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ARTICLE INFO ABSTRACT

Keywords: Glioblastoma (GB) is the most common and aggressive brain tumor. The treatment for newly diagnosed glio-
Hydrogel. blastoma is surgical resection of the primary tumor mass, followed by radiotherapy and chemotherapy. However,
Nanoparticles recurrences frequently occur in proximity to the surgical resection area. In these cases, none of the current
Glioblastoma Lo . . . . . :

Brain therapies is effective. Recently, implantable biomaterials seem to be a promising strategy against GB recurrence.
Liposomes Here, for the first time we combined the tailorable properties of soy-protein hydrogels with the versatility of
Biomaterial drug-loaded liposomes to realize a hybrid biomaterial for controlled and sustained nanoparticles release.

Hydrogel consisting of 18-20 % w/v soy-protein isolated were fabricated in absence of chemical cross-linkers.
They were biodegradable (—10 % and —30 % of weight by hydrolytic and enzymatic degradation, respec-
tively in 3 days), biocompatible (>95 % of cell viability after treatment), and capable of sustained release of
intact doxorubicin-loaded liposomes (diffusion coefficient between 1078 and 10 7!° m2 s™1). A proof-of-concept
in a “donut-like” 3D-bioprinted model shows that liposomes released by hydrogels were able to diffuse in a model
with a complex extracellular matrix-like network and a 3D structural organization, targeting glioblastoma cells.

The combination of nanoparticles’ encapsulation capabilities with the hydrogels’ structural support and
controlled release properties will provide a powerful tool with high clinical relevance that could be applicable for
the treatment of other cancers, realizing patient-specific interventions.

by six months after resection [3]. Currently, there are four
FDA-approved treatments mainly used against recurrent GB: lomustine,

1. Introduction

Glioblastoma (GB) is a devastating malignant neoplasm character-
ized by a poor prognosis, with a median overall survival lower than two
years and a five-year survival rate below 10 % [1]. Currently, the
standard of care for the treatment of GB involves maximal surgical
resection followed by concurrent radiation therapy (RT) and temozo-
lomide (TMZ) for 6 weeks, then adjuvant TMZ for 6 months, accordingly
to Stupp’s protocol [2]. Nevertheless, GB remains one of the most
treatment-resistant brain malignancies, with a 90 % of recurrence rate

* Corresponding author.

intravenous carmustine, bevacizumab, and tumor treatment fields
(TTFields) [4]. However, it remains chemotherapy-resistant, with
higher invasiveness and aggressiveness compared with the original
tumor [1], partially due to tumor heterogeneity and limited drug access
to the brain for the presence of the blood-brain barrier (BBB) [5,6].
Indeed, the achievement of a sufficient conveyance across the BBB is a
key challenge for biopharmaceutical molecules that are excluded from
the brain [7]. In this context, nanoparticles can be used as permeation
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enhancers to boost drugs into the brain. Nanoparticles are investigated
as drug delivery platforms from several decades, and the first nano-
formulation for cancer therapy, based on liposomes, was approved more
than 20 years ago [8]. Liposomes have excellent biocompatibility and
effective drug delivery of lipophilic, hydrophilic and amphiphilic drugs
[9]. However, there are not yet nanoscale medicines approved for brain
indications, but some of them are currently under study for the treat-
ment of brain tumors [10]. Much more extensive research is needed in
order to have nanoparticles capable of delivering drugs to the brain in
quantities that are pharmacologically effective, before to reach human
application.

Considering that malignant gliomas rarely metastasize outside the
brain, one alternative approach to the systemic administration that al-
lows BBB dodging is the direct administration of drugs in the tumor
resection area [11]. In this context, implantable biomaterials for
controlled drug release are an emerging field in medical research and
healthcare. These biomaterials offer several advantages over traditional
drug delivery methods, including localized and controlled release,
reduced systemic side effects, improved patient compliance, and
enhanced therapeutic efficacy [12]. There are various types of bio-
materials that include implantable colloidal carriers, polymeric-based
delivery system (e.g. films or wafers), and hydrogels that can be
implanted or injected in the brain along the walls and floor of the
resection cavity [13-15]. Currently, there is only one FDA-approved
device for the treatment of newly-diagnosed and recurrent GB, known
commercially as Gliadel® wafer. This is a biodegradable co-polymer in
which the anticancer agent carmustine is incorporated into a matrix
made of 1,3-bis(p-carboxyphenoxy)propane and sebacic acid [16].
However, Gliadel® wafers showed several disadvantages such as poor
drug diffusion, fast drug release and several post-surgical adverse events
in treated patients [17].

Recently, the combination of nanoparticles’ encapsulation capabil-
ities with the hydrogels’ structural support and controlled release
properties provides a powerful tool with high clinical relevance [18].
Different implants are developing for the local treatment of GB [19,20],
including pMESH loaded with docetaxel-nanoparticles and diclofenac
[13], and hydrogels loaded with nanoparticles carrying anti-cancer
drugs. These approaches showed promising results in preclinical GB
models, increasing significantly the median survival time of the animals
and delaying the tumor [21-24].

