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Hydrogels have been used in combination with cells for several
biomedical and biotechnological applications. Nevertheless, the
use of bulk hydrogels has exhibited severe limitations in diffusion
of oxygen, nutrients, and metabolites. Here, it is reported a support
for cell culture where glucose is generated in situ by the own
hydrogel degradation, allowing cell survival and function while
promoting tissue growth. For this purpose, laminaran (or
laminarin)-based hydrogels were fabricated immobilizing the
adequate enzymes to obtain structural platforms for 3D cell culture
and providing glucose feeding for metabolic activity of cells through
polysaccharide degradation. We demonstrate that tumor A549
cells and human mesenchymal stem cells (hMSCs) can use the
glucose resultant from the hydrogels degradation to survive and
grow in non-added glucose cell culture medium. Additionally, in-
vivo biocompatibility and biodegradability of laminaran-based
hydrogels were explored for the first time. The self-feeding
hydrogels exhibited high potential in cell’s survival compared to
native cell-laden laminaran hydrogels over two weeks of
implantation. Such bioscaffolds with enzyme-empowered
degradation capacity can be applied in diverse biotechnological
contexts such as tissue regeneration devices, biofactories, disease
models, and cell delivery systems.

Introduction

Tissue engineering (TE), as a multidisciplinary area, integrates
engineering and biological principles to develop tissue/organ
substitutes in case of failing or malfunctioning caused by an
injury or disease. Such can be achieved through the
combination of signalling molecules and cells in 3D biomaterial
scaffolds with the capability of bearing cell infiltration and tissue
organization.3 Of the many bioscaffolds that have been
applied in TE, hydrogels as hydrophilic cross-linked polymer
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networks, have gained significant attention due to their highly
hydrated nature, leading to closely match the characteristics of
biological tissues.4-¢

Naturally derived hydrogels are an attractive 3D bioscaffolds for
TE due to their high biocompatibility, inherent biodegradability,
and crucial biological functions.”11 Laminaran (or laminarin, in
its old designation) is a polysaccharide isolated from brown
seaweeds comprised of (B1,3)-linked glucans with (B1,6)
branches, containing hydroxyl groups that provide multiple
conjugation sites for bioactive molecules.12 This marine-derived
polysaccharide has intrinsic properties that have established it
as a promising biomaterial precursor.’® Recently a toolbox of
laminaran-based biomaterials was fabricated through the
incorporation of various functional group.!* Laminaran has
been applied in the form of micro/nano platforms, namely
photo-crosslinkable hydrogels and nanoparticles for biomedical
applications.15-17
Remarkable achievements have been reported in the
development of 3D constructs for cell culture, mainly on the
control of the cell-materials interactions and on the mechanical
and structural integrity of the matrix. However, considerable
challenges remain unaddressed, such as the limited diffusion of
nutrients, metabolites and oxygen, leading to the production of
structures with restricted sizes and geometries, narrowing their
applications.18 19 One of the proposed strategies to overcome
these challenges is the development of technologies to pattern
and control the organization of vascular cells via different
mechanisms, including micropatterning, microfluidics, and 3D
printing,20-22 or through the assembly of micro-sized building
blocks in bottom-up strategies.?3 Granting to the significant
progress that has been achieved in fabrication of vascular
networks for TE, current approaches still fail to reproduce their
native organization. Therefore, novel scaffolds have been
explored with the capability of providing sustained and
controlled oxygen over time.2* These oxygen-releasing
biomaterials have been applied for cardiovascular TE, islet
transplantation, wound healing, skin regeneration, and muscle
regeneration.?> Previous research was mainly done on the



oxygen’s role in maintaining cells’ viability due to its impact on
modulating several critical cellular processes. It was
demonstrated that human mesenchymal stem cell (hMSCs), in
case of exposure to severe and long-term hypoxia, could survive
and maintain their biological function if glucose supply is
available.26 Under anoxia (0.1% 02), hMSCs are unable to
consume their exogenous energy sources and their survival
exclusively revolve around anaerobic glycolysis. Since hMSCs
are unable to adapt their metabolism to the lack of exogenous
and reserved glucose, rapid deprivation of energy results in
poor survival rate after implantation.2’” To the best of our
knowledge, methodologies to provide the necessary amount of
glucose, to ensure cells survival, have not yet been explored.
Therefore, it is of interest to develop a glucose releasing
scaffolds that could ensure cell survival by providing a sustained
source of energy.

