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Abstract Tissue stroma is responsible for extracellular matrix (ECM) formation and secretion of factors that coordinate
the behaviour of the surrounding cells through the microenvironment created. It’s inability to spontaneously regenerate
makes it a good candidate for research studies such as testing various tissue engineered products capable of replacing the
stroma in order to assure normal tissue regeneration and function. In this study, a bioactive stroma was obtained con-
sidering two main components: 1) the artificial ECM formed using atelocollagen-oxidized polysaccharides hydrogels in
which the polysaccharide compound (oxidised gellan or pullulan) has the role of crosslinker and 2) encapsulated stromal
cells (dermal fibroblasts, ovarian theca-interstitial and granulosa cells). The cell-hosting ability of the hydrogels is
demonstrated by a good diffusion of globular proteins (albumin) while the fibrillar morphology proves to be optimal for
cell adhesion. These structural properties and cytocompatibility of the components maintain good cell viability and cell
encapsulation for more than 12 days. Nevertheless, the results indicate some differences favouring the gellan crosslinked
hydrogels. Ovarian stromal cells functionality was maintained as indicated by hormone secretion, confirming cell—cell
signalling in encapsulated and co-culture conditions. In vivo implantation shows the regenerative potential of the cell-
populated hydrogels as they are integrated into the natural tissue. The possibility of cryopreserving the hydrogel-cell
system, while maintaining both cell viability and hydrogel structural integrity underlines the potential of these ready-to-use
hydrogels as bioactive stroma for multipurpose tissue regeneration.
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1 Introduction

Stromal tissue plays a key role in sustaining organ function
through a microenvironment created by the cooperation
between stromal cells and ECM components. It is actively
participating in multiple biochemical processes between
tissue and blood responses e.g. nutrients exchange, growth
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or modified materials to which the biological component
i.e. cells is added. Most biomaterials with tissue engi-
neering applications are in first instance designed, treated
by different chemical processes to eliminate the cytotoxic
by-products, and then populated with cells [3, 4]. A
biomaterial-cell system can be obtained using techniques
that involve populating it’s surface or creating a sand-
wich like structure, with cells placed between the two
layers of the biomaterial [5-8]. Even though they have
the advantage of using a diverse range of components
often with a well-defined architecture, these approaches
usually result in a non-uniform cell distribution inside the
biomaterial.

Obtaining a uniform cell distribution can be done by
encapsulating cells into hydrogels. Those hydrogels can
mimic the ECM by offering an optimal microenvironment
for normal cell functioning, cell—cell interactions, molecule
diffusion and ideally by presenting adhesion cues for cells
[9]. However, to be able to use this approach in populating
the hydrogels with cells, the components that come into
direct contact with the living cells have to be very carefully
selected.

Hydrogel cell encapsulation usually requires the use of
chemical reagents that play a crosslinker role, such as 4S-
StarPEG, tetrakis(hydroxymethyl) phosphonium chloride,
different enzymes or polymers functionalised with reactive
groups e.g. methacrylates, such as gelatin methacrylate
[10-14]. The presence of methacrylate moieties usually
implies cell exposure to UV light for photocrosslinking,
which has its drawbacks. Physical hydrogels obtained
based on ionic crosslinking are also used for cell encap-
sulation yet again, the cells are exposed to different ionic
strengths and moreover, the hydrogels usually do not offer
a proper microenviroment for cell-cell interactions
[15-18].

Oxidised polysaccharides e.g. alginate, dextran, cellu-
lose, gellan, hyaluronic acid, can be used with a double role
in hydrogel formation, crosslinker and structural compo-
nent. Studies have been proven the cytocompatibility of
these materials. However, according to Tang et al. [19], in
order to be appropriate for cell encapsulation, the oxidation
degree of the polysaccharide must not exceed 20% (it was
demonstrated that a higher number of aldehyde groups can
have cytotoxic effects) [20-31]. This crosslinking method
allows hydrogel formation in the presence of cells, without
exposing the cells to potentially toxic chemical reagents or
irradiation; in addition, the method can be used for sta-
bilising polymers with available amino groups, such as
collagen.

Collagen offers numerous advantages such as being the
main component of ECM, can form hydrogels in physio-
logical conditions and its high biocompatibility, offering a
diversity in terms of being used as a main component in
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many tissue engineered products [32]. Due to weak
mechanical properties as a non-crosslinked material col-
lagen can undergo a crosslinking process in order to
enhance its mechanical properties. This crosslinking pro-
cedure will affect the cell integrin binding site and there-
fore the cell activity on the collagen substrates. As
alternative collagen can be used as gel for cell encapsula-
tion, accompanied by other natural or modified synthetic
polymers in order to obtain chemically crosslinked
hydrogels [32-34]. Gellan and pullulan are two linear
polysaccharides with properties that recommend them for
tissue engineering applications, which can contribute to
collagen mechanical improvement. Gellan has gained a lot
of interest especially in cartilage tissue engineering
[35, 36]. Gellan offers encouraging results in ability to
maintain the viability of encapsulated human nasal chon-
drocytes, rat bone marrow cells or mesenchymal stem cells
with [37]. Pullulan’s use in tissue engineering applications
is directed especially towards cartilage and bone regener-
ation or as cytoadhesive [38]. An oxidised pullulan/colla-
gen hydrogel has been studied as soft tissue filler, but
without cell encapsulation, where the oxidising agent was
used also as crosslinker [39, 40]. Other macromolecules or
macromolecular blends have also been used for cell
encapsulation e.g. Matrigel, alginate, fibrin, hyaluronic
acid, peptides or synthetic polymers. Even though Matrigel
offers a very complex milieu for encapsulated cells, the
tumorigenic origin, uncharacterized growth factors and
composition variability are major disadvantages [41, 42].
Unlike alginate and synthetic polymers, collagen offers the
advantage of interacting with cells on a molecular level and
can be extracted without expensive techniques, as com-
pared to recombinant peptides used for hydrogel formation.
The addition of oxidised polysaccharides preserves colla-
gen properties when interacting with cells, while improving
its mechanical characteristics, making collagen-oxidized
polysaccharides a very attractive option for cell
encapsulation.

