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The increasing need for biocompatible and sustainable materials has highlighted the potential of natural-
based polymers in tissue engineering, particularly due to their bioactivity, degradability, and ability to
mimic the extracellular matrix. Polysaccharide-based membranes are especially promising for guided
tissue regeneration (GTR) applications, thanks to their biocompatibility, resorbability, and capacity to
recreate biological environments. However, their limited mechanical properties present challenges for
practical handling during implantation. In this study, double-network polysaccharide hydrogels were
developed to enhance the mechanical robustness of polysaccharide membranes for tissue engineering
purposes. By optimizing synthesis parameters, a biphasic membrane was achieved, comprising a non-
porous side to serve as a physical barrier and a porous side to facilitate cellular infiltration during GTR.
Sterilization via gamma irradiation did not compromise the structural integrity or implantability of the
membranes. Furthermore, in vivo studies using a mouse subcutaneous model demonstrated a barrier
effect, confirming the suitability of these membranes for guided tissue repair. These findings demonstrate
the potential of engineered polysaccharide membranes as versatile and effective materials in regenerative

rsc.li/biomaterials-science medicine.

Introduction

The development of new materials for tissue engineering
applications remains a challenge, driven by the need to
balance specific biological and mechanical properties.
Natural-based polymers have demonstrated numerous advan-
tages compared to synthetic polymers. The principal limit-
ations of synthetic polymers used in guided tissue regener-
ation (GTR) involve poor mechanical properties, inadequate
degradation in vivo, pernicious foreign body response, lack of
bioactivity, excessive cost and regulatory issues.'™ Collagen,
the main component of the extracellular matrix (ECM), is cur-
rently used clinically. To improve its mechanical properties,
collagen is frequently cross-linked using physical, chemical
and enzymatic methods, resulting also in longer resorption
times. A major drawback of collagen is its animal origin,
which is associated with undesired immune responses and
complicated regulatory processes. Polysaccharide-based
materials, major components of the ECM too, are already
widely described in the literature. Based on their numerous
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advantages, such as their biocompatibility due to their natural
non-animal origin, resorbability properties, availability and
cost-effectiveness, several products have already been commer-
cialized for tissue repair.*™®

Polysaccharides are versatile polymers that can be shaped
using different strategies, such as molding or 3D printing,
offering a broad range of designs that result in a variety of
applications. Additionally, there is a plethora of polysacchar-
ides available, allowing for the targeting of specific biological,
physical, and chemical characteristics at a relatively low
cost.>” ™ In this context, polysaccharide membranes have
demonstrated significant potential for GTR, due to their
barrier function that prevents cell infiltration into bone
defects while preserving the remodelling of bone tissue.**°

Despite their proven benefits, polysaccharide-based mem-
branes face challenges due to their poor mechanical properties
and their fast degradation rate.'”'® In a recent work, we
demonstrated the potential of novel porous biodegradable
membranes composed of polysaccharides, specifically pullulan
and dextran, for guided bone regeneration (GBR) mem-
branes.'® While these membranes have shown good biocom-
patibility and in vivo osteoinductive properties comparable to
those of commercially available collagen membranes, they
have suffered from insufficient mechanical strength and slow
degradation rates, which pose challenges for clinical use. To
address these issues, strategies such as the combination with a
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second material to create composite hydrogels have been
investigated."®?° A range of studies have explored the potential
of interpenetrating polymer networks (IPNs) to reinforce poly-
saccharide networks. These studies demonstrated that IPNs
can lead to increased storage modulus assuring structural
maintenance.”" IPNs have led to promising materials in terms
of biocompatibility and the promotion of blood vessel
formation.?*** The insightful design of hydrogels with tailored
properties based on IPNs has been recently reviewed.**

Amongst IPNs, double-network (DN) hydrogels are com-
posed of two contrasting networks, typically a rigid first
network and a soft second network, which contribute to their
high strength and toughness.”*® The first network mainly
serves to increase elastic modulus with sacrificial bonds, while
the second one sustains stress and can be extended so as to
increase the strain.”” The combination of high mechanical
strength and cytocompatibility makes DN hydrogels particu-
larly interesting candidates for load-bearing tissue engineering
applications, such as in cartilage regeneration or bone
repair.”®

One of the well-known polymers used for DN hydrogels is
alginate. Alginate is a natural polysaccharide that can form
strong cross-linkages in the presence of divalent ions.
Biocompatibility, biodegradability and viscoelastic properties
(strain-stiffening behaviour) make this material an excellent
option to improve the mechanical properties of polysaccharide
hydrogels for tissue engineering. The physical cross-linking
allows for obtaining reversible/dynamic bond formation and
also confers the ability to dissipate energy when breakage and
reformation occur.?® Moreover, it is a material that can be
tuned to control physical cross-linking and gelation. Since it is
biologically inert, it appears as a good candidate to produce
materials intended for barrier functions, such as guided tissue
regeneration membranes.***"

Based on this, we have developed in this study several types
of pullulan/dextran membranes for GTR following the DN
strategy. In particular, we have assessed the physical and
mechanical properties of pullulan/dextran membranes, and of
membranes composed of a network of chemically cross-linked
pullulan/dextran and a second network obtained by the
addition of a third polysaccharide, namely alginate (Fig. 1).
Moreover, we explored the effects of key manufacturing pro-
cesses, including freeze-drying and sterilization, on these pro-
perties in view of their clinical implantation.