Considering the growing demands for biomaterials that can play
multiple biological roles, as well as being capable of overcoming
the current hurdles, we propose a radically innovative self-
sustained 3D bioscaffolds for cell culture that take advantage of
the degradation product (mainly glucose) of the laminaran
hydrogels. The degradation mechanism of choice in this work is
enzymatic which in comparison with other techniques,
including acidic hydrolysis and gamma radiation, can favor the
production of monomer product over oligomer, minimizing the
potential for side reactions.28 Endoenzymes have already been
applied to hydrolyse laminaran, resulting in the production of
oligosaccharides with a small amount of free glucose. 29 30
However, recently, it was reported that the Bgl1B enzyme, an
exo-B1,3-glucanase, could efficiently hydrolyse laminaran into
glucose as a sole product.3? Herein, we explore the degradation
efficiency of laminarinase (endo-B1,3-glucanase) (LM) and
glucoamylase (exo-al,4-glucosidase) (GA) enzymes on various
forms of the laminaran: low degree of methacrylation
laminaran (LMeLam), high degree of methacrylation laminaran
(HMelLam), and native polysaccharide. We hypothesize that
degrading the non-reducing polysaccharide sugar units would
result in direct glucose production without cleaving randomly
the laminaran backbone chain. As a result, the glucose release
would not have a significant impact on the hydrogel structural
integrity. To have glucose autonomously accessible for feeding
the cells, allowing them to carry out their metabolic and
biological functions, enzymes were immobilized inside the
laminaran hydrogel network (Figure 1). The fabricated
hydrogels were characterized in terms of their mechanical
properties, swelling and degradation capabilities. The biological
performance of these novel self-feeding hydrogels was further
evaluated in vitro. In addition, for the first-time biocompatibility
and biodegradability of laminaran hydrogels were explored in
vivo. The capability of the self-feeding hydrogels in cell’s survival
were also studied in vivo.

We believe, this is the first work reporting a self-sustained
scaffold to successfully provide glucose to the cultured cells.
Such innovation is expected to circumvent the limitations of the
current hydrogel’s strategies for cell culture and encapsulation
that lack on nutrients diffusion and boosting the application of
hydrogels in a variety of bioengineering applications including
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Figure 1.Schematic illustration of self-feeding hydrogels.

TE, fermentation, bioreactors biotechnology and cell expansion
processes.

Results and discussion
Degradation studies of laminaran

Table 1 shows the efficiency of LM and GA enzymes in the
hydrolysis of laminaran (not methacrylated) in terms of glucose
production and evaluates the impact of the degree of
methacrylation in the enzymatic hydrolysis. In line with
previous studies, sugar analysis revealed that LM, as an endo-f3-
glucanase, hydrolysed laminaran mainly to oligosaccharides and
barely to glucose(Figure S1a).3% On the contrary, GA has shown
a high efficiency in glucose production, as the main degradation
product (Figure S1b). GA is extensively applied in the food
industry to generate high glucose
fermentation processes for the production of beer and
ethanol.31 We showed for the first time that GA can hydrolyse
laminaran into high concentrations of glucose. The combination

syrup and also in

of the two enzymes have shown a decrease in the total glucose
production (Table 1, Figure S1c). GA acts on polysaccharides
rapidly than on oligosaccharides32 and since the
combination of the two enzymes resulted in a chain length
decrease due to the action of LM, GA activity was reduced and,
consequently, glucose formation was decreased. A high degree

more

of laminaran modification has shown a significant impact on
enzymes activity when compared to the bare and LMeLam. This
infer that a high degree of hydroxyl groups
substitution in laminaran results in hydrolysis inhibition of B1,6-
linked side chains. Due to the ratio of the (B1,3) to (B1,6)
linkages in laminaran (2.6 : 1)33 and also the high activity of GA
in both modified and bare form of laminaran, the hydrolysis of

allows to

laminaran through GA seems to be by cleaving non-reducing
sugar from both terminally-linked 1,3 and B1,6 linkages (Figure
2a). Considering these results, all subsequent analyses were
performed using LMelam and GA. An array of GA
concentrations was tested to find out the conditions to produce
glucose relatively close to the optimal glucose concentrations in
the regular culture medium. After 14 days incubation of GA with
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Table 1. Sugar analysis results from hydrolysis of different laminaran solutions after 4
days of incubation with enzyme(s).