In addition to their advantages as biocompatible 3-D
scaffolds, collagen-based constructs represent an option for
obtaining ready-to-use hydrogel-cell systems for immedi-
ate use. Thus far, studies were conducted for cryopre-
serving cells by complex freezing protocols using alginate
as an encapsulation matrix, simple or combined with
gelatin and fibrinogen and functionalised with RGD
tripeptide groups [43—46].

In this paper, a mix of atelocollagen, sodium hyalur-
onate (NaHyal) and partially oxidised polysaccharides
(gellan or pullulan) was investigated for its potential to
form hydrogels as an artificial ECM. This novel stromal-
like concept facilitates cell macro-encapsulation and cry-
opreservation. In the obtained tissue engineered construct
NaHyal was used as an ECM compound as well as a
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cryoprotectant, while oxidised polysaccharides were used
as crosslinkers. The functional convenience of the hydro-
gels we propose, as the structural component of an artificial
stroma, was tested on stroma specific cells, respectively
Albino rabbit primary dermal fibroblasts and ovarian theca-
interstitial and granulosa cells.

2 Materials and methods
2.1 Materials

Type I atelocollagen was purchased from StemCell Tech-
nologies, at a stock concentration of 6 mg/mL. Low acyl
gellan (~ 300 kDa) was obtained from Kelco and was used
at a concentration of 10 mg/mL after solubilizing in dou-
ble-distilled water, at 80 °C. Pullulan (~ 100 kDa) was
purchased from Fluka and was used at a concentration of
10 mg/mL. Lyophilized collagenase with 220 units/mg
activity was purchased from Gibco, Life Technologies.
Follicle-stimulating hormone (FSH) and luteinizing hor-
mone (LH) were a kind donation from Merck-Serono
Romania. Sodium meta-periodate (NalO4) was purchased
from Merck and ethylene glycol reagent grade, from Fluka.
All the other reagents and culture media were purchased
from Sigma-Aldrich.

2.2 Polysaccharide oxidation

The polysaccharide oxidation was performed according to
the protocols found in the literature and was described in
detail in our previous paper [19, 47]. Briefly, a gellan
solution was prepared at a concentration of 10 mg/mL by
adding the gellan powder in double-distilled water and
bringing the mixture at 80 °C for complete solubilisation
under magnetic stirring, to avoid gelation. After cooling,
while maintaining the stirring, the oxidising process was
started by adding 0.1 M NalO, dropwise. The whole pro-
cess was conducted away from direct light exposure. After
adding the NalO,, the mixture was kept for 3 h under mild
stirring, after which an equimolar quantity of ethylene
glycol relative to that of NalOywas added to quench the
oxidation reaction. This was continued for 30 min. The
resulting solution was then dialysed under stirring, for
3 days in doubled-distilled water, in dialysis membranes
with a MWCO of 12,000 Da. The water was changed two
times daily (three times in the first day) to ensure a good
purification of the product. After this, the oxidised
polysaccharide was freeze-dried and kept under vacuum, at
4 °C until use. The same protocol was used for the oxi-
dation of pullulan except for the solubilisation step which
did not require any heating. The oxidation degree
was determined using the titrimetric method with

hydroxylamine hydrochloride, yielding the same
crosslinking potential for both polysaccharides [19, 47].

2.3 Hydrogel mixture preparation

The formation of atelocollagen-oxidized polysaccharide
hydrogels is based on the condensation reaction between
the aldehydes formed on the polysaccharide as a conse-
quence of the oxidation process and the amines present in
lysine aminoacids found on the atelocollagen macro-
molecules, resulting in Schiff base formation. New
hydrogels based on atelocollagen, NaHyal and oxidised
gellan or pullulan were obtained as an artificial extracel-
lular matrix for primary cell embedding. For preparing the
hydrogel mixtures, center-well organ culture dishes
(60 mm, Falcon) were used. The atelocollagen (6 mg/mL
stock solution) was first diluted to a concentration of
3.9 mg/mL with Dulbuecco’s Modified Eagle’s Medium/
Nutrient mixture F12 Ham (DMEM/F12) with L-glutamine,
supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin/neomycin antibiotic mixture with
100 units penicillin, 0.1 mg streptomycin and 0.25 pg
amphotericin/mL (P/S/N), the same culture medium as the
one used for culturing the cells to be encapsulated. The
diluted atelocollagen solution was neutralised with NaOH
1 M and 40 pL of 10x PBS after which 20 puL of NaHyal
(3 mg/mL) and partially oxidised polysaccharide were
added. The oxidised gellan solution was prepared at a
concentration of 10 mg/mL by dissolving the lyophilized
oxidised gellan in double-distilled water and heating to
80 °C. The oxidised pullulan solution was obtained at the
same concentration, by dissolving it in double-distilled
water at room temperature. Three different hydrogel sub-
strates were prepared, in which the dry mass was main-
tained constant, while varying the atelocollagen and
oxidised polysaccharide quantities. The prepared hydrogel
compositions are shown in Table 1.

After all the hydrogel components were added the
resulting atelocollagen concentration within the mixture
was 3 mg/mL. To allow gelation, the hydrogel mixtures
were kept at 37 °C for 20 min.

2.3.1 Elasticity modulus measurements

The texture analyser TA-XT2 Plus (Stable micro systems
UK) was used for testing the elasticity of the hydrogels, by
using a cylinder of 12 mm diameter and compression
speeds of 1 mm/s. The slopes of the stress—strain curves at
small deformations were used to calculate an apparent
compression modulus. Stress-relaxation measurements on
the free and on the confined samples were made on the TA-
XT2 instrument, as well. The sample height was 0.8 mm
with diameter of 12 mm. An initial fast deformation of
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Table 1 Molecular composition of the prepared hydrogels

Sample code Component mass ratio aK (mg) NaHyal (mg) GelOx or PulOx (mg) Total weight (mg)
(aK:NaHyal:GelOx or PulOx)

r () 29.5:1: 1.5 1.77 0.06 0.09 1.92

r (1) 26: 1: 5 1.56 0.06 0.3 1.92

r (I 19: 1: 12 1.38 0.06 0.48 1.92

10% at 1 mm/s was kept constant for 60 s. For this analysis 2.5 Cells

the r (I) hydrogel composition was tested.