Experimental

Formulation of polysaccharide solutions

PuD, PuD-NaCl and PuDAlg-NaCl stand for pullulan-dextran,
pullulan-dextran-NaCl and pullulan-dextran-alginate-NacCl,
respectively.

Membranes were made up of pullulan (M, = 200 kDa,
Hayashibara, Japan) and dextran (M, = 500 kDa,
Pharmacosmos, Denmark). The molecular weights of pullulan
and dextran used in this study result from previous works by
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Fig.1 Components of the polysaccharide-based membrane and con-
tribution to the double network.

the team.?*> NaCl (Fischer Chemical, USA) was used to decrease
the hydrogel swelling.*® For PuD-NaCl and PuDAlg-NaCl mem-
branes with 75%-25% pullulan/dextran, 11.75 g of pullulan,
3.25 g of dextran, and 6 g of NaCl, were placed in a 100 mL
beaker and mixed manually with a spatula. For PuDAlg-NaCl,
4 g of low viscosity alginate (Sigma Aldrich) was added. Then,
40 mL of deionized water was added, and the solution was
stirred using a magnetic stirrer for 2 h at 200 rpm at room
temperature. The different compositions of the membranes
are summarized in Table 1.

Cross-linking and molding

Chemical cross-linking of polysaccharides was carried out in
accordance with a method previously described.** Briefly, a
solution of 2.25% w/v of trisodium trimetaphosphate (STMP,
NazOgP3, Sigma-Aldrich) was added to a pullulan/dextran solu-
tion (10 g) in an alkaline environment (1 mL of 10 M NaOH).
Then, the solution was placed into a 15 mL syringe and
injected through a custom mould as illustrated in Fig. 2. The
mould consisted of two plastic plates (10 mm length, 8 mm
width) separated by a 0.3 mm-thick spacer (samples for rheol-
ogy were set at 1 mm thickness). Incubation for 30 min at
50 °C was performed to complete the cross-linking process.
Concerning the membrane with alginate (PuDAlg-NaCl), a
second cross-linking was done by immersing the membrane in
a bath of CaCl, (Sigma Aldrich) at 3% (w/v) for 30 min at room
temperature. To stop the reaction, the pH of the hydrogel was
neutralized using a buffer prepared by adding 2.5 mL of 1 M
H;PO, to 0.6 L of 0.7% ammonium bicarbonate (NH,)HCO;
(%w/w) for 30 min. This step was repeated four times.

This journal is © The Royal Society of Chemistry 2025
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Table 1 Raw materials used in the formulations of PuD, PuD-NaCl and PuDAlg-NaCl membranes with a 75 : 25 pullulan/dextran ratio

PuD - mass [g] for 20 mL

PuD-NaCl - mass [g] for PuDAlg-NaCl - mass [g] for

Components Function of polymeric solution 20 mL of polymeric solution 20 mL of polymeric solution
Pullulan Elasticity 5.625 5.625 5.625
Dextran Rigidity 1.875 1.875 1.875
Sodium trimetaphosphate Crosslinker 2 2 2
(STMP) - 2.5% w/v
Alginate low viscosity Double network — — 4
Calcium chloride (CaCl,) - 3%  Crosslinker . — 1
w/v
Sodium chloride (NaCl) Gel property — 6 6
modifier
Sodium hydroxide (NaOH) pH controller 2 2 2
Crosslinking with
S Polysaccharide STMP ; 50°C, 30 min
2 soluti?ns
Q' ----------- Covalent crosslinking
S
a
: //g /
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Fig. 2 Formulation and shaping of pullulan—dextran membranes. The DN hydrogel was obtained by a double network with alginate.

Freeze-drying

To obtain porous membranes, the cross-linked membranes
were placed on a polystyrene Petri dish (Corning®) and loaded
on freeze-dryer trays (S-FD, Pilot —80 freeze dryer, Cryotec®,
France). The following protocol was applied: (1) freezing speed
was fixed at —1 °C min~" until reaching —35 °C and main-
tained for 1 h; (2) under a pressure of 0.05 mbar, primary
drying (sublimation phase) was done by increasing the temp-
erature from —35 °C to —5 °C at a speed rate of 0.1 °C min™?;
and (3) a second drying process was performed for 8 h at
—5 °C and 0.05 mbar.