Total harvested
Sample
glucose (umol)

Laminaran (10% w/v) + LM (21% v/v) -

LMeLam (10% w/v) + LM (21% v/v) -

HMeLam (10% w/v) + LM (21% v/v) -

Laminaran (10% w/v) + GA (0.7% w/v) 4.16 £0.16
LMeLam (10% w/v) + GA (0.7% w/v) 2.96+0.12
HMeLam (10% w/v) + GA (0.7% w/v) 1.63 +0.87
Laminaran (10% w/v) + GA (0.7% w/v) + LM (21% v/v) 3.05+0.36
LMeLam (10% w/v) + GA (0.7% w/v) + LM (21% v/v) 1.61+0.02
HMeLam (10% w/v) + GA (0.7% w/v) + LM (21% v/v) 0.07+0.05

soluble LMelLam, 32% of LMelLam have converted to glucose
unit by using 0.7% of enzyme, while 2% of enzyme showed a
slight increase in the glucose obtained in comparison with 1.5%,
being close to 58% conversion (Figure 2b). Therefore, for all
further experiments, only 0.7 and 2% w/v of GA were used.
After exploring the mechanism of degradation of soluble
LMelLam, the degradation profile of LMeLam in hydrogel form
(crosslinked) was examined. Results showed that the
crosslinking of laminaran in the form of a robust gel did not
significantly change the glucose production from the
degradation of enzyme existing in solution (Figure 2c). Taken
together, these results indicated that this degradation
mechanism can be used as a glucose delivery platform for cell
culture. In order to obtain an autonomous glucose releasing
system, enzyme-immobilized hydrogels were further explored.

Characterization of enzymatically degradable hydrogel

To provide a self-sustained release of glucose readily accessible
for cells, GA-encapsulated hydrogels were fabricated. The
possible impact of GA entrapment on enzyme bioactivity was
studied by measuring over time the produced glucose by GA-
encapsulated hydrogels and comparing it to the produced
glucose by enzymatic hydrolysis of LMeLam solution using the
free enzyme. The sugar analysis results of GA-encapsulated
hydrogels have demonstrated that conversion to glucose unit
was reduced when compared to free enzyme degradation of
LMelLam in solution as well as laminaran hydrogel degradation
from outside (Figure 2d, Figure S2). This appears to be a case of
the enzyme orientation during the immobilization which could
have enzyme active site not accessible for laminaran.34 Besides
monosaccharides (glucose), disaccharide and trisaccharide
were also produced through degradation of the GA-
encapsulated hydrogels (Table S1). We believe these by-
products will not have any impact on cell’s viability, due to their
negligible quantities.