2.4 Diffusion properties of the crosslinked hydrogels

The diffusion properties of the fully hydrated hydrogels
were analysed using a bovine serum albumin solution
(BSA) at the physiological concentration of 45 mg/mL, in
20 mM phosphate buffer and 150 mM NaCl (PBS) as a
solvent. For the diffusion experiment, the hydrogel was
fixed between the recipient and donor compartment of a
Franz cell, with BSA solution in the donor compartment
and PBS in the recipient compartment. The BSA con-
centration was measured in both compartments every
5 min for the first hour and every 10 min the next hour,
using NanoDrop 1000 spectrophotometer. The tempera-
ture was maintained at 37 °C throughout the diffusion
process. For determining the diffusion coefficient of BSA
through the atelocollagen-polysaccharide hydrogel, Fick’s
second law of diffusion was used and described as
Egs. (1), (2) and (3):

0 _ 0 2
D=t n(Co=Ck o (1)
p-t Ch—Cy) s
A1 1\ 1
L L )
=5 (7t 70) e )
cY — Y
ﬂ~D-t—ln<ﬁ):O (3)
D~ “R

with D global diffusion coefficient, m?/s, t diffusion time,
s; CY and C% concentrations of BSA in the donor and
recipient compartment of Franz cell, respectively, at time
t = 0; C}, and C}, concentrations of BSA in the donor and
recipient compartment of the Franz cell, respectively at
time t; f—geometrical constant depending on A—aria of
the section through which the diffusion takes place (m?)
and J—the thickness of the hydrogel, (m); V, and
Vg_—liquid volume from donor and recipient compart-
ment, respectively, m>.

Considering that the concentration of BSA in the donor
and recipient compartments had a non-linear variation, for
assessing the diffusion coefficient we isolated the linear
domain of the associated sigmoidal curves.
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The primary animal cells used for encapsulation were Al-
bino rabbit dermal fibroblasts and Wistar rat ovarian theca-
interstitial and granulosa cells. The first cell type was
chosen due to its basic role in stromal tissue regeneration
while the other two due to their secretory activity, in an
attempt to generate a specialised (secretory tissue-like)
in vitro model. All protocols for cell isolation were per-
formed according to animal welfare requirements and with
the approval of Ethical Committee of Grigore T. Popa
University of Medicine and Pharmacy of lasi registered on
13 June 2016 for the submitted research No. PN-III-P2-2.1-
PED-2016-1230.

2.5.1 Primary dermal fibroblasts isolation

Albino rabbit dermal fibroblasts were isolated using explant
technique according to the widely described method, that
provides a homogeneous fibroblast population [48].
Briefly, the tissue—rabbit skin biopsy—was collected
under sterile conditions, on ice cold Modified Eagle’s
Medium (MEM) and Hank’s Balanced Salt Solution
(HBSS) mixture (1:1 v/v), supplemented with 1% P/S/N.
After fat and hypodermis removal, the resulting skin was
cut into small pieces (1-2 mm) and the fragments were
rested on a 60 mm Petri dish, on a thin layer of FBS to
facilitate dermis adherence to the culture plate. MEM
supplemented with 15% FBS was then added, the culture
medium being changed every other day. After observing
the migration of the fibroblasts from the tissue fragments,
these were removed and the culture was continued until a
sub-confluent cell monolayer was formed. The cells from
passage 2 and 3 were used for encapsulation into the
hydrogels.

2.5.2 Rat ovarian theca-interstitial and granulosa cell
isolation

Rat ovarian theca-interstitial and granulosa cell isolation
was performed using 21 days female rat ovaries, accord-
ing to the protocol described in the literature, with mild
modifications [49]. The ovaries were collected under
aseptic conditions on ice cold HBSS supplemented with



Tissue Eng Regen Med (2017) 14(5):539-556

543

1% P/S/N and then punctured using 27G syringe needles
to release the granulosa cells from the ovarian follicles
with an advanced stage oocyte, the resulting cell sus-
pension being collected, centrifuged and cultured until
sub-confluent monolayer was formed. The remaining
stromal tissue was cut into small fragments and added to a
solution of collagenase (0.4%), at 37 °C. After tissue
fragments sedimentation, the medium with cell suspen-
sion was passed through 70 pm nylon cell strainers and
centrifuged. The sediment was cultured in DMEM/F12
medium with L-glutamine, supplemented with 10% FBS
and 1% P/S/N until a sub-confluent cell monolayer was
reached. A concentration of 2 x 10° cells/mL of each cell
type was prepared for the encapsulation procedure. For
this, each cell type was removed from the culture flasks
using standard trypsinization method [48]. The cells from
passage 1 were used for cell encapsulation into the
hydrogels.

2.6 Cell encapsulation technique
For the cell encapsulation procedure, the hydrogel com-
position r (II), with a mass ratio 26: 1: 5 (aK:NaHyal:Ge-

10x or PulOx) was chosen due to its better diffusion
properties. First, the hydrogel mixture was formed,

neutralization:

A atelocollagen =
\_— hyaluronic acid

J—\_‘( oxidized
polysaccharide

fibroblast

‘ ovarian theca-interstitial cell

Q ovarian granulosa cell

according to the method described in Sect. 2.3. A cell
suspension of 2 x 10> cells/mL was added just before the
partially oxidised polysaccharide, to a final hydrogel vol-
ume of 0.5 mL. In order to keep all molecular ratios of the
hydrogel compounds, the medium for the initial atelocol-
lagen dilution was adjusted with respect to the volume of
cell suspension. The hydrogel mixtures were kept in stan-
dard culture condition (37 °C, 5.5% atmospheric CO, and
95% humidity) for at least 24 h until further analysis was
performed. The culture medium was changed every other
day. The resulting series of cell-populated hydrogels used
after the cell encapsulation procedure were: I.1—atelo-
collagen hydrogels crosslinked with oxidised gellan and
populated with primary dermal Albino rabbit fibroblasts,
1.2 atelocollagen hydrogels crosslinked with oxidised pul-
lulann and populated with primary dermal Albino rabbit
fibroblasts; II.1—atelocollagen hydrogels crosslinked with
oxidised gellan and co-populated with primary ovarian
theca-interstitial and granulosa cells (1:1), and II.2 atelo-
collagen hydrogels crosslinked with oxidised pullulan and
co-populated with primary ovarian theca-interstitial and
granulosa cells (1:1). The strategy of cell-populated
hydrogel preparation and the macroscopic aspect of the
resulted material after crosslinking reaction are presented
in Fig. 1.