However, limitations concerning the risk benefit ratio, the scale up of
implants and the limited drug penetration and distribution in the
diseased area still exist.

Among the different types of nanoparticles that can be loaded in
implantable biomaterials, liposomes are compatible with hydrogels
composed by chitosan [25], cross-linked poly(acrylic acid) (PAA) such
as Carbopol [26], agar/gelatin [27] and poly lactic-co-glycolic acid
[28], hyaluronic acid [29]. However, at the best of our knowledge, there
are no data on the liposomes loading in soy protein-based hydrogels for
biomedical purposes, in particular against GB relapse. In the last years,
the utilization of soy protein-based hydrogels in drug delivery practices
is growing because they hold the advantages of both natural and syn-
thetic polymers [30]. The soy protein is abundant in nature, easy to
isolate, biocompatible and biodegradable [31,32].These hydrogels can
be fabricated without the use of chemical modifiers or crosslinkers, and
the jellification can occur at physiological temperature (i.e. 37 °C) [32].

In this study, we combined for the first time fully-based soy protein
isolate (SPI) hydrogels with doxorubicin-loaded liposomes, as a nano-
medicine model, for the potential treatment of recurrent GB. The idea
underneath this study is to generate an implantable in situ-gelling gel,
easy to be produced on large scale and in the absence of cross-linkers,
that fits the post-surgical cavity properly, capable to release in a sus-
tained manner the embedded nanomedicines and biodegradable to
avoid intracranial hypertension or other adverse reactions (Scheme 1-
Graphical Abstract).
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2. Materials and methods
2.1. Preparation of hydrogels

Soy protein isolate (SPI) (MP Biomedicals, LLC, Solon, OH, USA) was
solubilized in Dulbecco’s Phosphate Buffer Saline (D-PBS: 133 mg/L
calcium chloride, 100 mg/L magnesium chloride, 200 mg/L potassium
chloride, 200 mg/L potassium phosphate, 8000 mg/L sodium chloride,
1143. 56 mg/L sodium phosphate - Merck KGaA, Darmstadt, Germany)
or artificial CSF (aCSF) at a concentration of 10, 15, 18, and 20 % w/v
[32]. aCSF was prepared according to the recipe available from Cold
Spring Harbor without the addition of gaseous CO3 and O3 [33,34].

The resulting suspensions were homogenized at 12000 rpm, RT
(Ultra-Turrax T25, IKA) and dispensed into 24-well plates, 0.5 g of
suspension per well, using a 5-mL syringe without a needle. Plates were
incubated for 30 min at 37 °C in 5 % CO2 humidity to promote gelation
and then the formation of hydrogels (Supplementary Fig. 1). The
hydrogels produced were of two types: those used for biomaterial
characterization, containing only SPI and those used for hydrogel vali-
dation, loaded with liposomes. Liposomes ([total lipids] ranging from
100 to 200 pM, see 2.8) were added to D-PBS buffer used to solubilize
SPI. A minimum of 10 batches were prepared for each type of hydrogels.

2.2. Water absorption capacity and swelling of hydrogels

To assess the SPI’s ability to absorb aqueous solutions, the hydrogels
were weighed after gelation (Wi). Samples were lyophilized to obtain
the final dry weight (Wd). The percentage of D-PBS or aCSF absorbed by
SPI was calculated by the following equation:

W, - W,

i

% D — PBS = x 100

Next, the swelling capacity of the gelled sample was measured. The
hydrogels were submerged in 2 mL of buffer solutions and then main-
tained at 37 °C under humid conditions. In this case, each hydrogel was
weighed prior to the addition of buffer solutions (Wi) and at the end of
different time points (Wf). The following equation was used to calculate
the % swelling:

W, - W,
% swelling = [W * x 100

2.3. Cryo-EM imaging of SPI solution

For cryogenic transmission electron microscopy (cryo-EM) 3 pl of SPI
solution (18 % or 20 % w/v in D-PBS) were placed on a holey carbon
supported copper grid (Plano, Wetzlar, Germany, type S147-4), blotted
for 2 s and vitrified using a Gatan (Pleasanton, CA, United States) CP3
cryo-plunge freezing instrument operating at —165 °C. The sample was
transferred to a Gatan model 914 cryo-EM sample holder and analyzed
with a JEOL (Tokyo, Japan) JEM-2100 LaBs TEM at 200 kV accelerating
voltage. TEM bright field micrographs were acquired using a Gatan
Orius SC1000 CCD camera working under low-dose conditions.

2.4. Rheological tests

SPI hydrogels were prepared as described above. Immediately after
the gelation (30 min at 37 °C), hydrogels were analyzed at 25 °C using a
rotational rheometer (Modular Compact Rheometer MCR 72, Anton
Paar, Graz, Austria). Steady-state shear flow from 0.1 to 1000 s7! of
shear rate was performed. The results are expressed as viscosity
depending on the applied shear rate for hydrogels at 25 °C [35]. The
dependence of the stress on the shear rate was also determined and the
yield point was calculated according to Bingham’s law [36].
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2.5. Hydrolytic degradation of hydrogels

The degradation of hydrogels in D-PBS (or aCSF) was determined.