Macrostructural characterization

Macroporosity and topography of the membranes were
assessed by scanning electron microscopy (SEM) using an FEI
TeneoVS instrument (ImagoSeine facility, Jacques Monod
Institute and LVTS, Paris). The membrane was cut in half
using a razor blade, glued onto a carbon patch on each side or
on the section to observe either the surface or the inner struc-

This journal is © The Royal Society of Chemistry 2025

ture. The macrograph analysis was carried out under low
vacuum mode (40 Pa) at a 5 kV acceleration voltage. The
working distance was fixed at 10-12 mm and a low vacuum
state was required to well observe the polysaccharide mem-
brane. The porosity was then analysed using Image] software
using thresholds and image analysis. All measurements were
performed at room temperature, 24 h after the freeze-drying
process.

Sterilization

The impact of sterilization based on y-rays at 25 kGy on the
physical and biological properties of the membranes was
assessed and compared to that following irradiation using
ultraviolet light at a wavelength of 254 nm for 1 h.

Swelling ratio

First, the dry weight of the membrane was measured.
Membranes were hydrated in a 0.9% NaCl bath for 24 h. After
immersion in 0.9% NacCl, the wet weight of the membrane was

Biomater. Sci, 2025, 13, 5741-5754 | 5743
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recorded every 5 min until reaching equilibrium. At each time
point, the excess amount of liquid was carefully removed, and
the membrane was weighed to determine its swelling ratio
using the following equation:
(Ws — W)
Sy =——7— 1

W= 1)
where S, is the swelling ratio, W; is the mass of the swollen
membrane and W; is the mass of the dried membrane.

Enzymatic degradation

The in vitro degradation rate of the polysaccharide membrane
was determined using a mixture of pullulanase and dextranase
as previously reported.*® These enzymes, produced by microor-
ganisms, have been chosen to assure accelerated degradation
of the materials for comparison between the formulations. A
solution of 10% (v:v) of pullulanase and 5% (v:v) of dextra-
nase was prepared in PBS. Culture Transwell® inserts (with
pore sizes of 8 pm, PET track-etched membrane, 24-well plate
format, Falcon) were first weighted. Freeze-dried membranes
were then placed in the inserts and weighted with the
Transwell. They were incubated at 37 °C in the enzymatic solu-
tion, and their weight was recorded every 5 min until the com-
plete degradation of the sample (100% mass loss).

Phosphorus assessment

Phosphorus content was quantified according to a colorimetric
method,*® and we notably compared the impact of the STMP
cross-linking temperature (25 °C or 50 °C). Three replicates of
20 mg of samples were immersed in 1 mL of 10% nitric acid at
105 °C for 3 h. Then, 0.4 mL of 14.7 M nitric acid, 2 mL of
10 mM ammonium metavanadate and 2 mL of 40 pM
ammonium pentaphosphoric acid molybdate were added to
the scaffold lysates. The phosphorus content was determined
according to a calibration curve based on phosphoric acid and
read using a microplate reader (Infinite® 200 PRO, Tecan) at
405 nm.

Rheology

The viscoelastic properties of the materials after cross-linking
and after the freeze-drying process were investigated using a
Discovery HR-2 rheometer (TA Instrument). Parallel-plate geo-
metry was used (diameter = 4 cm, gap = 1 mm) at a frequency
of 1 Hz and a shear strain of 0.1% (to reach the linear domain
or the LVEC) with an axial force lower than 0.1 N. The gap of
1 mm was selected in order to create similar conditions to
those during the moulding process (around 1 mm between
plates). Both freeze-dried and non-freeze-dried samples were
analysed and were incubated for 3 days in 0.9% NacCl prior to
the analysis.

Viscoelastic properties, and particularly the complex
modulus G* [Pa], have been calculated by following the elas-

ticity law described as follows:*"%
* TA

G =" 2)
YA
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with G* denoting the complex shear modulus [Pa], 74 denoting
the shear stress amplitude [Pa] and y, denoting the strain
amplitude [dimensionless]. This equation describes the visco-
elastic behaviour of the material with storage modulus (G')
also known as elastic modulus, and loss modulus (G") often
called viscous modulus:

(Gx)* =G* + G (3)

Seeding of human gingival fibroblast cells and cytotoxicity
assay

Cytocompatibility of the pullulan/dextran membrane was
assessed with live and dead and indirect cytotoxicity assays fol-
lowing the ISO standard 10993-5:200931.>° Human gingival
primary cells (passage 6, P10866, Innoprot, Derio, Spain) were
plated at 5 x 10® cells per cm?, on T75 flasks with high glucose
DMEM (Dulbecco’s Modified Eagle’s Medium; Thermo Fisher
Scientific) supplemented with glutamax (2% FBS, 1% P/S and
growth factor). Once 80% of confluence was reached, cells
were used for live and dead and metabolic activity assays as
follows: membrane disks of 8 mm treated by UV irradiation
(254 nm) for 1 h. Membranes were then placed in 24-well
sterile plates for the live and dead (non-cell culture-treated)
assay, or into Transwell inserts for the cell viability assay.