"He\'cloping i
important bic
x (ECM) -

 for this prot

crosslinked hydrogel
with embedded cells

Fig. 1 Schematic illustration of the cell encapsulation steps with the resulting cell-populated hydrogels A and macroscopic aspect of the

hydrogel B
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2.7 Cell viability and morphological assessments
on the primary dermal fibroblast—populated
hydrogels

2.7.1 Light microscopy and fluorescent microscopy

The morphology and cells distribution within hydrogels
were assessed in bright field phase contrast microscopy,
using a Leica DMI 3000 inverted microscope.

The stained specimens were obtained after chemical
fixation of the 3D cultures with 4% paraformaldehyde
solution in PBS overnight and double stained with fluo-
rescence blue DAPI (4',6-diamidino-2-phenylindole) and
red Rhodamine-Phalloidin. The hydrogels were washed for
several times with PBS, kept for 30 min in 0.5% Triton
X-100 solution for cell membrane permeabilization,
washed again with PBS and then stained. Hydrogels were
stained first with 50 ng/mL Rhodamine-Phalloidin solution
in PBS for 2 h and then with 5 pM DAPI for 30 min. The
blue fluorescence of the cell nuclei was detected using
358/461 nm excitation/emission filter ~while actin
cytoskeleton was highlighted using 540/565 nm excitation/
emission filter.

The histological analysis of the hydrogel structure was
performed on the 10% formaldehyde fixed hydrogels that
were dehydrated, embedded in the paraffin blocks, sliced
and then stained using haematoxylin and eosin (H&E)
technique, according to the usual standard protocols.
Briefly, the hydrogels were washed for several times in
HBSS solution, and then immersed in 10% formaldehyde
solution in HBSS for 48 h. Fixed hydrogels were dehy-
drated in one of the most frequently used graded series of
alcohols (35, 50, 70, 95 and 100%). The embedding of the
hydrogels in paraffin blocks was performed after their
clearing in repeated xylene and toluene baths. All post-
fixation procedures were performed using the automatic
system Biooptica CD1000 and sliced using the microtome
Leica RM 2235. The tissue samples were stained using
H&E technique, according to the standard protocol set by
Leica autostainer XL.

2.7.2 SEM analysis

The crosslinked hydrogels with and without the encapsu-
lated primary fibroblasts were analysed by SEM. In order
to maintain the morphology of the hydrogels close to wet
condition, the hydrogels were dried using critical point
drying technique. For this, the hydrogels were fixed in 2%
glutaraldehyde overnight and gradually dehydrated in baths
of ethanol at increasing concentrations (70, 80, 90 and
3 x 100%). After dehydration, the hydrogels were dried to
critical point using EMS 850 Critical Point Dryer. Dehy-
drated hydrogels were sputter coated with a 30 nm layer of
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gold and visualised by a scanning electron microscope
(Tescan Vega II SBH) at an accelerating voltage of 30 kV.
The porosity degree of the two types of dried hydrogels
was analysed with ImageJ 1.49 v with Analyse plugin
installed, based on the obtained SEM images and was
expressed as percent porosity of the analysed area. For this,
the images were binarized with the use of threshold com-
mand of Imagel, the black areas of the resulting images
representing the pore areas. The area of the pores was
calculated in pixel values with the use of the command
Analyse-Measure. The porosity was determined by calcu-
lating the ratio between pore area and total bidimensional
area, five different images being analysed for each hydro-
gel [50-52].

2.7.3 Live/dead cell evaluation of the encapsulated cells

The cell survival rate in the hydrogels was assessed using
the live/dead double staining kit which is based on the
ability of the live cells to fluorescence in green due to
acetoxymethyl ester hydrolysis of the calcein-AM to cal-
cein by intracellular esterases of the living cells, while the
nuclei of the dead cells are stained in red by propidium
iodide as it passes through degraded cell membranes. The
live/dead staining was performed on the hydrogels after
48 h, 5, 7 and 10 days of fresh or frozen 3D culture.
Briefly, the cell-populated hydrogels were washed several
times in HBSS and stained for 40 min at 37 °C with live/
dead fluorescent dye mix, according to the kit protocol.
Green fluorescence of the live cells and red fluorescence of
the dead cells were visualised with a Leica DM5500Q
fluorescent microscope. Percent viability was determined
on the fluorescent images by analysing the number of cells
stained in green and red, using ImageJ software. For each
type of hydrogel, cell viability was calculated as the ratio
of green cells to the total number of cells (green and red).

2.7.4 Cell viability and cell proliferation assessing

Cell viability and proliferation capacity of the encapsulated
cells was analysed using Alamar Blue® assay (Bio-Rad,
AbD Serotec, U.K) based on blue resazurin conversion to
pink resorufin by the intracellular reductase activity of live
cells. For this, the culture medium from each cell-popu-
lated hydrogel was replaced with 300 pL. of 10% Alamar
Blue solution in DMEM culture media without phenol red
and 4 h later the medium was collected and the absorbance
of the resorufin was measured at 570 and 620 nm (as ref-
erence) using Tecan plate reader (Sunrise model, Tecan
Austria GmbH, adapted with Magellan V7.1SP1 software).
The assay was performed for the same sample at 24 h, 3, 5,
7 and 12 days of 3D culture, in triplicate. The absorbance
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of the resorufin was considered an indicator of cell
proliferation.

2.8 In vivo performance of the fibroblast-populated
hydrogels

The in vivo behaviour of the cell-populated hydrogels was
analysed on the fibroblast-populated samples, 24 h after
cell encapsulation (according to the encapsulation proce-
dure described in Sect. 2.6).

The in vivo experiments were performed on Wistar rats,
according to ISO 10993-2—animal welfare requirements,
to ethical regulations and with the approval of the Ethics
Committee of Grigore T. Popa University of Medicine and
Pharmacy of lasi registered on 13 June 2016 and men-
tioned in Sect. 2.5.

All surgical procedures were done under thiopental
anaesthesia. An insertion area was prepared on the right
flank of the animal, by removing the hair and disinfecting
the tegument with a topical solution (Betadine). An inci-
sion and a surgically created pocket were made between
the hypodermis and dermis (with an approximate diameter
of 1.5 cm) for inserting the prepared hydrogels. The inci-
sion was closed with surgical nylon suture. After 2, 5 and
7 days the implanted hydrogels and adjacent tissue were
removed and prepared for histological analysis following
formaldehyde fixation for 48 h in 10% formaldehyde
solution in HBSS. Paraffin embedding was done using the
automatic system Biooptica CD1000 and the staining with
H&E and Masson’s trichrome followed the protocols set by
the automatic Leica autostainer XL.