Hydrogels were prepared as described above and incubated with 2
mL of buffer solutions at 37 °C for different time points up to 72 h. At the
end of each time point, every sample was taken and lyophilized to obtain
the dry weight of gel (Wd). The amount of SPI released from hydrogels
into buffer solution is expressed as a % of weight loss using the following
equation:
% weight loss = Mxl 00

Wi

where Wi is the amount of initial SPI used for the production of indi-
vidual samples. As corroboration, the amount of SPI present in D-PBS (or
aCSF) after hydrolytic degradation of the hydrogels was quantified by
the bicinchoninic acid (BCA) colorimetric assay (Pierce BCA Protein
Assay kit, Thermo Fisher Scientific, Waltham, Massachusetts, USA).

2.6. Engymatic degradation of hydrogels

The enzymatic degradation of hydrogels was monitored following
the same protocol above described, but in this case, hydrogels were
maintained in a buffer solution added with 1600 pg/mL of activated
Kallikrein-related peptidase 6 (KLK6, Recombinant Human Kallikrein 6,
rhKLK6/Neurosin, R&D system Bio-Techne, 614 McKinley Place NE
Minneapolis, MN,USA). KLK6 was activated by lysyl-endopeptidase
(Merck KGaA, Darmstadt, Germany) in 50 mM Tris, 0.05 % w/v Brij-
35, pH 8.0 buffer at room temperature for 30 min, following manufac-
turer’s instruction. KLK6 was used because it is abundantly expressed in
the central nervous system and it has also been detected at high levels in
human cerebrospinal fluid [37-40].

2.7. Preparation and characterization of liposomes

Conventional liposomes were prepared by extrusion through 50,
100, 150 and 400-nm polycarbonate membrane filters [41]. Briefly, 5
mM of sphingomyelin and cholesterol (Sigma-Aldrich, St. Louis, Mis-
souri, USA) in a molar ratio of 1:1 (M:M), added or not with 0.5 mol% of
fluorescent Bodipy®-sphingomyelin or 1 mol% of fluorescent
Rhodamine-phosphatidylethanolamine (Invitrogen, Waltham, Massa-
chusetts, USA) were dissolved in chloroform in a round-bottom flask and
mixed for 5 min. Then a phospholipid film was obtained through
evaporation with a rotary evaporator. The resulting dried lipid film was
hydrated for about 2 h by addition of D-PBS above the lipid phase
transition temperature (55 °C). After hydration, unilamellar liposomes
were obtained by extrusion.

Doxorubicin-loaded liposomes (LIPO-DOX) were prepared as
described [42]. Briefly, sphingomyelin-cholesterol liposomes were pre-
pared by extrusion through 100 nm-pore size filters in ammonium sul-
fate (500 mM, pH 5.5) and then dialyzed against 10 mM Hepes, 150 mM
NaCl pH 7.4 overnight. Doxorubicin (DOX) was added to liposomes (2.7
pmol DOX/10 pmol total lipids) and its incorporation in the liposomes
core was allowed by heating at 65 °C and ultrasounds. Unloaded DOX
was removed by ultrafiltration, drug loading was quantified spectro-
fluorimetrically after vesicle disruption with HEPES 0.1 % Triton X-100
and lipid recovery was measured by Stewart’s assay [42].

Size, polydispersity index (PDI) and {-Potential were analyzed by
dynamic light scattering (DLS) equipped with a ZetaPALS device
(Brookhaven Instruments Corporation, Holtsville, NY, USA) as previ-
ously described [70]. Liposomes morphology was assessed by cryo-EM
[431.

2.8. Characterization of hydrogel embedding liposomes

To characterize hydrogels embedding liposomes, SPI was dissolved
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in D-PBS added with 0.1 mM Rhodamine B and with Bodipy-loaded li-
posomes (100 nmol/ml total lipids). Images were acquired using the
Operetta CLS High Content Analysis System (Perkin Elmer, Waltham,
MA, USA) equipped with 20x water objective and standard instrument
filters as per the manufacturer’s protocol using the live imaging tool.

In order to evaluate the effective liposomes release from the hydro-
gel, liposomes (100 pM) were added to the D-PBS used for the prepa-
ration of hydrogels (see 2.1 section). After gelation, hydrogels were
submerged in 2 mL of D-PBS and incubated at 37 °C. At different time
points (up to 72 h), the D-PBS was collected and the amount of released
liposomes was measured by Nanoparticle Tracking Analysis (NTA,
NanoSight NS300, Malvern Panalytical, Salisbury, UK) [42]. In this case,
the D-PBS solution in which the hydrogels were immersed was taken at
the selected time points, centrifuged at 15,000 RPM for 30 min at 4 °C to
minimize the presence of SPI particulate matter that might have inter-
fered with the quantification of the liposomes by NTA.

To obtain the kinetic profile of release from hydrogels for up to 6
days, the number of released liposomes was measured as a function of
time. The resulting data were fitted with a sigmoidal function f(t):

f(t) = A - A/(1 + Expl(t - t)/So])

where t is the time measured after the beginning of the release and A, t;,
and Sy free fitting parameters. Namely A represents the normalization
asymptotic value, t; is the time corresponding at half of the total release,
and Sy corresponds to the steepness of the sigmoidal function.