Within 24h, 10% and 23% of enzyme were leach out from 0.7%
and 2% enzyme encapsulated hydrogels, respectively (Figure
S3). This burst release is probably attributed to the excessive
amount of enzyme close to the surface of the hydrogels. After
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long term incubation of these hydrogels in PBS (28 days), no
signs of extra leakage were observed, which indicates high
stability of hydrogels in terms of entrapping the enzyme. The
influence of the incorporation of different enzyme
concentrations on the microstructure of the hydrogel was
investigated by cryo-SEM. Representative images of the
analysed cross sections are depicted in Figure 3a. Immobilizing
GA in the laminaran hydrogels resulted in an open structure
with significantly higher pore sizes over time, peaking for the
formulation encapsulating 2% GA in both time points (Figure
3b). This enhancement would have an important role in
improving cell proliferation and mass transportin 3D structures,
particularly in hydrogels.3> Compressive stress-strain curves of
the self-degradable hydrogels and native laminaran hydrogels
from day O to day 14 (from left to right) are shown in Figure S4.
At day 7 and 14, maximum compressive stress and ultimate
strain were both significantly decreased in both formulation of
GA-encapsulated hydrogels when compared to the native
laminaran hydrogels. Changes were also found in stiffness, as
shown in Figure 3c. No significant difference was found in the
young modulus of native hydrogels over 14 days (approximately
23 kPa). GA encapsulated and native hydrogels have
demonstrated similar elastic modulus immediately after
fabrication (day 0). However, after 14 days the elastic modulus
was decreased significantly from 22.8 +0.9 kPa to 12.8 + 0.5 kPa
and from 24.1 + 1.9 kPa to 9.0 £ 2.0 kPa, for 0.7% and 2% in GA-
encapsulated hydrogels, respectively. This confirms the impact
of the enzyme along time and the consequent decay on the
mechanical properties of the hydrogels after 2 weeks. These
findings are in agreement with the porosity results, confirming
the correlation between pore size and the evolution of the
mechanical behaviour.36:37

By visual observation, the degradation is clearly obvious in GA-
encapsulated hydrogels over 14 days in both swollen and dry
forms (Figure 3d). However, the hydrogels maintained their
structural integrity and handleability. The degradation of the
hydrogels was also monitored by the weight changes (Figure
3e,f). Native laminaran hydrogels and GA-encapsulated
hydrogels had relatively similar initial wet and dry weight (30
min after crosslinking). Hydrogels containing GA continued to
increase up to about 23% of their initial wet weight through one
week, which corresponded to the degradation and boost in
water uptake due to higher pores size. After two weeks, the
degradation was sufficiently substantial to observe an effective
loss of mass. Native laminaran hydrogels exhibited bulk
swelling without any apparent dissolution over 14 days,
indicating long term stability.1” The same profile of wet weight
changes was reported in enzymatically-degradable peptide-
crosslinked alginate hydrogels, where hydrogels initially
exhibited an increase in wet weight due to the swelling and
eventually dissolution as a result of more pronounced
degradation.38 After 7 days, the dry weight of GA-encapsulated
hydrogels in both formulations started to significantly decrease
when compared to the native laminaran hydrogels (Figure 3f),
indicating a dissolution and mass loss, which confirms the
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degradation profile and supports the reduction of wet weight.
However, no effective loss of mass was observed up to 3 days.
While native laminaran hydrogels maintained their dry weight
over two weeks, GA-encapsulated hydrogels lost approximately
12% and 20% of weight for 0.7% and 2% formulations,
respectively.

Evaluation of laminaran hydrogel degradation for supporting cells
growth

To validate that cells could effectively use the glucose obtained
from the degradation of hydrogels to grow and maintain their
metabolic activity, cells seeded in glucose free medium were
placed in contact with laminaran hydrogels and GA (Figure 4a).
As such, any difference in cells response could then be
attributed directly to the glucose released from the degradation
of hydrogels.
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Cancer cells are characterized by having high level of glucose
consumption. In case of glucose starvation their proliferation
would dramatically be reduced.?® Therefore, human
adenocarcinoma alveolar basal epithelial (A549) cells were
initially used to test the potential of glucose resultant from
hydrogels degradation as a glucose alternative in culture
medium. Mesenchymal stem cells (MSCs) were also used to test
the ability of degrading hydrogels to support the culture of
human-derived stem cells. In the absence of enzyme, A549 cells
exhibited rounded shape morphology, while spread cell
morphology was evidenced in the presence of the enzyme
(Figure 4b). The positive effects of glucose production due to
enzymatic degradation on A549 cells was also observed through
analysis of the metabolic activity (Figure 4c). Overall, in
presence of the hydrogels and GA in the medium, cells have
shown high viability (more than 60%) over two weeks,

This journal is © The Royal Society of Chemistry 20xx
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indicating that the degradation of the laminaran hydrogel has
provided sufficient glucose for cells to maintain their metabolic
activity. In contrast, the absence of enzyme has shown
significant reduction of their viability, possibly due to glucose
deprivation. MSCs in presence of enzyme had spread over 14
days and maintained alive, whereas cells in absence of enzyme
and, consequently, with no available glucose, underwent
morphological changes, beginning to round up in day 1. Over 14
days most of the cells died and detached from the surface
(Figure 4d). MSCs presented significantly higher viability in the
presence of enzyme, in both concentrations, compared to the
condition without enzyme in all timepoints. This indicates that
stem cells were successfully adapted to grow through using
glucose from the degradation of the laminaran hydrogel.