2.9 Hydrogel model for cell secretory capacity
and cell signalling assessment

Secretory function of the cells and intercellular signalling
capacity was determined by estradiol measurements in the
culture media in which co-encapsulated theca-interstitial
and granulosa cells were cultured. For this, the primary
isolated theca-interstitial and granulosa cells that reached
sub-confluency (Sect. 2.5.2) were further grown in serum-
free DMEM/F12 medium, supplemented with ITS (in-
sulin/transferrin/selenium 5 pg/5 pg/5 ng/mL) and 1 mg/
mL BSA. After the cells reached confluence, a suspension
mix of theca-interstitial and granulosa cells (1:1) was
encapsulated at a final density of 2 x 10° cells/mL
(1 x 10° cells/hydrogel) and then cultured in DMEM/F12
medium supplemented with ITS, 1 mg/mL, BSA and 2.5
LU. LH and FSH for the initiation of steroid hormone
secretion. The medium was fully collected for analysis
after 48 h of culture, replaced with fresh medium with the
same composition and collected again after another 72 h of
culture (5 days post-encapsulation). Estradiol detection in

the collected medium was done using chemiluminescent
competitive immunoassay and Immulite Estradiol Kkit.
Briefly, the method consists in incubation of the samples
with a solid phase (beads) coated with polyclonal rabbit
anti-estradiol antibody and enzymatic substrate for 60 min,
followed by solid phase washing in order to remove the
unbounded compounds. Subsequently, the addition of
chemiluminescent substrate was made. Chemiluminescent
signal was detected with Immulite 1000 immunolumines-
cent analyser (Siemens). As a control, the collected med-
ium from the same density of cells, cultured in standard
2-D culture system (in the same culture medium), was
analysed.

2.10 Cryopreservation of the cell-populated
hydrogels

The ability of the atelocollagen hydrogels crosslinked with
partially oxidized polysaccharides to preserve cell viability
after a freeze-thawing process was analysed for encapsu-
lated fibroblasts after 48 h, on day 5, day 7 and day 10.
10% DMSO in FBS was used as cryopreservation medium
and the viability of cryopreserved hydrogel encapsulated
cells was compared with the same fresh systems. The
freezing of the cell-populated hydrogels was performed
following a widely used slow freezing procedure applied to
cell culture, using a double-well Mr Frosty freezing box.
Before freezing, the culture medium was removed,
replaced with the cryoprotectant and left for 10 min in a
center-well plate in which the encapsulation was done.
After 10 min the culture plate with the hydrogel was sealed
and frozen in a low-freezer, at -85 °C. The rapid thawing
procedure was performed after three weeks of cryopreser-
vation. After thawing at 37 °C the cryoprotectant was
removed and extensively washed with HBSS and culture
media, following the culture in the original conditions.
Live/dead assay was performed after thawing as it was
described in Sect. 2.7.3 and compared to the fresh systems.

3 Results

3.1 Hydrogel mechanical properties
and morphology

3.1.1 Macroscopic analysis and mechanical properties

In this study we have obtained new hydrogels having ate-
locollagen, oxidised polysaccharides and sodium hyalur-
onate as components, used as an artificial stroma for the
encapsulated cells. As a result of crosslinking the atelo-
collagen with partial oxidised gellan and pulullan, trans-
parent hydrogels with a uniform aspect were obtained. The
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Table 2 The elastic moduli of

the r (II) hydrogels Crosslinking agent

Component mass ratio
(aK:NaHyal:GelOx or PulOx)

Elastic modulus (Pa)

GelOx
PulOx

26:1: 5 61.64 £ 5.42

180.95 + 10.95

r (I) composition was chosen for cell encapsulation due to
its mechanical and handling properties (Fig. 1B). The
elastic moduli of the hydrogels with r (II) composition are
presented in Table 2.

The data presented in Table 2 shows that the nature of
the polysaccharide influences the hydrogels elasticity, most
probably by creating shorter or larger distances between
junctions zones and by increasing the number of
crosslinking points (in the case of pullulan-crosslinked
hydrogels).

3.1.2 SEM analysis

The microscopic analysis of the hydrogels crosslinked with
partially oxidised polysaccharides displayed a porous
fibrous structure, influenced mostly by the atelocollagen
which is their main component (Fig. 2).

In Fig. 2, it can be noted a regular fibrous structure with
small pore sizes resulting from the network of collagen
fibres. After analysing the obtained images for the r (II)
hydrogel samples, we obtained a porosity of 62.6% for
gellan crosslinked hydrogels and of 65.8% for pullulan
crosslinked ones. Even if the porous architecture of the
hydrogel was better preserved by critical point drying
conditions (as opposed to lyophilisation), the dehydration
process can influence the actual pore sizes compared to that

20 pm

of the wet hydrogels. The smaller pullulan molecules
(compared to gellan), are able to better reach the reactive
groups on atelocollagen still, the two types of hydrogels
present a quite similar porosity degree.

3.2 The diffusion properties of the oxidised
polysaccharide-crosslinked hydrogels

The diffusion properties of the fully hydrated hydrogels
were studied on low-molecular-weight  albumin
(66.21 kDa), which represents an important nutritive, reg-
ulatory and protective molecule of the blood serum as well
as of the culture media. At physiological pH (7.4) albumin
has an anionic charge. This is why the interactions with the
hydrogel should be minimal considering that at this pH the
atelocollagen has a low positive charge, while the
polysaccharides exhibit a strong negative charge. As a
consequence, the diffusion will primarily depend on the
structure of the fully hydrated hydrogel. We found that
albumin diffusion through all hydrogel samples starts in the
first 10 min after albumin solution was added in the donor
compartment, and lasts for at least 2 h (Fig. 3). Based on
the diffusion curves presented in Fig. 3, we concluded that
the crosslinker ratio in the hydrogel composition is the
main factor that influences the diffusion progress. The
numeric values of diffusion coefficients are summarised in

20 ym

Fig. 2 SEM images of hydrogels dried at critical point (A gellan-crosslinked hydrogel; B pullulan-crosslinked hydrogel)
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Fig. 3 Diffusion properties of
the atelocollagen-based
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Table 3 together with the derived diffusivity characteristics
of the investigated hydrogels.