For the cell viability indirect assay, materials were
immersed in a cell culture medium for 24 h, and then the
medium was collected to treat cells seeded on a 24-well cell
culture plate at a density of 5 x 10" cells per well (Thermo
Fisher Scientific). Samples were analysed at days 1, 3 and 7
with a CCK-8 viability assay following the manufacturer’s pro-
tocol. Controls were prepared by treating cells with the cell
culture medium under the same conditions but with no
contact with the materials. Absorbance readings were taken at
490 nm and 690 nm using a microplate reader (Infinite® 200
PRO, Tecan) as per the manufacturer’s instructions.

To investigate the barrier function of the membranes, cells
were seeded on top of the membrane samples (smooth side or
rough side) at a density of 25 x 10* cells per sample in 15 pL of
the culture medium. The cells were allowed to be adsorbed for
30 min at 37 °C and under 5% CO,, and then 200 pL of the
medium was added every 15 min until a volume of 700 puL was
reached. After 48 h of incubation at 37 °C and under 5% CO,,
the samples were washed with PBS and incubated for 30 min
with a solution of the cell medium with the addition of ethi-
dium-1 (4 pM final concentration, Sigma) and calcein (2 pM
final concentration, EB-Biosciences). The staining solution was
replaced by PBS for the following confocal microscopy
analysis.

Confocal microscopy

To observe the porosity of the rehydrated membranes and the
absence of cell migration due to the barrier function, fluo-
rescent membranes were prepared with the addition of 5 mg
of fluorescein isothiocyanate (FITC)-labelled dextran (500 kDa)
(TdB Consultancy, Uppsala, Sweden). A confocal microscope

This journal is © The Royal Society of Chemistry 2025
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(Leica SP8 fitted with an HCX IRAPO L x25 objective,
CRI-U1149 Imaging Facility, Paris) was used to observe the
membrane (150 pm depth was imaged with slices every 5 pm).
Excitation/emission wavelengths of the live/dead assays were
490/515 nm for calcein-AM and 528/617 nm for ethidium-1.

In vivo assay

All animal procedures were performed in accordance with the
National Charter and Guidelines on the Ethics of Animal
Experimentation of the French National Committee for
Consideration of Ethics in Animal Experimentation. The
animal protocol was approved by the Local Ethical Committee
and by the French Ministry of Research (authorization
number: APAFIS 26843-2020080610333032V3). In total, 9
C57BL/6] mice weighing 23-28 g (Janvier, CER], Laval, France)
were used to evaluate the tissue response after implantation in
the dorsal subcutaneous space, according to ISO-10993-
635.*°"*> The procedure was done under anaesthesia. For this,
the anaesthesia solution was administered at 100 pL per 10 g
mass of mouse. The solution contained 83.3 mg mL™" keta-
mine (Imalgéne® 500, Berial) and 3.3 mg mL™' xylazine
(Rompun, Bayer Health Care, Puteaux) in distilled water. Two
small incisions were done on the dorsal scapular region (left
and right side), and then the implants were placed in the sub-
cutaneous space and the incision was closed using resorbable
sutures. This way, each animal received two implants of 4 mm
diameter PuDAlg-NaCl membrane and BioGide membrane. At
the evaluation times (1, 2 and 4 weeks), animals were eutha-
nized by overdose of ketamine/xylazine prior to tissue harvest-
ing. For each time point, three mice have been used.

Histological analysis

Tissues surrounding the implantation area were collected and
flushed with a solution of PBS 1x, followed by fixation in 4%
paraformaldehyde (PFA). The fixed disks were included in the
OCT compound cryostat embedding medium and sectioned
with a cryotome (HM355, Microm). Tissue slides were stained
with haematoxylin/eosin. Images were acquired using a high-
resolution microscope (NanoZoomer S20, Hamamatsu).

Statistical analysis

Results were expressed as mean + SD and “n” indicated the
number of samples tested. GraphPad Prism software 8.2.1. (La
Jolla, CA, USA) was used to perform the statistical analysis. A
normality test was first performed using a D’Agostino &
Pearson omnibus normality test. Statistical significance
between several groups was assessed via one way analysis of
variance (ANOVA), followed by a Bonferroni post-test for data
assuming a Gaussian distribution. The differences for inde-
pendent samples were evaluated with the nonparametric
Kruskal-Wallis test and Dunn’s multiple comparison test. The
nonparametric Mann-Whitney test (two-tailed) was used to
compare two groups. Differences were considered significant
and indicated with stars when p < 0.05 (*), p < 0.01 (**), p <
0.001 (***), and p < 0.0001 (****).