The mesh size determines the diffusion through the hydrogel. If the
size of the mesh is larger than the size of the drug (rmesh/Tdarug >1), the
drug is released by diffusion and the time of diffusion is higher when the
mesh size approaches the drug size (fmesh/Tdrug ~1). On the contrary, if
the drug size is larger than the mesh size (fmesh/Tdrug <1), the release of
the drug depends on the degradation of the hydrogel [15]. Therefore, we
estimate the diffusion coefficient D by using this equation:

Y
B O7TNT d4rug

where kg is Boltzmann constant, 7 is the medium viscosity, and T is the
absolute temperature. These data allowed us to corroborate the type of
release and to assess liposomes’ movement rate.

2.9. Cell culture

The U87-MG cell line was used as an in vitro model of GB. Cells were
maintained in culture in in Dulbecco’s Modified Eagle Medium (DMEM)
High Glucose w/o sodium pyruvate (ECMO0101L, Euroclone, Milan,
Italy) supplemented with 10 % fetal bovine serum (FBS, ECSO180L,
Euroclone, Milan, Italy), 4 mM t-glutamine (ECB3000D, Euroclone,
Milan, Italy), and 100 U/mL penicillin/streptomycin (P/S) (ECB3001B,
Euroclone, Milan, Italy). Cultured cells were maintained at 37 °C in a
humidified environment and 5 % CO,. The NHA (Normal Human As-
trocytes, Lonza) were cultured in complete Astrocytes’ Basal Medium as
described [44].

2.10. Cell viability assay and astrogliosis evaluation

To evaluate the biocompatibility of SPI, U87-MG cells were plated in
a 96-well multiwell (18000 cells/well) and treated with D-PBS condi-
tioned from 24 h hydrolytic degradation of hydrogels, for 72 h, at 37 °C.
To evaluate the biocompatibility of SPI on NHA cells, as model of
healthy brain, cells were plated in a 96-well multiwell (15000 cells/
well) and treated with different doses of SPI dissolved in culture medium
for 24 h, at 37 °C. Moreover, the potential SPI-induced astrogliosis was
verified by measuring the GFAP levels of NHA cells as described [PMID:
35008528], after treatment with 2 mg/ml of SPI. Briefly, after incuba-
tion cells were lysed in RIPA buffer. Then, 10 pg of total proteins was
loaded into gel pre-cast 4-12 % Bis-Tris followed by immunoblotting


pmid:35008528
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Fig. 1. Characterization of hydrogels. (A) Absorption capacity of the aqueous phase by SPI powder for the formation of hydrogels at 18 % w/v and 20 % w/v. (B)
Representative image obtained by Cryo-EM of the internal structure of the 18 % w/v hydrogel. (C) Evaluation of the swelling capacity of 18 % w/v and 20 % w/v SPI
hydrogels, at different times. (D) Alteration of the viscosity of hydrogels at 15 % w/v, 18 % w/v, 20 % w/v SPI as the shear rate increases. (E) Flow curves diagram of
hydrogels at 15 % w/v, 18 % w/v, 20 % w/v SPI useful to determine the yield points. Data are expressed as a mean -+ standard deviation. Statistical significance was

considered at p < 0.05 determined by Student’s t-test.

analysis using anti-GFAP antibody (1:1500, Dako, Milano, Italy). GFAP
bands were visualized by an enhanced chemiluminescence system using
Amersham Imager 600 (GE Healthcare Srl, Milano, Italy). All the data
were normalized to a-vinculin (anti- a -vinculin 1:1000, Cell Signalling,
Milano, Italy).

U87-MG cells were treated with LIPO-DOX, both from the original
preparation or released from the hydrogel after 24 h, to evaluate their
anti-tumor capacity. Cells were treated with liposomes containing 5 pg/
mL, 10 pg/mL or 25 pg/mL of DOX for 72 h at 37 °C, 5 % CO». At the end
of incubation, cell viability was assessed by MTT assay as described
[41]. Cell viability was calculated compared with untreated cells used as
control (100 % viability).

Results are presented as the mean of three independent standard
deviation experiments.

2.11. Preparation of “donut-like” 3D-bioprinted model

The 3D-bioprinted GB model was generated as already reported [45].
Briefly, a hybrid ink based on gelatin (GE-MF, gelatin functionalized
with methyl-furan), chitosan (CH-MF, chitosan functionalized with
methyl-furan) and maleimide-star-PEG (PEG-Star-MA) was generated by
Diels-Alder reaction. GE-MF (66 mg) and CH-MF (34 mg) were dissolved
in 1.5 mL of PBS at 37 °C and vortexed until complete dissolution.
PEG-Star-MA (5 mg) was dissolved in 0.5 mL of PBS at RT, added to the
GE-CH hybrid solution, and mixed. The GE-CH solution was left for 30
min under UV light for further sterilization and 2 h at 37 °C to obtain
partial network formation of the hydrogel solution. U87-MG cells (4 x
10%/mL) in complete medium were added to the GE-CH solution (3 mL)
to formulate the final bioink and transferred into a 5 mL bioprinter sy-
ringe. Each construct was bioprinted as an empty cylinder (donut) on 24
multiwell plate using a 22 G nozzle with a 0.41 mm diameter at 50 kPa.
After printing, cells were maintained at 37 °C with 5 % COs. The culture

media were refreshed every day for 5 days.
2.12. Proof-of-concept in vitro using 3D-bioprinted models