Based on these results the biological performances of
the hydrogels were carried out for the r (II) composition.

3.3 Cell viability and morphological assessments
on the primary dermal fibroblast—populated
hydrogels

3.3.1 Morphological analysis of the cell-populated 3D
culture systems

An important aim of regenerative medicine is to achieve an
appropriate and efficient way for soft tissue regeneration
which often consists of a large compartment of the
fibroblast-rich stroma. Using atelocollagen-based hydro-
gels supplemented with NaHyal and entrapped primary
fibroblasts we obtained a soft and flexible 3D cell-popu-
lated matrix, transparent, with even cell distribution and
elongated cell morphology (fibroblast-like) on the entire
hydrogel thickness (Fig. 4).

The dehydrated fibroblast-populated hydrogel structure
observed on SEM images (Fig. 5) revealed a relatively
dense collagen network which provides a uniform porous
scaffold for the entrapped cells.

Histological analysis of the oxidised polysaccharide-
crosslinked hydrogels populated with fibroblasts revealed
that cells embedded in the gellan-crosslinked hydrogels
had a more elongated shape compared to the same cells in
the pullulan-crosslinked hydrogels (Fig. 6).

In both gellan-crosslinked and pullulan-crosslinked
hydrogels, cell divisions can be noted. The difference
between the two hydrogels could be correlated with a
higher superficial contraction observed on the pullulan-
crosslinked samples and higher stiffness which in turn
could be explained by smaller pullulan molecules that are
able to better reach the reactive molecules on atelocollagen
influencing the cell adhesion microenvironment.

3.3.2 Cell viability assessment

Live/dead assay on both polysaccharide-crosslinked
fibroblast-populated hydrogels after 48 h and 5 days of
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Table 3 Diffusion coefficients of BSA, overall mass transfer resistance, and the penetration distance through the hydrogel

Sample code Crosslinker Diffusion coefficient Global coefficient of resistance Coefficient of penetration
(m?/s) to mass transfer distance through hydrogel
(s/m) [m (s—*%)]
r () GelOx 42718 x 10712 4.6819 x 10° 1.3072 x 107
PulOx 49733 x 10713 4.0215 x 10° 1.4104 x 107
r (1) GelOx 5.4248 x 1071 3.8667 x 10° 1.4731 x 107
PulOx 72714 x 10713 27505 x 10° 1.7055 x 107°
r (I GelOx 1.0510 x 107'? 1.9030 x 10° 2.0504 x 107°
PulOx 1.4505 x 1072 1.3788 x 10° 2.4087 x 107°

culture reveals a large number of living cells (in green)
compared to non-viable cells (in red) (Fig. 7).

It was determined that viable cell ratio was higher for
gellan crosslinked hydrogels both, on day 2 and day 5 as it
was presented in Table 4.

The viability and proliferation of the fibroblasts in the
hydrogel scaffold were dynamically analysed for a longer
period of time. It was found that both gellan and pulullan-
crosslinked hydrogels support cell viability for at least

12 days with no significant differences between the two of
them (Fig. 8).

From the cell evolution graph, it can be noted that the
cell division process in both types of hydrogels occurs until
day 5, with an exponential growth until day 3 of culture.
Thus, according to the absorbance data obtained from
Alamar Blue assay, in day 5 there was a threefold increase
in the percentage of reduction of resazurin compared to day
1 (about 5% after 24 h of culture and 15% after day 5).

Fig. 4 Microscopic images of the encapsulated cells in gellan-crosslinked hydrogel (A bright field; B DAPI and phalloidin-rhodamine staining)
and pullulan-crosslinked hydrogel (C bright field; D DAPI and phalloidin-rhodamine staining), 10x objective magnification
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Fig. 5 SEM imagess of the cell-populated hydrogels dried at critical point (A—C gellan-crosslinked hydrogels; D-F pullulan-crosslinked
hydrogels)

Fig. 6 Microscopic images of stained histological sections of the pullulan-crosslinked hydrogels at the 10x, 20x and 40x objective
hydrogels populated with primary fibroblasts (A—C gellan-crosslinked magnifications). SC surface contraction of the hydrogel
hydrogels at 10x, 20x and 40x objective magnifications; D-F
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Fig. 7 Live/dead assay on cells embedded in gellan-crosslinked hydrogels (A 2 day culture; B 5 day culture) and pullulan-crosslinked hydrogels

(C 2 day culture; D 5 day culture) (10x objective magnification)

Table 4 Cell viability in the

hydrogels after 2 and 5 days of Days of culture (days)

Cell viability (%)

encapsulation, calculated based

GelOx crosslinked hydrogel (%)

PulOx crosslinked hydrogel (%)

on live/dead cell counting

2 90 £ 1.6 889 £ 1.1
5 85.8 £ 0.14 847+ 1.2
05 3.4 In vivo subcutaneous implant analysis
of the fibroblast-populated hydrogels
0.45 T
. T Taking into consideration the in vitro analysis results
g o4 ' obtained for r (II) hydrogels (aK:NaHyal:GelOx or PulOx
E oo 26: 1: 5), the sample crosslinked with oxidised gellan was
<03 4 P chosen for the in vivo study. The histological analysis of
/ the subcutaneously implanted hydrogels after 2, 5 and
03 7 days of implantation was performed on H&E stained
samples (Fig. 9).
0.25 . . e e .
oah . dayS dy7 | day12 The Masson’s trichrome stained samples revealed the

Fig. 8 Alamar-Blue assay on cells embedded in the oxidised
polysaccharides-crosslinked hydrogels
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A

Fig. 9 Microscopic images of the stained histological sections made
on subcutaneous implants of cell-populated hydrogels crosslinked
with oxidised gellan (A—C H&E staining; D-F tricrom-masson

growth factors secreted by the encapsulated cells), on the
hydrogel samples, were detected 5 and 7 days after inser-
tion. A dense layer of large-nucleated cells that are spotted
at the hydrogel-host tissue interface suggest a local broad
cell proliferation. Cell proliferation into the implanted
hydrogel samples (from day 2 to 7 day), shows that the
implanted hydrogels are highly biocompatible and have the
ability to be quickly remodelled through cooperation
between the encapsulated inner cells and those from the
surrounding host tissues.