This journal is © The Royal Society of Chemistry 2025
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Results and discussion

Topographies, barrier function and sterilisation of
polysaccharide membranes

Membranes used for GTR must provide an environment for
adequate tissue formation within the defect area. In guided
bone formation, they must act as a barrier, preventing infiltra-
tion by non-osteogenic cells during the repair process, while
allowing implant remodeling. Ideally, these membranes
should feature a smooth, non-porous external surface and a
rough or porous internal face that promotes integration into
the defect area.

Here, three formulations based on different ratios of pullu-
lan, dextran and alginate (PuD, PuD-NaCl and PuDAlg-NaCl)
were fabricated through chemical cross-linking with STMP,
and with the addition of CaCl, for the PuDAlg-NaCl. Our pre-
vious studies with PuD and PuD-NaCl hydrogels demonstrated
the possibility of freeze-drying the membrane to generate a
porous network. To ensure the barrier function of the mem-
branes, a freeze-drying protocol was applied to obtain scaffolds
with different faces (porous and non-porous) and inter-con-
nected pores (Fig. 3). The surface in contact with air during
the freeze-drying process was named “upper”, while the
surface in contact with the freeze-dryer tray was named
“down”.

All formulations demonstrated on the down face non-
porous surfaces for cells, and open pores on the upper side.
The non-porous surface of the PuD membranes presented
numerous irregularities compared to the ones of PuD-NaCl
and PuDAlg-NaCl that were highly homogeneous.
Furthermore, cross-sectional analysis revealed that the inner
porosity of the PuD membranes was homogeneous throughout
its thickness. In contrast, addition of NaCl during cross-
linking in PuD-NaCl membranes resulted in a gradient of the
pore size as shown in the cross-section, with larger pores next
to the porous surface and smaller pores next to the non-
porous face. This could be due to the presence of ions during
the cross-linking process that interact with the negative
charges of the cross-linking bonds, tightening the polymer
chains. This hypothesis is supported by a reduction of the
swelling ratio from around 40 for PuD to around 5 for
PuD-NaCl. Finally, the formulation of DN for PuDAlg-NaCl
membranes also resulted in two different surfaces and a gradi-
ent of porosity that were characterized by larger pores next to
the non-porous surface and a reduced swelling ratio (Fig. 6).
As mentioned before, the presence of a gradient of pores can
be beneficial in GTR. Indeed, the membrane needs to act as a
barrier to avoid soft tissue ingrowth that impairs tissue regen-
eration while assuring good implant integration. Based on
these results, PuD-NaCl and PuDAlg-NaCl seemed better
suited for GTR and were therefore selected for further studies.

Analysis of the freeze-drying process can help to decipher
these differences. As previously described by some of us,*?
primary nucleation, which occurs at the first step of the
freeze-drying process, is a heterogeneous phenomenon.
Subsequently, crystal growth occurs, dictating the final size of

Biomater. Sci,, 2025, 13, 5741-5754 | 5745
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Fig. 3 Scanning electron microscopy of PuD, PuD-NaCl and PuDAlg-NaCl. Images highlighted with the absence or presence of porosities from
down and upper surfaces and cross-sections. White dots on PuDAlg-NaCl membranes correspond to calcium ions. Gradient of pore sizes is visible

on PuD-NaCl and PuDAlg-NaCl.

the water crystals formed within the polysaccharide hydrogel.
These water crystals determine the size of the pores in the
membrane following water sublimation. Control over primary
nucleation can be achieved in part by regulating the kinetics
and freezing temperature. Here, very small ice crystals were
formed on the bottom of the membrane in contact with the
freeze-dryer tray, thanks to the rapid cooling rate, leading to a
smooth surface. Moreover, the gradient of pores observed in
PuD-NaCl and PuDAlg-NaCl was the result of larger crystal for-
mation leading to larger pores that facilitate the sublimation
path. This crystal growth can be explained by the temperature
difference between the tray and the air above the sample that
facilitates the growth of crystals towards the top of the mem-
brane. This effect is known to be dependent of the thickness
of the sample. Thus, to ensure homogeneity between the
samples, a tailor-made mould was used with a 300 pm-thick
spacer, ensuring a consistent thickness among the batches,
resulting in membranes with a final thickness of 300-400 pm
after freeze-drying. The growth of the crystals from the down
to the upper surfaces could also be hampered by a tighter
polymer network in PuDAlg-NaCl due to the presence of the
DN, resulting in polysaccharide accumulation on the upper
face and thus smaller pores.

