w0

ρ V
∗ 100 

(w0: scaffold dry weight, ww: scaffold weight after immersion in 100 % 
ethanol solution, ρ: ethanol density (0.79 mg/mm3), V: scaffold 
volume).

2.10. Scaffold mechanical analysis

Mechanical properties (i.e. Young’s modulus, yield stress, tensile 
strength, elongation at break) were analysed in tensile mode at an 
extension rate of 200 mm/min using a Universal testing machine 
(Zwick/Roell Z005, Germany), equipped with a load cell of 10 N. XF 
chitosan sponges with dimensions of 70.0 mm length, 10.0 mm width 
and 2.1 mm height were used. Experiments were performed in triplicate 
with samples in wet state (overnight incubation in HBSS). A tensile 
stress-strain curve was generated, and Young’s modulus was calculated 
by drawing a tangent to the initial linear portion of the curve.

2.11. Scaffold swelling and in vitro degradation analyses

Swelling and in vitro degradation of the XF chitosan scaffolds were 
analysed by a gravimetric method. Experiments were performed in 
triplicates. First, sponges were immersed in a HBSS solution containing 
lysozyme from chicken egg white (104 U/ml), which shows a high 
enzymatic specificity to hydrolyse glycosidic bonds of chitosan [55,56], 
and kept at 37 ◦C. At each time point (1, 2, 5, 8, 11 and 22 days), HBSS 
was removed, and samples were weighed. Swelling ratio was estimated 
with the following calculation: 

Swelling ratio (%) =
ww − w0

w0
∗ 100 

(w0: initial weight, ww: wet sponge weight). Then, samples were kept at 
37 ◦C for 24 h and weighed. Degradation was calculated using the 
following equation: 

Degradation (%) =
w0 − wd

w0
∗ 100 

(wd: sponge dry weight). Results were presented as percentage degra
dation as a function of time.

2.12. Scaffold cell dose optimisation

Prior to XF hUC-MSC (donor 3) seeding, XF chitosan scaffolds were 
sterilised with a 70 % ethanol solution for 1 h, washed in HBSS, 
immersed in media and kept at 37 ◦C in a humidified atmosphere of 5 % 
CO2 overnight. XF hUC-MSCs were then seeded at densities of 150, 300 
and 600 k per sponge for 5, 8 and 11 days and cell distribution was 
assessed via nuclei staining. Experiments were performed in triplicates 
with cells from donor 3. Briefly, at each time point, sponges were 
washed with HBSS, fixed in 4 % paraformaldehyde, cryoprotected with 
15 % and 30 % solutions of sucrose in HBSS (w/v), cryo-embedded and 
cryo-sectioned (10 μm thick sections) with a Leica Cryostat (Leica Bio
systems, Germany). Sections were washed with HBSS and non-specific 
sites were blocked with 3 % bovine serum albumin for 30 min. Nuclei 
were stained with Hoechst 33,342 fluorescent stain (5 μl/ml in HBSS, 
ThermoFisher Scientific, UK) for 5 min and washed twice with HBSS. 
Images were then acquired using an Olympus IX-81 inverted fluores
cence microscope (Olympus Corporation, Japan) and analysed with 
ImageJ software (NIH, USA). Nuclei were counted to assess cell number 
/ area and therefore cell distribution throughout the scaffold. Based on 
results obtained, cell seeding density and required culture time prior to 
implantation were determined. DNA concentration and metabolic ac
tivity of optimal cell density were also quantified.

2.13. Mouse excisional wound splinting model

Animal studies were carried out under approval of the Animal Care 
Research Ethics Committee of the University of Galway (Approval 
number 15/DEC/07). A splinted nude mouse wound healing model was 
used [57-59]. In brief, 7–9 weeks old female athymic mice were 
anaesthetised with isoflurane, the skin of the dorsal area was disinfected 
with iodine and two full-thickness wounds of 5 mm in diameter were 
created using a punch biopsy. Silicone splints of 6 mm internal diameter 
and 12 mm external diameter were fixed around each wound with su
perglue and secured to the skin with 6–0 nylon sutures (Ethicon, Ireland) 
to prevent skin contraction. Prior to in vivo implantation, scaffolds were 
seeded with 600,000 hUC-MSCs (donor 3) and cultured for 8 days 
without (-MMC) and with CR (+MMC). Animals (five animals per group 
and two wounds per animal) were randomly assigned to a treatment 
group (both wounds) as follows: non-treated control (CTRL), XF chito
san scaffold (Scaffold), XF chitosan scaffold with XF hUC-MSCs and 
-MMC (Scaffold + Cells) and XF chitosan scaffold with XF hUC-MSCs and 
+MMC (Scaffold + Cells + MMC). After application of the treatment, 