This journal is © The Royal Society of Chemistry 20xx

3D Encapsulation in self-feeding laminaran hydrogel

Encapsulated cells were homogeneously distributed through
the hydrogels (Figure 5a,c). Live/dead staining demonstrated
that most of the encapsulated cells remained viable in all the
hydrogel formulations (~290% viability) indicating that GA had
no cytotoxic effects. More importantly, enzymatic degradation
provided sustained release of glucose over 14 days to maintain
the cells viable (Figure 5a,c). In contrast, cells in native
laminaran hydrogel were mostly dead, as expected due to
absence of glucose. Higher viability was found for both cells in
hydrogels containing enzyme when compared to positive
control (Figure 5b,d). This availability of glucose for cells yielded
higher metabolic activity. Moreover, degradation of laminaran
had expanded the space available for cells to proliferate and
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maintain their metabolic activity over time. Viability reduction
of MSCs in 2% enzyme hydrogel over 14 days might be an
indication of glucotoxicity due to the detrimental effects of high
glucose concentration. In a further study, viability of
encapsulated cells (both A549 and MSCs) was assessed over two
weeks of culture, in glucose free medium through live-dead
assay (Figure S5) where there was no available glucose or
glucose was provided from inside or outside, via degradation. In
the case of no available glucose, both cell lines died in both
periphery and core of the hydrogels (Figure S5.1). Cells in the
periphery of the hydrogels were maintained alive due to their
access to the generated glucose from outside degradation of
hydrogels (Figure S5.2), while inner cells mostly died due to the
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limited access to glucose. GA-encapsulated hydrogels (0.7%)
have clearly demonstrated high viability in both periphery and
core of the hydrogels indicating autonomous accessibility of
Cells
proliferation assays were performed by DNA quantification.

glucose for cells in the whole hydrogel (Figure S5.3).

A549 as well as MSCs were able to proliferate inside the enzyme
encapsulated hydrogels, as can be seen by the increase in DNA
content (Figure 5e,f) over 14 days of culture, while no
differences were observed in the absence of enzyme for both
cell lines. DNA content for 2% GA was maintained constant from
day 7 to day 14 which indicates there was no proliferation.

This journal is © The Royal Society of Chemistry 20xx
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Viability in self-feeding laminaran hydrogels was quantified
using z-stack images by counting live and dead cells. The
reduction in viability of MSCs by day 14 in 2% GA-encapsulated
hydrogel was due to the increase in the number of cells entering
apoptosis phase (stained with Pl). Since Pl binds to DNA, it
confirms the presence of DNA of cells in the hydrogel.
Accordingly, the DNA content of day 14 maintained the same as
day 7 although viability have decreased due to high glucose
concentration. In order to investigate that glucose production
rate, meet with the cellular glucose consumption rate, we

This journal is © The Royal Society of Chemistry 20xx

plotted glucose consumption (approximately
9.2pmol/cell/day*®) vs glucose production in self-feeding
hydrogels (figure S6). As it is shown in the results, 0.7% enzyme
in 24h produced almost the same quantity of glucose which cells
would require to consume. In the case of 2% GA since the
beginning, significantly higher quantity of glucose has been
produced which led to the glucotoxicity. This is in agreement
with viability reduction of MSCs by day 14 (Fig 5d) and the
stopping of proliferation for 2% GA from day 7 to day 14 (Figure
5f). These results prove the ability of self-feeding hydrogels for
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long-term cell function, overcoming a major challenge for TE
strategies.