To better understand the action of the second cross-linking
on the polysaccharide membranes, PuDAlg-NaCl without
CaCl, were produced and compared to PuDAlg-NaCl with
CaCl, cross-linking (Fig. 4). Membranes with the 2nd cross-
linking presented white dots on the SEM images, revealing the
presence of Ca>" at the surface of the membrane. As the mem-

5746 | Biomater. Sci, 2025,13, 5741-5754

branes were thoroughly rinsed before freeze-drying, the pres-
ence of salts confirmed the ionic interaction between the algi-
nate and the cations. Regarding the intended application for
GTR, we should bear in mind that the presence of Ca®>" could
have biological applications. Indeed, it is well known that
calcium ions play a crucial role in enhancing bone formation
and improving osteointegration of bone implants.***’ In
addition, SEM revealed that after the double cross-linking with
CaCl, and STMP, pores seem to be interconnected as shown in
Fig. 4.

Analysis of the porosity of PuD-NaCl and PuDAlg-NaCl with
and without CaCl, crosslinking based on SEM images was per-
formed (Fig. 5). An increase of pore volume was observed in
PuDAlg-NaCl samples. This increase was higher for samples
that did not undergo cross-linking with CaCl,. Indeed, the
second cross-linking with CaCl, resulted in smaller pores,
proving the major role of ionic interactions in the final struc-
ture of the polymer networks. For all the formulations, the size
of the pores remained compatible for cell infiltration, with
pore volumes larger than the average volume of human cells
(ca. 7 x 10> pm?).*®

To perform in vitro and in vivo assays, and in view of the
final clinical application, membranes were exposed to UV-C
light (254 nm) for 1 h, or to gamma radiation at a dose of 25
kGy used as a gold standard for medical devices. It is well
known that sterilization of biomaterials may exert an influence
on the chemical properties, mechanical performance, and the
biological response.*”*° UV-C light is known to have a germici-
dal effect when used to treat hospital surfaces,’® and provides

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 SEM observations on PuDAlg-NaCl with and without CaCl, cross-linking.
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Fig. 5 Pore volume of PuD-NaCl, PuDAlg-NaCl cross-linked with STMP
and PuDAlg-NaCl CaCl; cross-linked with STMP and then with CaCl,.

antimicrobial activity on fresh foods,” food packaging®* and
vaccines.”®> Gamma rays can be applied to dry membranes and
serve as a sterilization method for medical devices in indus-
trial processess.>® As presented in the Fig. 6, y-rays did indeed
impact the porosity of the material. In particular, the rough
face appeared less homogeneous with larger pores for the

This journal is © The Royal Society of Chemistry 2025

while

PuD-NaCl formulation, PuDAlg-NaCl seemed to
present more pores. These changes are due to polysacchar-
ide chain scissions. Indeed, y-rays are known to degrade
polysaccharides by breaking glycosidic bonds, leading to
changes of the microstructure.’>*® Although, some small
pores appeared on the smooth surface, their diameter
remained below 10 um, thereby preserving the potential cell
barrier effect of the material for our intended application.
The PuDAlg-NaCl formulation seemed to be less impacted
by sterilization.

These findings suggest that using the PuDAIg-NaCl material
would allow cell penetration solely into the surface in contact
with the defect site, thus promoting an effective integration of
the implant while concurrently preventing undesirable
migration of non-osteogenic cells into the defect.

Water uptake and degradation rate

In addition to the barrier function, a critical parameter that
impacts GTR is the management of the implant by the
surgeon to ensure optimal implantation and immobilization
of the graft. A hydrogel which swells too much will be hard to
handle and manipulate. According to the literature, DN hydro-
gels swell more than composite hydrogels or simple
hydrogels.>””*” Thus, the control of the swelling behaviour, and
in consequence, the degradation rate of DN polysaccharide
hydrogels remains a challenge.

Here, the swelling ratio of PuD-NaCl and PuDAlg-NaCl with
and without the CaCl, cross-linker has been investigated as
well as the enzymatic degradation (Fig. 7). First, the swelling
ratio of PuDAlg-NaCl cross-linked only with STMP was 10

Biomater. Sci, 2025, 13, 5741-5754 | 5747
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cross-sections of the membranes by SEM.
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Impact on the sterilisation (UV vs. gamma) on PuD-NaCl and PuDAlg-NaCl membranes. Observations of upper and down surfaces and
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Fig. 7

(A) Swelling ratios during 24 h for PuD-NaCl; PuDAlg-NaCl crosslink with only STMP; and PuDAlg-NaCl STMP + CaCl, double crosslink. (B)

Enzymatic degradation of the same three formulations for 24 h. (C and D) Structural properties of PuD-NaCl and PuDAlg-NaCl: evaluation of elastic

modulus and phosphorus contents.

times higher than the swelling ratio of PuDAlg-NaCl cross-
linked with STMP and CacCl,, which reinforces our hypothesis
that the double crosslink with Ca*" increases the tightening of
the network. Unexpectedly, enzymatic degradation as rep-
resented in Fig. 7B showed that PuDAlg-NaCl formulations
degraded faster than PuD-NaCl. Pullulanase and dextranase
are glycoside hydrolase enzymes that degrade «-1,6-glycosidic
bonds in pullulan and in dextran, respectively. Since all the
formulations contained the same amount of both polysacchar-
ides and alginate, they do not present a-1,6-glycosidic linkages;
this difference in degradation kinetics could not be explained