SPI-hydrogels loaded with fluorescent Rhodamine-LIPO were injec-
ted in the cavity of 3D-bioprinted models. After different time of incu-
bation, the cell viability in the 3D-bioprinted constructs was evaluated
using a calcein/Hoechst ™ viability kit (Invitrogen), following the
manufacturer’s instructions. Briefly, 1 mL of calcein/Hoechst solution
was added to each bioprinted construct (3 pL calcein and 4 pL Hoechst in
12 mL of PBS). After 40 min of incubation at 37 °C, the stained bio-
printed models were washed three times with PBS before image acqui-
sition. Imaging analysis was performed with a confocal microscopy 10
x Ph objective, with a Z-stack of 6.6 pm each slice.

Cell viability (V) % was calculated as reported in Eq. (1):

V (%) =n/N x 100 (Eq- 1)

Where n = number of living cells and N = number of total cells.
2.13. Statistical analysis

Each experiment was conducted at least in triplicate, and data were
expressed as mean + standard deviation (SD). Statistical analyses were
performed with GraphPad Prism 8, using one-way and two-way ANOVA
by Tukey’s test. Statistical significance was considered at p < 0.05.

3. Results and discussion

The current standard treatment of GB still results in a poor prognosis
for recurrent patients. Therefore, other therapeutic strategies and novel
interventions should be developed. Local delivery of chemotherapeutics
and/or adjuvant agents poses an interesting route to potentially improve



F. Viale et al.

Journal of Drug Delivery Science and Technology 96 (2024) 105672

(A) (B) (@
010 = ° T i ~ 100 8000 8000 *** p< 0.001
T 95
s + I (7] 6000 6000 I
= z 14 3 = =
£ 009 Do 2 £ * p<0.01 E
s k. B 2 4000
z 8 3 Z 4000 T‘ S -
o o
) o= 7] ==
0.08 } o 2000 2000
0.00-——T— — T T 10 =
0 1 3 6 24 48 72 N
- 1 1 o T T T
Time (h) 24 72 24 48 72
20% wiv o 18%wiv Time (h) Time (h)

Fig. 2. Degradation of hydrogels. (A) Hydrolytic degradation of hydrogels over time, determined by measuring the loss of hydrogels weight over time, maintaining
hydrogels in D-PBS or aCSF at 37 °C. (B) Amount of SPI released from hydrolytic degradation of 20 % SPI hydrogels over time, maintaining hydrogels in D-PBS or
aCSF at 37 °C. (C) Amount of SPI released from 20 % SPI hydrogels in presence of KLK6 over time. Data are expressed as a mean + standard deviation. Statistical

significance was considered at p < 0.05 determined by Student’s t-test.

the GB outcomes. Among them, biomaterials for controlled release of
therapeutics are well suited to applications against GB recurrence.

In this scenario, our proposal is to generate a natural, biocompatible
and biodegradable hydrogel that can be introduced directly inside the
post-surgical cavity for controlled release of nanomedicines with the
final aim to reduce the possibility of GB recurrence (Scheme 1-Graphical
Abstract).

Pure SPI-based hydrogels were physically fabricated by a heating
gelation process. Five SPI densities (10, 15, 18 and 20 % w/v) were
utilized to prepare hydrogels. In order to obtain an SPI solution suitable
for injection (i.e. not too thick and not too liquid), 18 and 20 % w/v of
SPI were selected.

Cylindrical hydrogels of 1.5 + 2 cm diameter, 1 £+ 0.5 cm high and
0.5 + 0.02 g weight were obtained. Hydrogels showed light brown color
with an overall homogenous appearance (Supplementary Fig. 1). The
hydrogels formation is based on electrostatic interactions, disulfide
bonding and hydrogen bonding between SPI subunits, as described [32].
Hydrogels were characterized by determining water absorption and
swelling capability. Results showed that the water content of 18 and 20
% w/v SPI hydrogels significantly decreased, 81.67+% and 78.15+ %
respectively (Fig. 1A), as the protein content increased accordingly to
the literature [32]. The high water content of hydrogels contributes to
their softness and flexible consistency, which are key parameters to
avoid a mechanical mismatch between the biomaterial and the soft brain
tissue [46].

Using Cryo-EM microscopy, an image of the morphology and internal
structure of hydrogels was obtained (Fig. 1B). Hydrogels exhibit protein
networks and pores that can allow the passage of fluids allowing the
absorption and subsequent swelling of the hydrogels, as well as allowing
the release of nanoparticles to the external environment. Pores of
approximately 25-100 nm were visible, likely due to air bubbles intro-
duced during the SPI homogenization, as suggested by Chien et al. [32].
No significant differences were observed between 18 % w/v and 20 %
w/v hydrogels.