In-vivo animal studies

To demonstrate the practical ability of such hydrogels, in-vivo
experiments have been performed on nude mice through
subcutaneously implantation of three different groups of
hydrogels. For testing self-feeding hydrogels in-vivo, 0.7% GA
condition was selected due to their better in-vitro performance
compared to 2% GA. The experimental design is shown in Figure
6.a. Hydrogels (n=2/mice) were subcutaneously implanted
(Figure 6.b) and explanted after 7 and 14 days (Figure S7). No
significant differences in variability were found between female
and male groups in all the performed experiments. The body
weights of mice did not change over one week (Figure S7.b) and
two weeks (Figure S7.c) in all the tested group which is a good
indicator of no acute toxicity in the implanted materials. We
evaluated the degradation of laminaran-based hydrogels using
2D ultrasound imaging over time (Figure 6.c). Obvious changes
in the size of GA-encapsulated hydrogels clearly confirmed
enzymatic degradation over 14 days of implantation while cell-
laden hydrogels and blank laminaran hydrogels were
completely intact without any sign of degradation (Figure 6.d).
These results are in line with previous studies presenting that
there is no existing enzyme secreted by the saliva glands,
pancreas and gastrointestinal tract in mammals that can
hydrolyse B(1-3) and B(1-6) linkages of laminaran.4! In order to
assess cell’s survival in-vivo, live-dead assay was performed.
Subsequently, the hydrogels were explanted at day 7 and day
14 and after cutting the edges of the hydrogels by sharp razor
blade, thin slices of the hydrogels were promptly stained (Figure
6.e). MSCs have manifested a high level of viability (in the
central region of the 0.7% enzyme encapsulated hydrogels)
after 7 and 14 days of implantation while in the absence of GA,
cells were mostly dead (Figure 6.f). In the case of the blank
hydrogels no cells were detected in the hydrogels (Figure 6.e).
These findings highlight the capability of such self-feeding
hydrogels to provide glucose as the most important substrate
of cell metabolism, in the in-vivo conditions where cells are
exposed to the limited supply of oxygen/nutrients. Local tissue
response to the implanted hydrogels was characterized through
the histological assessment (H&E staining) following the 1SO-
10993-642 inflammatory-reaction intensity guidelines: minimal
or no reaction < slight < moderate < severe. As it is shown in
Figure 7, all the implanted hydrogels caused inflammatory
reaction at day 7 which was reduced by day 14 of post
implantation. Most of the population of inflammatory cells
were consisted of polymorphonuclear cells (PMNs) and
macrophages. Table 2 summarizes scores of inflammatory
responses of the implanted hydrogels based on the ISO-10993-
6. Self-feeding hydrogels (0.7%) have presented a low
inflammatory intensity (slight reaction) over two weeks.
Supplementary Table S2 and S3 lists the scoring data for all the
conditions including the control for day7 and day 14 in detail.

Conclusions
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In this study, self-feeding hydrogels were fabricated by
immobilizing specific enzyme through a facile method using
minimal elements. GA was presented for the first time to
hydrolyse laminaran into high concentrations of glucose. We
demonstrated that native and enzyme encapsulated hydrogels
had the same initial mechanical properties but different and
tuneable degradation kinetics thereafter. Increasing the GA
concentration in the hydrogels led to a decrease of elastic
modulus, ultimate strain and ultimate stress when compared to
native laminaran hydrogels, as the average porosity for the
same conditions was increased over time.

Higher GA concentration induced higher pore size and provided
larger contact surface area between the hydrogel and media.
This resulted in higher water content compared to the native
hydrogels in 7 days and afterwards faced to the dissolution and
mass loss. Moreover, tracking the degradation via changes in
dry weight of the hydrogels revealed that the kinetics of this
process is an enzyme concentration dependent manner. In vitro
studies of this self-feeding hydrogel have demonstrated
significantly high viability of the encapsulated MSCs and A549
cells in glucose free culture medium, attributed to the sustained
release of glucose resultant from enzymatic degradation of the
hydrogel. Furthermore, higher pore size induced by degradation
resulted in expanding the available space for cells and
eventually, improved their access to oxygen and other nutrients
during the culture. Such process should be consistent with the
higher proliferation ability of the cells in LMelLam hydrogels
with  GA. Furthermore, in-vivo biocompatibility and
biodegradability of such self-sustained hydrogels highlights its
promise for further use in biomedical applications.