3.5 Secretory capacity and intercellular signalling
of theca-interstitial and granulosa cells
co-populated hydrogels

An experimental model for functional evaluation of the
cell-populated hydrogels was set for gellan/pullulan-
crosslinked hydrogels co-populated with ovarian theca-in-
terstitial and granulosa cells.

The estradiol production, quantified after 2 and 5 days
of 3D co-culture of the theca-interstitial and granulosa cells

staining) at 10x and 20x objective magnification. H hydrogel; T host
animal tissue; CI cell ingrowth

in FBS-free medium (Table 5), was quite constant and did
not differ between the two groups of hydrogels. Moreover,
the estradiol values measured in the 3D cultures were
comparable to the 2D control cultures.

The small variation between the two estradiol mea-
surements (day 2 and day 5) indicates that the encapsulated
cells maintain their specific functional activity for a long
period of time. Estradiol measurements showed that both
oxidised polysaccharides are able to form hydrogels that
allow hormones diffusion and intercellular communication
through cell signalling mechanisms.

3.6 Preliminary data on cryopreservation
of the encapsulated cells

The opportunity to store cell-populated hydrogels can offer
numerous advantages in regenerative medicine applica-
tions. Since tissue engineered products have to be ready to
use when needed, the cryopreservation of cells encapsu-
lated in hydrogels has been investigated especially for
insulin secreting cells. Different results between slow-

Table 5 17 B-estradiol concentrations determined into the culture media after 2 and 5 days of co-culture of the encapsulated theca-interstitial

and granulosa cells

Days of culture (days) Control (2D cell co-culture)

GelOx crosslinked hydrogel PulOx crosslinked hydrogel

(pg/mL) (pg/mL) (pg/mL)
23.92 £ 2.12 2543 + 3.14 23.92 + 4.18
5 24.63 £+ 1.16 26.34 £ 2.12 2424 £+ 2.16
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Table 6 Cell viability in the fresh and thawed hydrogels after 2, 5, 7
and 10 days of culture, calculated based on live/dead cell counting

Days of culture (days) Cell viability in fresh and thawed hydrogels

(%)

Fresh Thawed

90.02 + 1.63 82.97 + 2.97

85.86 + 0.14 78.8 +£2.8

86.42 + 2.16 86.06 + 1.8
10 90.25 + 4.9 80.48 + 2.76

freezing and vitrification, cryopreservation of adherent
cells or cell suspensions were reported for hydrogels hav-
ing the cryoprotectant as a component of the hydrogel
[45, 46, 53]. Cryopreservation of adherent cells can provide
some advantages in terms of survival rate and stem cell
marker expression [54]. In case of the gellan/pullulan-
crosslinked hydrogels discussed in this paper, cell viability
was maintain over 80% even 10 days after thawing, the
results being comparable to fresh cell-hydrogel systems
(Table 6; Fig. 10).

4 Discussion

The stromal compound of the tissue has both structural and
modulatory role and controls the parenchymal compo-
nents’ behaviour. Stromal tissue can be substituted with
ECM-mimicking tissue engineered products having both
macromolecular configuration and specific cellular com-
ponents. Even though numerous studies approach the two
components, only few of them have underlined the role of

Day 2
Fresh hydrogels

Day 5

Cryopreserved hydrogels

the stromal
parenchyma.

The formation of atelocollagen-oxidized polysaccharide
hydrogels is based on the condensation reaction between
the aldehydes formed on the polysaccharide (as a conse-
quence of the oxidation process), and the amines present in
lysine amino acids found in atelocollagen macromolecules,
resulting in Schiff base formation. New hydrogels based on
altelocollagen, NaHyal and oxidised gellan or pullulan
were obtained (Fig. 1) as an artificial extracellular matrix
with porous and fibrillar structure (Fig. 2).

The elastic moduli determined for r (II) hydrogel com-
positions are consistent with the elastic moduli specific for
soft tissues which, according to published data, can vary
between 180 Pa for brain, 200 Pa for non-mineralized
mesodermal tissues, 0.3—5 kPa for nucleus pulpous cells
ECM, to values over 30 kPa for bone [55-57]. Other
hydrogels that are usually used for cell encapsulation have
been reported to have various elastic modules, like
0.2 kPa for Matrigel, 3.6 & 0.5 kPa for 0.5% alginate,
0.5 + 0.1 kPa for fibrinogen/thrombin 25 mg/ml, 1.5 +
0.3 kPa for 1% hyaluronic acid, 1.3 £ 0.17 kPa for 5%
polyacrylamide gels, 0.5 £ 0.2 kPa for 5% PEGDA gels
[58]. From Table 2 it can be observed that the hydrogels
we have obtained have the elastic modulus in the same
range as Matrigel, but without presenting the disadvantages
previously pointed out, while the other hydrogels are more
rigid.

Regarding to diffusion properties of the designed
hydrogels, according to data shown in Table 3, a faster
diffusion was observed for r (II) hydrogel, prepared using a
composition ratio of 26: 1: 5 (aK: NaHyal: GelOx or

tissue as a functional support of the

Day 7

Day 10

Fig. 10 Live/dead images of the fresh and cryopreserved cell populated hydrogels at day 2, 5, 7 and 10 after encapsulation (10x objective

magnification)
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PulOx). Even if diffusion through r (II) hydrogels is high, it
is slower with more than one order of magnitude as com-
pared with the diffusion of BSA in water (5.9 x 10~"' m?%
s) [59] fact which can be explained by the delay induced
due to the entanglement of the macromolecular compo-
nents. The results we obtained are in the same order of
magnitude as the ones obtained by Engberg and Frank
(2011), who tested myoglobin diffusion through poly
(ethylene glycol) hydrogels and Carvalho et al. (2008) who
tested albumin diffusion through dextrin-vinyl acrylate
hydrogels with different substitution degrees, confirming
that the hydrogels we obtained allow a proper diffusion
which can sustain encapsulated cell functions [60, 61].

Due to their macroscopic shape and mechanical prop-
erties discussed above, the hydrogels present potential use
for a large spectrum of regenerative medical applications,
particularly for stromal-like tissue engineering (skin and
other parenchymal structures). Both gellan and pullulan, as
crosslinking agents, provide the hydrogels with suit-
able properties for cell encapsulation which was further
demonstrated through microscopic analysis and functional
evaluation. Thus, light and fluorescent microscopy analysis
performed on cell-populated hydrogels showed a good
integration of encapsulated cells in the hydrogel structure
(Fig. 4).