A. Di Nubila et al.                                                                                                                                                                                                                              Biomaterials and Biosystems 16 (2024) 100102 

3 



wounds were protected with Tegaderm™ (3 M, USA) dressing and ad
hesive bandages. At day 14, animals were euthanised by CO2 overdose.

2.14. Wound closure rate and histological analyses

Wound closure rate and scar size were assessed as per previous 
publications [46,59]. Briefly, wound closure rate was determined by 
taking digital pictures of the wounds with a Redmi Note 8 Pro smart
phone camera (Xiaomi, China) immediately post-surgery and at days 3, 
7, 10 and 14. The planimetric area of the open wounds was measured 
using ImageJ (NIH, USA). Values were calculated as percentages of 
wound closure as follows: 

Wound closure (%) =
(area of original wound − − area of actual wound)

area of original wound
∗ 100 

For scar size assessment, tissue samples were harvested with an 8 mm 
biopsy punch and fixed in 4 % paraformaldehyde for 24 h at 4 ◦C. After 
processing of the tissue in a tissue processor (Excelsior AS, ThermoFisher 
Scientific, Ireland), samples were paraffin embedded and placed on a 
cold plate to solidify. Cross-sections of 5 μm in thickness were prepared 
from paraffin blocks by Microtechnical Services (Exeter, UK). The sec
tions were deparaffinised in xylene and hydrated in descending con
centrations of ethanol. Slides were stained using standard protocols for 
haematoxylin-eosin and Masson-Goldner’s trichrome stainings in a 
Giotto automatic stainer (Diapath, Italy). The sections were then dehy
drated in ascending solutions of ethanol and xylene and mounted using 
the Cristallo® liquid coverslipping technology (Diapath, Italy). Images 
were acquired using an Olympus BX51 optical microscope (Olympus 
Corporation, Japan) and analysed with ImageJ (NIH, USA). Scar size 
was calculated as follows: 

Scar size (μm) =
scar area (μm2)

avarage dermal thickness (μm)

The thickness of neoformed epidermis was evaluated from 
haematoxylin-eosin stained images using the ImageJ line tool (NIH, 
USA), as per established in the literature protocol [59-62]. Seventy-five 
measurements (fifteen images, five measurements per image) of 
epidermal thickness per group were analysed. Collagen area was 
calculated by measuring with ImageJ (NIH, USA) the area in blue of 
Masson-Goldner’s trichrome stained images [63,64]. Fifteen images per 
group were thresholded to isolate the blue stained collagen area and % 
area fraction of thresholded collagen-stained images was calculated. 
Granulocytes were manually counted from haematoxylin-eosin-stained 
images and averaged per unit area. Three 100×100 µm in size regions 
of interest from fifteen haematoxylin-eosin-stained images per group 
were analysed [65-67].

2.15. Statistical analysis

Data were processed using MINITAB® version 17 (Minitab Inc., USA) 
and reported as mean ± standard deviation. One-way analysis of vari
ance (ANOVA) was used for multiple comparisons and Tukey’s post hoc 
test was used for pairwise comparisons when the group distributions 
were normal (Anderson-Darling normality test) and the variances of 
populations were equal (Bonett’s test and Levene’s test). When either or 
both assumptions were violated, non-parametric analysis was conducted 
using Kruskal-Wallis test for multiple comparisons and Mann-Whitney 
test for pairwise comparisons. Results were considered statistically sig
nificant for p < 0.05.