5748 | Biomater. Sci,, 2025, 13, 5741-5754

by a difference in the number of cleavable bonds. Another
explanation could be acid-catalysed hydrolysis mediated by car-
boxylic acid groups present in alginate. However, in that case,
hydrolysis should be faster solely in the PuDAlg-NaCl cross-
linked with only STMP, since in the presence of Ca®>* acid
groups, neutralization takes place. Unravelling the mecha-
nisms underlying enzymatic degradation of the membranes is
beyond the scope of this work. Nevertheless, further studies
should delve deeply into the degradation rate of the material
using relevant in vivo models to contribute to tissue
regeneration.>®

This journal is © The Royal Society of Chemistry 2025
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Mechanical properties

Rheology experiments provide information about the mechani-
cal properties of the membrane. Due to the high-water
content, the storage modulus (G’) of the polysaccharide mem-
brane could be assessed using dynamic strain sweeping per-
formed using a rheometer. This value provides information
about the viscoelasticity of materials. If G’ is too low, manipu-
lation of the membrane during implantation could be
difficult, posing a problem for clinical translation. However, a
high G’ could be associated with low degradation rates.

To further characterize the impact of the DN on mechanical
features, rheological properties were assessed on hydrated

A)

View Article Online

Paper

PuDAIg-NaCl and compared to hydrated PuD-NaCl mem-
branes. Concerning the structural properties of membranes,
double cross-linked PuDAIg-NaCl exhibited a higher and more
homogeneous storage modulus compared to PuD-NaCl (~250
Pa for PuDAlg-NaCl vs. 70 Pa for PuD-NaCl), as shown in
Fig. 7C. This is in accordance with an increase of the phos-
phorus content in PuDAIg-NaCl membranes (Fig. 7D) that
proves the presence of more covalent bonds between the poly-
saccharide chains, resulting in the stiffening of the mem-
branes. This difference could thus be attributed to different
cross-linking rates of the membranes and higher tightening of
the network with more phosphate groups (Fig. 7). To note,
these rheological studies were performed to mimic the act of

B)
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——
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Fig. 8 Elongation studies on PuD-NaCl and PuDAlg-NaCl irradiated with UV or gamma rays. (A) Aspect of the membranes 5 minutes after hydration.

(B) Maximum elongation of the membranes.
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(A) Barrier effect observed by confocal analysis at day 1 performed with human gingival fibroblasts seeded on the smooth surface. Absence

of cells inside pores indicated that no infiltration nor migration has occurred. (B) Indirect cell viability on PuDAlg-NaCl up to 7 days.
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surgery with membranes that were hydrated for only 5 min,
and not fully swollen. Totally swollen membranes with a
higher swelling ratio, like PuDAIg-NaCl, are expected to
present a lower elastic modulus value in the swollen state.

As mentioned, increasing the number of phosphate bonds
in the PuDAlg-NaCl formulation led to a more rigid mem-
brane. The addition of alginate in the formulation also
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allowed the creation of new bonds with CaCl, in order to
develop a more complex and resistant network but one that is
still reversible. These results align with those of previous
studies with polysaccharide hydrogels®® and correspond to
elastic properties within the range of human soft tissues.®’ ">
Considering the intended application for GTR, we were
interested in assessing the suturability and immobilization of

PuDAIg-NaCl

DAlg-NaCl

i
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E
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Cell penetration depth (um)

In vivo subcutaneous implantation of gamma-ray-sterilised PuDAlg-NaCl membranes and commercialized Bio-Gide collagen membranes

as the control. (A) Haematoxylin—eosin staining after 1, 2 or 4 weeks of implantation. The PuDAlg-NaCl membrane was lost during the staining for
week 1 and week 4 samples. The initial positions of the membranes are surrounded by dotted lines. (B) Higher magnification images of the week 2
samples are presented in (A). The arrows indicate the epidermis (white arrows), the dermis (blue arrows), the muscular layer (yellow arrows), the
fibrous capsule (green arrows), the implanted biomaterial (orange arrows) and the cell present in the biomaterial (black arrowheads). (C)
Quantification of the cell density in the biomaterial membrane, either Bio-Gide or PuDAlg-NaCl after 2 weeks of implantation. (D) Evaluation of the
cell penetration depth for the Bio-Gide and the PuDAlg-NaCl samples after 2 weeks of implantation, measured on 4 distinct slides.
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the membrane at the defect site. Creep tests using sutures
were conducted using PuD-NaCl and PuDAlg-NaCl. In view of
clinical applications, membranes after sterilization were also
studied. To simulate the surgical act of implantation, the
samples were hydrated for 5 min, and then tensile testing was
performed by applying 30% strain until rupture occurred.
Maximum elongation was achieved with a displacement mode
test and without preload. The results, depicted in Fig. 8, show
higher deformation of UV-treated samples prior to rupture for
both PuD-NaCl and PuDAlg-NaCl. Although manipulation of
gamma-irradiated membranes was challenging due to shrink-
ing of the material (Fig. 8A), PuDAlg-NaCl showed higher
maximum elongation than PuD-NaCl (Fig. 8B), which con-
firmed enhanced properties for GTR applications. Following
mechanical and structural results, the PuDAlg-NaCl membrane
was selected for further investigation in vitro and in vivo.