Our novel self-degradable hydrogel can serve as a 3D scaffold
for cells while providing a sustainable nutrition source through
gradual release of glucose over time, a concept never explored
before. Itis noteworthy to address that any other glucose-based
polymer may potentially be replaced in such system. In
conclusion, these results, combined to the fact that most
current bioscaffolds suffer from lack of nutrient diffusion,
clearly suggest the potential of this hydrogel in future
developments of 3D structures in a wide range of
biotechnological applications as an autonomous cell supporting
system. This self-maintained and biocompatible material could
potentially be used as a closed culture system for living cells and
any other microorganisms, as a novel platform for cell delivery,
or to be used in bioreactors.

Experimental
Degradation studies of laminaran solution

To find out the mechanism behind laminaran degradation,
initial degradation assays were performed on bare (not
modified) and methacrylated laminaran (MelLam) solutions.
Synthesis of the MelLam was carried out by reacting glycidyl
methacrylate (Acros Organics) with laminaran (Carbosynth)

This journal is © The Royal Society of Chemistry 20xx
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Figure 6. In-vivo-evaluation of three groups of laminaran-based hydrogels implanted in nude mice: self-feeding hydrogels (encapsulating MSCs with 0.7% GA), native cell-laden
laminaran hydrogels (encapsulating MSCs without enzyme) and blank hydrogels (without cells and enzyme). a. Schematic representation of the in-vivo experimental design. b.
surgical procedure for implanting two hydrogels per mice. Representative results of subcutaneous implantation of laminaran-based hydrogels in nude mice from both sexes c)
Ultrasound images of the implants at day 1,7 and 14. d) Quantitative plotting of hydrogel diameter over two weeks of implantation. e) Schematic presentation of live-dead staining
process of the explanted hydrogels. f) Representative fluorescence microscopy images of live/dead staining at day O (implantation day), 7 and 14, where the green stain represents
the live cells, and the red stain represents dead cells. Scale bar=200pm. Bars indicate mean * standard deviation. p < 0.05: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

based on a previously reported protocol. 17 In brief, laminaran
(1 g) and 4-(N,N-dimethylamino)pyridine (DMAP;167 mg; Acros
Organic) were dissolved in 10 mL of dimethyl sulfoxide (DMSO;
Sigma-Aldrich) under nitrogen atmosphere. LMelLam and
HMelLam were obtained by adding 2.9 x10-3 and 5.1 x 10-3
mol of glycidyl methacrylate, respectively. The reaction was run
at room temperature (RT) for 48 h in dark, then stopped by
adding HCI solution (37%) (Sigma-Aldrich) to neutralize DMAP.
After dialysis (benzoylated membrane; 2000 MWCO; Sigma-
Aldrich) for 7 days against distilled water, the purified solution

This journal is © The Royal Society of Chemistry 20xx

was freeze-dried. Enzymatic hydrolysis was performed by
incubating endo (laminaranase 16A (Nzytech)) and exo-
enzymes (glucoamylase from Rhizopus (TCl)), individually or in
combination of both, with different laminaran solutions.
LMelam, HMelLam and bare laminaran (10% w/v) were
incubated individually with enzyme(s) in a phosphate buffered
saline (PBS, Sigma-Aldrich; pH 7.4) solution at 37°C. To monitor
the degradation products, in particularly the glucose
concentration, sugar analysis was performed based on the
reported technique and quantified using 2-deoxyglucose as an
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Figure 7. Histological analysis of subcutaneous implanted hydrogels and surrounding tissue. Representative haematoxylin and eosin-stained (h&E) sections of the implants with
surrounding tissue at day 7 and day 14 post implantation. Low magnification images are provided in the upper panels (A-E), scale bars: 200 um, while higher magnification images

are in the lower panels (A1-E1), scale bars: 50 um.

internal standard?®. At each time point, samples were reduced
with NaBH4 (15% in NH3 3 M, 1 h, 30°C) and further acetylated
with acetic anhydride (3 mL), in the presence of 1-
methylimidazole (450 pL), at 30 2C during 30 min. Liquid-liquid
extraction method was applied to separate alditol acetates
using dichloromethane. Finally, after evaporation of the organic
solvent, samples were solubilized in anhydrous acetone and
analysed by Gas Chromatography using a Mass Spectrometry
detector (GC-MS) or Gas Chromatography using a Flame
lonization Detector (GC-FID).