3. Results

3.1. Basic hUC-MSC function analysis without and with MMC

Qualitative phase contrast microscopy analysis revealed no differ
ences in cell morphology between the -MMC and the +MMC (indepen
dently of the CR concentration) groups at any time point and cell 
detachment was observed at day 8 and day 11 for the 50, 75 and 100 μg/ 
ml CR concentrations (Supplementary Figure S1). Qualitative viability 
analysis revealed no differences in cell viability between the -MMC and 
the +MMC (independently of the CR concentration) groups at any time 
point and although cell detachment was observed at day 8 and day 11 
for the 50, 75 and 100 μg/ml CR concentrations, the still attached cells 
were alive (Supplementary Figure S2). In general, DNA quantification 
analysis revealed no significant (p > 0.05) differences in DNA concen
tration between the -MMC and the +MMC (independently of the CR 
concentration) groups at a given time point (Supplementary 
Figure S3). In general, no significant (p > 0.05) differences were 
observed in metabolic activity between the -MMC and the +MMC 
(independently of the CR concentration) groups at a given time point 
(Supplementary Figure S4).

3.2. Electrophoresis analysis as a function of MMC

SDS-PAGE and complementary densitometric analysis for collagen 
α1(I) and α2(I) bands revealed that all CR concentrations (no significant, 
p > 0.05, difference between CR concentrations) significantly (p < 0.05) 
increased collagen type I deposition, in comparison to the -MMC group 
at a given time point (Fig. 1). All subsequent experiments were con
ducted with the 10 μg/ml CR concentration (lowest assessed effective 
concentration).

3.3. Scaffold characterisation

As evidenced by SEM analysis, the scaffolds were porous (Fig. 2A) 
with 0.022 ± 0.008 mm2 and 89.9 ± 2.8 % pore area and porosity, 
respectively (Fig. 2B). Biomechanical analysis revealed that the scaffold 
had 946.0 ± 189.3 Pa, 15.4 ± 5.2 kPa, 31.7 ± 7.2 kPa and 38.8 ± 4.1 % 
Young’s modulus, yield stress, tensile strength and elongation at break, 
respectively (Fig. 2B). Swelling analysis did not reveal any significant (p 
> 0.05) differences as a function of time (Fig. 2C). With respect to 
degradation, in comparison to day 1, there was an increase, albeit not 
significant (p > 0.05), at day 2 and day 5 and there was a significant (p <
0.05) increase at day 8, day 11 and day 22, but not significant, p > 0.05, 
between them (Fig. 2D).

3.4. Scaffold cell dose optimisation

Nuclei staining revealed that at day 5 and day 8, the 600 k cell 
density without and with CR allowed for the highest (p < 0.05) cell 
distribution within the chitosan scaffold, whilst at day 11, the 150 k cell 
density without and with CR showed the lowest (p < 0.05) cell distri
bution within the XF chitosan scaffold, with no significant, p > 0.05, 
difference between the 300 k and 600 k cell densities, independently of 
the absence or presence of CR (Supplementary Figure S5). DNA con
centration and metabolic activity analyses revealed no significant (p >
0.05) differences between the -MMC and the +MMC groups at a given 
time point (Supplementary Figure S6).

Considering that the highest (p < 0.05) collagen deposition was 
observed at day 8 (Fig. 1) and the 600 k cell density induced the highest 
(p < 0.05) cell distribution at day 8 (Supplementary Figure S5), we 
selected this time point and cell density for preclinical assessment.

3.5. Wound closure rate and histological analyses

No signs of infection or necrotic tissue were found in any of the 
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groups at any time point. The splints were removed by the animals after 
day 3. All groups showed similar (p > 0.05) wound closure at a given 
time point (Fig. 3). At day 14, all groups showed similar (p > 0.05) scar 
size and epidermal thickness (Fig. 4) and collagen area fraction and 
granulocyte density (Fig. 5).

4. Discussion

Xenotransplantation (in the form of scaffold materials or culture 
media components), despite its well established history in biomedicine 
[68-71], harbours tremendous ethical, societal and safety concerns 
[72-76]. With this in mind, herein we developed and characterised a XF 
tissue engineered medicine using a XF chitosan scaffold and XF 
hUC-MSCs, cultured under MMC conditions.