Considering that the brain consists of roughly 80 % water [47], it is
important to determine the swelling behavior of hydrogels because it
represents a critical parameter that can affect the intracranial hyper-
tension following the implant. The swelling % of hydrogels was deter-
mined by soaking them in D-PBS and measuring the weight increase
over time. 18 and 20 % w/v hydrogels were subjected to swelling,
actually hydrogels’ weight increased by about 20 % in 1 h. After that
time, hydrogels’ weight remains constant over time. At longer times the
swelling tended to decrease (i.e. ~11 % at 72 h), probably due to hy-
drolytic degradation of the hydrogels (Fig. 1C). This result suggests that
hydrogels retain a significant aqueous fraction within their structure
without dissolving in water. After swelling, no appreciable changes in
size of hydrogels were observed. Almost the same results were obtained
substituting D-PBS with aCSF, a buffer solution with a composition
representative of cerebrospinal fluid [33,34].

To investigate the mechanical properties of hydrogels, a rotational
rheometer was used. In the steady-state flow test, it was observed that
the viscosity of hydrogels decreased very markedly with the increasing
shear rate, indicating a pronounced shear-thinning behavior (Fig. 1D),
as reported for other type of hydrogels [48]. The viscosity of SPI
hydrogels decreases of about five orders of magnitude as the shear rate
increases from 0.1 to 1000 s~!. Such strong shear thinning is a highly
desirable feature to make materials injectable through syringes, while
the rapid recovery to high viscosity leads to high shape fidelity [48,49].

A better picture of the hydrogel’s flow behavior can be gained from
the stress—shear rate portion (Fig. 1E), from which it is possible to
determine the yield point, i.e. the critical shear rate value required for
the destruction of the spatial network, after which the hydrogel is able to
exhibit fluidity [50]. The results showed that the yield point increases
with an increase in the concentration of the SPI, from 602 Pa for the 18
% to 860 Pa for the 20 % w/v hydrogels. These values are in the range of
stiffness of normal brain tissue that is 0.1-1 kPa [51,52].

Considering that, hopefully, these hydrogels will be implanted in a
delicate biological tissue, i.e. the brain, the hydrolytic and enzymatic
degradation of the biomaterial were evaluated. Both hydrogels
demonstrated similar mass loss degradation profiles in D-PBS (or aCSF)
over 3 days in vitro, reaching a maximum loss around 10 % of SPI
(Fig. 2A). As a corroboration, we measured the total protein content of
the maintaining D-PBS to confirm the lost quantity of SPI (Supplemen-
tary Fig. 2).

Considering that glycinin and p-conglycinin are the major compo-
nents of the SPI [53],we checked the enzymatic degradation of hydro-
gels using KLK6, a secreted serine protease abundantly expressed in the
central nervous system [39,40,54], and also present in mouse brain
where hydrogels will be tested (Supplementary Fig. 3). Results showed
that KLK6, used at a concentration comparable to that of the brain [40],
was able to increase the hydrogels degradation in comparison to the
hydrolytic ones (Fig. 2B and C). No differences were detected between
18 and 20 % w/v hydrogels (data not shown).

The biodegradability feature of these hydrogels represents an
advantage in the interstitial therapy, because it will not require a second
surgery to remove the biomaterial, but it will be physiologically elimi-
nated. Moreover, considering the degradation rate of hydrogels, it is
possible to speculate that they will be completely eliminated within 2
months after implantation. However, improvements in the fabrication
protocol will be further investigated in order to control hydrogels’
degradation over time.

The SPI released from hydrogel after 24 h of hydrolytic degradation
has been used to treat U87-MG and NHA cells to evaluate the potential
cytotoxicity. The results (Supplementary Figs. 4A and B) showed that
the cell viability of both cell lines was not reduced by SPI treatment,
confirming the biocompatibility of the material. This is in accordance to
the already investigated in vivo biocompatibility features of 18 % w/v
SPI hydrogels [32]. Moreover, measuring the GFAP levels, no significant
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Fig. 3. Characterization of liposomes. (A) Representative cryoEM image of 100-nm sized liposomes. (B) Physicochemical parameters of liposomes measured by

DLS and Z-Pals devices. Data are expressed as a mean =+ standard deviation.
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Fig. 4. Operetta CLS imaging of Bodipy-labeled liposomes embedded in a 20 % w/v SPI-hydrogel observed at 20 x magnification. (A) Green channel: liposomes-
bodipy. (B) Red Channel: SPI hydrogels prepared using Rhodamine-D-PBS. (C) Merge of the two signals. (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)

differences were detected between untreated or treated NHA cells
(Supplementary Fig. 4C), suggesting that SPI did not induce astrogliosis
in vitro.

In the forecast to exploit the biomaterial herein fabricated as a
platform to control the nanomedicines release, liposomes were
embedded into hydrogels as a model of drug delivery system. We have
selected liposomes because it has been previously reported that they do
not affect the physico-mechanical features of hydrogel [55]. Conven-
tional liposomes of size ranging from 50 to 400 nm were prepared. A
representative cryo-EM image of 100-nm sized liposomes is shown in
Fig. 3A. The image reveals spherical, unilamellar vesicles homoge-
neously distributed in vitreous ice, with diameters ranging from 80 to
120 nm.