In vitro results

The barrier effect of the membrane, attributed to obtaining a
smooth non-porous surface, was confirmed by cell seeding of
human gingival fibroblasts on top of the non-porous face.
After 24 h, no cells were present on the surface with absence of
migration throughout the membrane thickness (Fig. 9A). Cell
seeding was also performed on the rough side (Fig. S17),
demonstrating that cells could penetrate through the pores on
the surface, although they did not adhere and remained
spherical due to lack of cell adhesion motifs on the polysac-
charide chains. This is consistent with our previous works, in
which pullulan-dextran hydrogels were used to induce auto-
assembly of spheroids, thanks to the absence of cell-matrix
interactions that favoured cell-cell interactions.'*®! Moreover,
we have also demonstrated that by adding ECM proteins on
the surface of the pores, such as collagen and laminin, cells
adhered and were able to proliferate and migrate within the
pore network."®! This absence of cell adhesion prompted the
selection of an indirect assay to assess cytotoxicity.
Consequently, a metabolic assay was conducted using fibro-
blasts cultured in the conditioned medium obtained after 7
days of incubation with the membranes. Results indicate that
PuDAlg-NaCl exhibited no cytotoxicity (Fig. 9B), highlighting
that the absence of cells was due to the absence of coating and
not due to toxicity from the material itself.

In vivo results

For the in vivo studies, gamma-irradiated PuDAlg-NaCl
samples were used and compared with the commercialised
material (Bio-Gide) as the control, in terms of the cell pene-
tration, the inflammatory response and degradation behav-
iour. Subcutaneous implantation of the two types of mem-
branes was feasible, and the implants remained at the site of
implantation during the entire 4-week study period. Tissue
response and material behaviour was studied through haema-
toxylin-eosin staining of the implants and the surrounding
tissue.

One week after implantation, the tissue surrounding
PuDAlg-NaCl exhibited mild inflammation, which was

This journal is © The Royal Society of Chemistry 2025
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reduced after 2 weeks, when an incipient fibrotic capsule
surrounding the implants was detected (Fig. 10A and B).
This is in line with other studies that showed peak inflam-
matory responses appearing during the first 7 days after
implantation.®*®® After two and four weeks, the PuDAlg-
NaCl membrane did not induce any chronic inflammation,
as evidenced by the absence of macrophages and
Langerhans cells. Generally, the surface chemistry of the bio-
materials is involved in protein absorption, leading to acute
or chronic inflammation, with the apparition of fibrotic
encapsulation. Alginate is well known for presenting low
immunogenicity, especially low molecular weight alginate.®”
Moreover, studies have shown that alginate can modulate the
release of pro-inflammatory cytokines, leading to a more
favourable healing environment.®®

An interesting outcome was the effective barrier effect
achieved with the polysaccharide membrane. Although some
cells could invade the pores of the membrane (Fig. 10B), cell
density and penetration depth were both reduced compared to
the Bio-Gide membrane, currently used in the clinic (Fig. 10C
and D). The remodelling and biodegradability of polysacchar-
ide membranes was visible after two weeks, whereas the Bio-
Gide collagen membrane remained perfectly intact over the
month of implantation. When using polysaccharide mem-
branes, this could be advantageous for bone regeneration in
small defects within the oral cavity that typically occurs within
the first 2-6 months post-implantation.®®”° Ideally, material
resorption should occur within a similar timeframe to facili-
tate optimal healing. To completely assess the resorption while
the regeneration occurs, further studies of PuDAlg-NaCl when
simulating clinical conditions should be performed on larger
animals.

Conclusions

The objective of this study was to develop a polysaccharide-
based animal-free biodegradable membrane tailored for GTR
combining desirable physical, biological, and mechanical
properties. By formulating a double-network hydrogel com-
posed of pullulan, dextran, and alginate, cross-linked with
STMP and CaCl,, we achieved a membrane with enhanced
mechanical integrity suitable for GTR. In conjunction with
previous research demonstrating osteoinductive properties of
pullulan-dextran-hydroxyapatite beads, these results lay the
groundwork for evaluating the efficacy of polysaccharide
membranes in treating oral bone defects in combination
with a bone filler.

Data availability

The data collected throughout the course of this study are pre-
sented and detailed within the main sections of the
manuscript.
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