4.1. MMC in XF hUC-MSC cultures

Although MMC has been used extensively in MSC cultures, only two 
reports have assessed its potential in XF cultures and both used adults 
MSC populations [50,51]. Considering that UC-MSCs are continuously 
gaining pace in tissue engineering and regenerative medicine [77-79], 
we first assessed the potential of MMC in XF hUC-MSC cultures. We 
selected CR as MMC agent, since its negative charge and high poly
dispersity index more effectively exclude available volume, thus 
resulting in the highest ECM deposition in the shortest period of time, in 
comparison to any other MMC agent assessed to-date [36,37]. Starting 
with basic cell function analysis, in general, CR did not affect cell 
morphology, DNA concentration, viability and proliferation, in agree
ment with numerous publications in the field in diverse range of cell 
populations (e.g. human dermal fibroblasts [36], human corneal fibro
blasts [80], human tenocytes [81], human adipose derived MSCs [48], 

Fig. 1. SDS-PAGE and corresponding densitometric analysis of hUC-MSCs of donor 1, donor 2 and donor 3 at passage 4 after 5, 8 and 11 days of culture without and 
with increasing CR concentrations. Experiments were performed in 3 technical replicates per donor. # indicates the lowest (p < 0.05) population among all groups at 
a given time point.
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human bone marrow MSCs [43]). We recognise of course that at high CR 
concentrations cell detachment occurred, which has been observed 
before and was attributed to buoyancy of the cell-deposited ECM layer 
being stronger than the attachment forces between the culture plate and 
cell-deposited ECM layer [48]. With respect to ECM deposition, again 
our data align with previous publications where CR was shown to 
induced multi-fold increase in ECM deposition [36,80,81]. One should 
note that donor-dependent ECM deposition was observed, which is a 
well-established variable in MSC cultures [82-84], strongly suggesting 
that donor screening and selection is an essential step in the develop
ment of tissue engineered medicines.

4.2. XF chitosan scaffold characterisation and hUC-MSC loading without 
and with MMC

Chitosan, in many different conformations, is used extensively in 
biomedicine due to its good cytocompatibility and anti-bacterial, among 
others, properties [85-87]. Pore size, porosity and swelling capacity 
affect water retention, mechanical strength and cell adhesion and 
migration [88,89]. In our study, the lyophilized chitosan scaffolds 
exhibited suitable properties for hUC-MSC growth and wound healing 
applications, in accordance with previous reports in the field. For 
example, a chitosan scaffold with an average porosity of ~ 93 % and 
water uptake ratio of ~ 536 % sustained human dermal fibroblast 
attachment and infiltration [90]. In another study, human skin 

Fig. 2. Cross-sectional image of the non-animal sourced chitosan sponge (A). Physical and mechanical properties of the non-animal sourced chitosan sponge (B). 
Swelling (C) and degradation (D) of the non-animal sourced chitosan sponge over a 22 days period. Experiments were performed in 3 technical replicates. * indicates 
significant (p < 0.05) increase in comparison to day 1.
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fibroblasts were able to penetrate up to 400 μm into chitosan hydrogels 
fabricated using high pressure CO2 with large pores (> 90 μm) and high 
porosities (> 85 %) [88]. The swelling ability of chitosan is inversely 
proportional to its degree of crystallinity [91,92], therefore a low degree 
of crystallinity in our chitosan scaffolds is responsible for a relatively 
low Young’s modulus and tensile strength compared to mechanical 
properties of chitosan scaffolds with a high degree of crystallinity. For 
example, one study, targeting bone engineering applications, showed 
that scaffolds with chitosan concentrations ≥ 4 % exhibited a high de
gree of crystallinity and mechanical strength [93]. Our scaffolds, with a 
chitosan concentration of 2 %, were designed for skin wound healing 
applications that require an elastic and flexible scaffold [94]. The 
selected initial cell seeding density of 600 k hUC-MSCs, which has been 
used in both in vitro [95-97] and in vivo [59,98,99] studies for a broad 
range of cell populations, scaffolds and clinical indications, allowed for 
cell migration into the scaffold independently of the absence or presence 
of CR in culture. Proliferation and metabolic activity assays confirmed 
the scaffold’s capacity to afford hUC-MSC growth, as has been shown 
before with various chitosan scaffold loaded with human osteoblasts 
[100], human dental pulp MSCs [101], immortalised human bone 
marrow MSCs [102] and human adipose-derived MSCs [103].