The physico-chemical characterization (Fig. 3B) showed that lipo-
somes had a uniform size distribution (PDI <0.2) with a diameter that

(A)

100
90+
80
70+
60

204
15
10

% Release

0 T T
50 100 150 400

nm

reflects the pores size of the extrusion filters. The {-potential measure-
ment showed that the net surface charge of liposomes was negative (<-
20 mV). This suggests that the dispersions are stable and not prone to
aggregation [56].Moreover, monitoring the liposomes size by DLS no
significant changes in diameter was detected upon incubation in D-PBS
or aCSF for up to 5 days, indicating the stability of the liposomes
dispersion accordingly to data present in literature [57]. This is probably
due to the present of cholesterol that exerts a vital role in the stability of
the liposomal membrane [58].

The Operetta CLS imaging of the hydrogel shows that fluorescent
labeled liposomes displayed a homogeneous distribution within the
scaffold without any significant aggregation being visualized (Fig. 4).
Similar liposomal distribution was previously observed in chitosan/
gelatin hydrogels by Ciobanu et al. [59] and in gelatin methacryloyl
hydrogels [60].
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Fig. 5. Release of liposomes from hydrogels. (A) Release rates of liposomes with different diameters (50, 100, 150, 400 nm) from 18 % SPI hydrogels in 24 h, at
37 °C. Data are expressed as a mean + standard deviation. F4 19y = 577.2; p > 0.001. (B) Release rates of liposomes with different diameter (50, 100, 150, 400 nm)
from hydrogels at 20 % SPI in 24 h, at 37 °C. F(4, 10) = 490.7; p < 0.0001. These results were obtained by measuring the number of liposomes released by

NanoSight technology.
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Fig. 6. Characterization of doxorubicin-liposomes and their release from hydrogels. (A) Representative cryoEM image of doxorubicin-liposomes. (B) Physi-
cochemical parameters of doxorubicin-liposomes determined by DLS and Z-Pals device. (C) Release kinetics of doxorubicin-liposomes from 18 % SPI hydrogels at
different times, at 37 °C. (D) Release kinetics of doxorubicin-liposomes from 20 % SPI hydrogels at different times, at 37 °C. The continuous lines represent a fit to the
data with a sigmoidal function (see text for details). These results were obtained by measuring the number of liposomes released by NanoSight technology. Data are

expressed as a mean + standard deviation.

Hydrogels loaded with liposomes were submerged in D-PBS and
incubated at 37 °C. After 24 h, the D-PBS was collected and the amount
of released liposomes was measured by Nanoparticle Tracking Analysis.
In this way, it is possible to determine the integrity of liposomes on the
base of their size.

The results showed that the release of liposomes decreased with the
increase of their size for both hydrogels tested (Fig. 5). Comparing the

120=

Cell viability (%)

nt 5 10

25 5 10 25 5 10

LIPO-DOX released  LIPO-DOX released
from 18% SPI hydrogel from 20% SPI hydrogel

25 pg/mL of DOX

LIPO-DOX
original sample

Fig. 7. Cell viability of U87-MG after treatment with doxorubicin-
liposomes released from hydrogels. U87-MG cells were treated with
doxorubicin-liposomes (LIPO-DOX) released from hydrogels in 24 h and cells
viability was assessed by MTT assay. Cells were treated with different doses of
doxorubicin (DOX) embedded in liposomes released from hydrogels.
Doxorubicin-liposomes (original sample) not released from hydrogels were used
as a control. Data are expressed as a mean =+ standard deviation. ****p <
0.0001, ***p < 0.0002, **p < 0.002.

release of 50 nm liposomes between the two hydrogels tested, a lower
release (—15 + 5 %) was measured from 20 % w/v hydrogels, suggesting
that the higher SPI concentration can affect the hydrogel architecture. In
general, 50-nm sized liposomes were almost completely released in 24 h,
whereas the release of 400-nm sized liposomes was negligible.

Calculating the diffusion coefficient, which depends on the radius of
liposomes and the viscosity of the hydrogel, we can infer that liposomes
are continuously released by diffusion or by degradation of the bioma-
terial since their rate is included between 10 '8 and 10 *° m?s~!, much
slower in comparison to the diffusion coefficient of drugs or liposomes
from polymer-based hydrogels, that is approximately between 107'2
and 108 m?s7! [61,62]. Contrarily to <150-nm liposomes that were
released by diffusion, 400-nm sized liposomes were released by hydro-
lytic degradation.

These results suggest that combining the liposomes size with the % of
SPI, it is possible to design a hybrid biomaterial system for controlled
and sustained nanoparticles release, contributing to address various
biological and medical challenges [63]. Furthermore, these results
confirm that the particle size has great impact on their diffusion effi-
ciency [64].

Moreover, since liposomes are released intact, we can speculate that
the hydrogel provides a protective layer for encapsulated liposomes
preventing the liposomes degradations, as suggested for other liposome-
in gel systems [65,66].