It is well known that the fibres have a very important
structural and functional role, providing adhesion cues
which are important for cell surviving and proliferation
[62]. According to reported data, the morphology of cells
encapsulated in polymers (either natural or synthetic), that
do not present cues for cell adhesion, like alginate, car-
rageenan, PEG, PMBV/PVA, is rounded shaped although
the cells appear to maintain their viability [63—65]. With
hydrogels obtained using collagen, fibrin, hyaluronic acid
and co-gels, adipose derived stem cells exhibit an elon-
gated, fibroblast-like morphology [66]. Cell shape is
influenced not only by the presence of adhesion cues but
also by matrix stiffness as it was noted by Stowers et al.
[67]; their study showed that matrix stiffening determines a
predominantly rounded cell morphology, with differences
between 2D and 3D culture. The elongated morphology of
the cells encapsulated in the hydrogels we obtained (Fig. 5)
is a result of their fibrous structure and reduced stiffness
influenced directly by their composition.

A slight difference between the two types of hydrogels
could be observed in respect to cell morphology especially
after a longer time of culture. In the hydrogels crosslinked
with partially oxidised gellan the cells are more elongated,
this observation being correlated with those presented in
the histological sections from Fig. 6.

The biological performance of the gellan-crosslinked
sample was proved through in vivo evaluation which
demonstrates the absence of any inflammatory response in

the implantation area. The lymphocytes, neutrophil leuco-
cytes, eosinophils, macrophages or giant cells, markers of
inflammation, allergic reaction or foreign body reaction are
not present at the implantation site of the obtained hydro-
gels, as shown in Fig. 9.

Functional evaluation of the hydrogels was assessed by
encapsulating ovarian stromal cells. Theca-interstitial cells
are active secretory cells from ovarian stroma that func-
tionally interact with epithelial granulosa cells in order to
convert androstenedione to estradiol by their specific aro-
matase activity, according to “two-cell two-hormone the-
ory” [68].

According to Magoffin, theca-interstitial cells display a
fibroblast-like morphology, with small lipid vesicles in the
cytoplasm [69]. Unlike theca-interstitial cells, 2D cultured
granulosa cells show a polygonal morphology, typical for
epithelial cells. In this study, both types of cells (with
known specific morphology) were isolated. The prolifera-
tion of granulosa cells was slower than for theca-interstitial
cells, with a tendency to form clusters on the culture
surface.

The intercellular cooperation (in 3D co-culture condi-
tions of the oxidised polysaccharide-crosslinked hydro-
gels), was proved by estradiol production of granulosa cells
after medium supplementation with FSH and LH (the two
pituitary hormones that induce androstenedione formation
in the theca cells (LH) on one hand, and aromatase acti-
vation in the granulosa cells (FSH) in other hand). E2 (17-
estradiol) is the main blood circulating isoform of estradiol
with a molecular mass of 272.3 Da, having two hydroxyl
groups. Blood circulating estradiol is bound to low-weight
sex hormone-binding glycoproteins (with a molecular mass
around 45 kDa) and serum albumin.

Comparing results obtained for the two hydrogels and
2D (Table 5) control it was concluded that the obtained
matrices do not obstruct the release of small steroid hor-
mone molecules. The functional concept demonstrates the
possibility to apply these hydrogels as secretory stromal
tissue (ovary for example) or as low-weight steroid hor-
mone biological carriers.

The results regarding estradiol secretion are very
similar to those obtained by Sittadjody et al. [70] on
alginate microencapsulation, with the difference that the
hydrogels assembled from native ECM components, as
those presented in this paper, express advantages in
terms of cell morphology, adhesion and intercellular
interaction.

The freezing-thawing of the hydrogels with encapsu-
lated cells showed that thawed cell-populated hydrogels
ensure the maintenance of cell viability and proliferation,
morphology preservation and all other hydrogel’s charac-
teristics i.e. physical integrity, transparency and handling
properties. The continuous proliferation of the cells inside
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the thawed hydrogels, as seen in Fig. 10, indicates the
absence of a potentially cytotoxic effect of DMSO used as
cryoprotective agent. The high cell viability may be the
complex protective action of FBS as cryoprotective med-
ium along with hydrogel composition. Thus, according to
reported data, the cells cryopreserved using sodium hya-
luronate express increased membrane integrity and the
preservation of cell adhesion molecules due to an intra-
cellular cryoprotective action and antioxidant effect
[71-74]. The mechanisms of cryoprotection and functional
analysis of the thawed constructs must be further evaluated.
As final conclusions, this paper demonstrates the pos-
sibility to obtain a bioactive stromal tissue using natural
and biologically safe compounds, with no contribution of
synthetic crosslinkers and cytotoxic procedures. Two
polysaccharides, gellan and pullulan have been tested as
crosslinkers for obtaining a stroma-like tissue based on
ECM macromolecules, polysaccharides and specialised
cells. Hence, fibrillary atelocollagen, NaHyal and partially
oxidised polysaccharides (as crosslinking agents) in a mass
ratio of 26: 1: 5 conducted to adequate cell embedding.
Both gellan-crosslinked and pullulan-crosslinked hydrogels
display very similar properties regarding low-weight
molecular diffusion, cell viability and intercellular com-
munication. A slight difference between the two types of
hydrogels was recorded with regard to cell morphology and
is correlated with hydrogel stiffness. The smaller pullulan
molecules produce hydrogels with higher stiffness which
determines a less elongated cell shape compared to larger
gellan molecules, both polysaccharides being appropriate
for two potentially different stromal environments. When
implanted in vivo, the hydrogels do not trigger any
inflammatory responses and integrate into the native tissue,
giving promising perspectives as tissue replacement con-
structs. Molecule diffusion to and from encapsulated cells
demonstrates that the porous architecture of the hydrogels,
provided by the fibrillar structure, allows adequate cell—cell
and cell-matrix signalling. The cell-hydrogel system can
be cryopreserved using a simple and low-cost method, with
a high rate of cell viability and macroscopic properties
maintenance after thawing. These later arguments recom-
mend the hydrogels as potentially ready-to-use artificial
bioactive stromal tissue or as carriers for secretory cells.
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