4.3. Preclinical analysis in a murine splinted wound healing model of XF 
chitosan scaffolds loaded with XF hUC-MSCs, cultured without and with 
MMC

At day 14, chitosan was not detected in skin wounds of scaffold 
groups by histological analysis, suggesting that either the scaffolds were 
degraded, despite in vitro data showing dry weight loss of only ~ 33 % 
at day 22 in comparison to day 0, or the animals had removed them. We 
feel that the former is the most likely scenario considering that previous 
studies have demonstrated a faster in vivo degradation rate of chitosan 
scaffolds when compared to in vitro degradation [104-106]. Further, in 
an in vivo rabbit critical size femur defect model, histological analysis 
revealed that chitosan scaffolds were present at day 7 and were 
completely degraded at day 30 [107]. In a subcutaneous rat model 
though, a collagen/chitosan scaffold was entirely absorbed by day 12 
[108]. These results suggest that the rate of in vivo degradation / ab
sorption of chitosan scaffolds depends on tissue and animal model. 
Epidermal thickness values were not significantly different among the 
different groups, although it has been shown for chitosan scaffolds to 
increase epidermis regeneration [109,110]. Regarding collagen content, 
although again no significant differences were observed between the 
groups, a chitosan scaffold loaded with human jaw bone marrow MSCs 
has been shown to induce an enhanced collagen deposition in rat cal
varial defects [111]. Although one would have expected the presence of 
the scaffold to increase granulocyte density, no differences were 

Fig. 3. Qualitative (A) and quantitative (B) wound closure analysis of non-treated control (CTRL), XF chitosan scaffold (Scaffold), XF chitosan scaffold with XF hUC- 
MSCs and -MMC (Scaffold + Cells) and XF chitosan scaffold with XF hUC-MSCs and +MMC (Scaffold + Cells + MMC) at day 3, day 7, day 10 and day 14. N = 5 
animals per group.

Fig. 4. Haematoxylin-eosin staining (A), scar size (B) and epidermal thickness (C) analyses of non-treated control (CTRL), XF chitosan scaffold (Scaffold), XF chitosan 
scaffold with XF hUC-MSCs and -MMC (Scaffold + Cells) and XF chitosan scaffold with XF hUC-MSCs and +MMC (Scaffold + Cells + MMC) at day 14. N = 5 animals 
per group. Scale bars: 250 μm.
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observed between the groups. Previous studies have reported that chi
tosan scaffolds have a chemotactic effect on immune cells [112] without 
eliciting a humoral immune response [113,114]. In general, chitosan 
scaffolds stimulate pro-inflammatory mediators, but anti-inflammatory 
effects can also be detected depending on the immune pathways that 
are activated [115,116]. These differences originate from the chitosan’s 
degree of deacetylation, molecular weight and source [117,118]. One 
cannot exclude that the XF nature of the used herein chitosan scaffold 
may also have played a role in similar to the other groups granulocyte 
density.

With respect to wound closure, scar size, epidermal thickness, 
collagen area fraction and granulocyte density, no significant differ
ences were observed between the groups. We know from the literature 
that MMC based therapies result in improved healing [46,119]. We also 
know that chitosan scaffolds promote wound healing [120,121], as do 
hUC-MSCs [122,123]. We feel that this indifference between the groups 
is due to the limitations of the model used that allowed the animals to 
remove the silicone rings and to bring about tissue contraction. Indeed, 
the silicone ring has been previously identified as major drawback of the 
model [124], with studies suggesting the use of Elizabethan collars and 
jackets with plastic wings [124] or wound chambers [125] or even shape 
memory alloys as internal splints [126] to avoid such issues. Unfortu
nately, none of these strategies were in our licence and therefore we 
were not able to use them. Investigators ought to publicise such limi
tations to inform future preclinical endeavours.

5. Conclusions

Here, we report for first time the development of a completely xeno- 
free tissue engineered medicine using xeno-free human umbilical cord 
mesenchymal stromal cells, macromolecular crowding and a non-animal 
sourced chitosan scaffold. Neither macromolecular crowding nor the 
non-animal sourced chitosan scaffold affected basic cell function. 
Macromolecular crowding significantly increased collagen deposition 
and the porous scaffolds allowed for cell infiltration. Preclinical 
assessment revealed no significant differences in wound closure and scar 
size between the groups (sham, scaffold, scaffold with cells and scaffold 
with cells and macromolecular crowding), largely attributed to the 
removal of splints (by the animals). Nonetheless, as neither infection nor 
necrotic tissues were observed, we consider the treatment as safe, albeit 
an appropriate animal model should be used to confirm efficiency and 
efficacy.
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