Degradation of laminaran hydrogel

(w/v) with 0.5% (w/v) of 2-hydroxy-4-(2-hydroxyethoxy)-2-
methylpropiophenone  (Irgacure  2959)  (Sigma-Aldrich).
Hydrogels were formed by pipetting 40 uL of polymer solution
to polydimethylsiloxane (PDMS) cylindrical molds with a

10 | J. Name., 2012, 00, 1-3
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diameter of 6 mm followed by UV irradiation at 2-3 W/cm?2 for
120 s. The glucose production from hydrogels degradation was
measured over 14 days through sugar analysis while hydrogels
(n=3) were incubated in GA enzyme solution (0.7%, 2% w/v) at
37°C. Sugar analysis was performed as stated in previous
section.

The hydrogel precursor solution was prepared by dissolving
lyophilized LMeLam in PBS at the final concentration of 10%
Fabrication of enzyme-encapsulated laminaran hydrogels:
Enzyme encapsulated laminaran hydrogels were fabricated to
obtain sustained degradation and consequently, a gradual
production of glucose over time. After ensuring complete
dissolving of the photoinitiator (0.5% w/v) and LMeLam (10%)
in PBS, GA enzyme was then added to the mixture at final
concentrations of 0.7% and 2% w/v.

This journal is © The Royal Society of Chemistry 20xx
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Table 2.Inflammatory response of the implanted hydrogels according to 1SO-10993-6
classification. Scale range of 0.0-2.0 = minimal or no reaction, 3.0-8.9 = slight reaction,
9.0-15.0 = moderate reaction, >15.0= severe reactions.

Day 7
Condition Average Final 1SO Classification
Score Score
Control 10.54 + 2.12
Blank 20.41 + 0.99 9.92 Moderate reaction
No Enzyme 18.16 + 0.72 7.67 Slight reaction
0.7% Enzyme 18.83 + 0.89 8.33 Slight reaction
Day 14
Control 13.00 + 2.12
Blank 16.42 + 1.04 3.41 Slight reaction
No Enzyme 1425+ 1.11 1.25 Minimal or No reaction
0.7% Enzyme 17.58 + 0.26 4.58 Slight reaction

After thorough mixing, the resulting solution (40 pL) was
pipetted to cylindrical PDMS molds and afterwards irradiated by
UV for 2 min.

Characterization of the enzymatically degradable hydrogels

To investigate the impact of the enzyme entrapment on its
bioactivity, the glucose produced by enzyme encapsulated
hydrogels was measured through sugar analysis. At determined
time points, hydrogels were physically destroyed to quantify the
encapsulated/released glucose. The samples were then
centrifuged for 5 min at 500g at RT and the amount of sugar in
the supernatant was analysed using sugar analysis. Glucose
concentration measured from the hydrolysis of LMelam
solution by GA was counted as 100%. The ability of the
hydrogels to retain the incorporated enzyme was determined
by immersing enzyme-encapsulated hydrogels (n=8) in PBS at
37°C for 28 days. Protein content in solution was further
quantified by using the Pierce Micro BCA Protein Assay Kit. The
cumulative release of GA from each hydrogel was calculated as
follows:
Cumulative Release (%) = Mt/M0x100%

where MO is the amount of enzyme preloaded into hydrogel
and Mt is the total amount of enzyme leached from the
hydrogel at time t.
Native laminaran and enzyme encapsulated hydrogels,
prepared as cylindrical hydrogels specimens with a diameter of
6 mm and height of 2 mm, were incubated at 37°C in PBS. At
specific time points, hydrogels were cha