Finally, to verify if liposomes released from the hydrogels were
pharmacologically active we fabricated hydrogels embedding liposomes
loaded with the chemotherapeutic doxorubicin (LIPO-DOX), as a model.
As shown in Fig. 6A, entrapped DOX induce a change in liposomal shape,
resulting in a characteristic “coffee bean”-structure, similarly to data
present in literature [67]. LIPO-DOX showed a diameter of about 130
nm, were monodispersed and negatively charged. The encapsulation
efficiency (EE %) was about 94 %, with a drug/lipid ratio of 0.3 nmol
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Fig. 8. Proof-of-concept in vitro using 3D-bioprinted model. (A) Image and graphical representation of a 3D model of GELCH hydrogel composed of gelatin-
chitosan and U87-MG cells, at the center of which an 18 % SPI hydrogel containing LIPO-ROD was added. (B) Summary table of cell viability % at three
different time-point. Data are presented as average of cell viability % + SD, with n > 8. (C) Images obtained by confocal microscopy at 24 h. Cell nuclei are marked in
blue; liposomes in red; live cells in green. The last panel represents an orthogonal view of bioprinted construct obtained by Fiji ImageJ (merged signals; in yellow the
co-localization between tumor cells and liposomes released from hydrogels). (For interpretation of the references to color in this figure legend, the reader is referred

to the Web version of this article.)

drug/pmol lipids (Fig. 6B).

The amount of LIPO-DOX released from hydrogels over time was
estimated by measuring the DOX fluorescence and the number of lipo-
somes by NTA in the D-PBS were hydrogels were submerged. The results
(Fig. 6C and D) showed that in the first 48 h liposomes were progres-
sively released overtime, allows us to hypothesize that the liposome
release kinetics are primarily dominated by diffusional liposome efflux
with negligible contributions from the hydrogel degradation. At longer
times, it was detected an increase of liposomes release, up to 50 & 10 %,
probably due to the contribution of hydrolytic degradation of hydrogel.
No differences were detected between the two hydrogels tested. The
release profile obtained by measuring the DOX fluorescence was su-
perimposable, confirming that liposomes are released intact from
hydrogel.

LIPO-DOX released from hydrogels were used to treat U87-MG cells.
Cell viability was determined by MTT assay. Results showed that the cell
viability decreased by increasing the LIPO-DOX concentration, sug-
gesting that liposomes were still active in affecting cell viability after
being released from hydrogel. Moreover, their effectiveness was com-
parable to that of original liposome samples (Fig. 7). This is an important
issue in the context of the design of implantable biomaterials for drug-
loaded nanoparticles release, because it is important to guarantee the
release of intact nanoparticles in order to control the delivery of the
embed drug. This is of particularly relevance if nanoparticles are surface
functionalized to target a particular cell population.

To simulate the resected cavity as closely as possible, we developed a
3D model that mimics the shape of a hollow cylinder embedding U87-
MG cells. After 5 days of culture, the hole of 3D bioprinted structures
were filled with hydrogels containing plain liposomes to check the
bioadhesive properties of hydrogels and the release and diffusion of li-
posomes (Fig. 8A). Given the complexity of the 3D system, it was
decided to use higher concentrations of liposomes in soy hydrogels
compared to 2D studies.

The results showed that the cell viability was about 70-75 %, thus

confirming the biocompatibility of the implant (Fig. 8B). Furthermore, it
is possible to qualitative observe a greater cellular uptake of liposomes
(in red) already after 24 h of incubation, confirming the ability of
hydrogels to release liposomes and that they are able to diffuse from
hydrogels, targeting GB cells in a model with a complex extracellular
matrix-like network and a 3D structural organization (Fig. 8C).
Culturing U87-MG cells in 3D can better mimic what happens in vivo,
which makes it possible to study behavior in a more natural environ-
ment [68,69].

A weak adhesiveness of the hydrogel within this 3D model was
noticed, probably due to the 3D morphology of the model and the hy-
dration of the construct in which it was injected. This issue deserves
further investigations.

4. Conclusions

Liposomes loaded with a model drug, doxorubicin, were entrapped
in SPI-based hydrogels to control the release profile of the nanomedicine
with the future aim to have an implantable biomaterial useful to treat GB
relapse, with biodegradability and biocompatibility features. It has been
shown that SPI hydrogels possess gelling times and temperatures
appropriate to the intended use, the gelation process occurs in the
absence of chemicals and they are biocompatible and biodegradable. By
modulating the different parameters of the system (% of SPI and lipo-
somes size), it is possible to obtain a sustained delivery of intact and
active doxorubicin-liposomes. The versatility of liposomes (different
sizes, different composition, different lamellarity, different surface
functionalization) and hydrogel biomaterials (the % of SPI, the in situ
gelling features) will give the possibility to fine tune the design of these
systems to be used whenever controlled drug release is required. How-
ever, different aspects need to be improved. Future studies will focus on
investigating the possible interaction between the cells of the central
nervous system (healthy cells, cells in the tumor microenvironment,
matrix components) and the hydrogel. Moreover, the validation of the
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implant in animal models will be necessary.
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