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Abstract

The objective of this work was to develop an implantable therapeutic hydrogel that will ensure
continuity in treatment between surgery and radiochemotherapy for patients with glioblastoma
(GBM). A hydrogel of self-associated gemcitabine-loaded lipid nanocapsules (LNC) has shown
therapeutic efficacy in vivo in murine GBM resection models. To improve the targeting of GBM cells,
the NFL-TBS.40-63 peptide (NFL), was associated with LNC. The LNC-based hydrogels were formulated
with the NFL. The peptide was totally and instantaneously adsorbed at the LNC surface, without
modifying the hydrogel mechanical properties, and remained adsorbed to the LNC surface after the
hydrogel dissolution. In vitro studies on GBM cell lines showed a faster internalization of the LNC and
enhanced cytotoxicity, in the presence of NFL. Finally, in vivo studies in a murine GBM resection model
proved that the gemcitabine-loaded LNC with adsorbed NFL could target the non-resected GBM cells
and significantly delayed or even inhibited the apparition of recurrences.
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Introduction

Glioblastoma (GBM) is the highest-grade glioma tumor according to the World Health Organization
and the most common primary tumor of the central nervous system in adults [1]. It is often diagnosed
in old and middle-aged patients (average age at diagnosis is 65 years old), with an incidence of 3.23
cases per 100,000 individuals. Recent data from the Central Brain Tumor Registry of the United States
(CBTRUS) reports that the median survival for all patients with GBM is 8 months regardless of
treatment, with a five-year survival rate of 7.2% [2,3]. The aggressiveness of GBM is due to high
infiltration and rapid proliferation of tumor cells, and to important intra- and inter-tumor
heterogeneity leading to global chemoresistance [4]. The standard of care for GBM includes
neurosurgery with maximal tumor resection, followed by Stupp’s protocol: radiotherapy and
concomitant oral administration of temozolomide (TMZ), a non-specific alkylating agent [5]. Among all
concomitant and/or adjuvant approved therapeutic agents (lomustine and carmustine in the 70’s),
TMZ led to the best therapeutic efficacy in the clinic with a median survival of 14.6 months, and a 5-
year survival rate of 10%, again confirmed by a recent meta-analysis [6]. Despite this prolonged
survival, this gold standard is not curative, and does not allow the elimination of all GBM cells: most
fatal tumor recurrences occur at the periphery of the primary tumor resection [7]. This protocol has
not evolved since 2005, and it is now urgent to improve the management of patients with GBM with
new therapeutic alternatives.

Two strategies stand out among all preclinical studies dealing with this pathology. The first is to
improve the passage of therapeutic agents through the blood-brain barrier (BBB) using specific
nanodrug delivery system, alone [8], or in combination with physical methods that transiently increase
the barrier’s permeability [9,10]. The second approach is the local delivery of drugs directly to the
tumor or in the GBM resection cavity [11-13]. In preclinical models of brain cancer, a recent meta-
analysis highlighted the increased efficacy of local administration over systemic treatment, irrespective
of the drug, the drug delivery system or the in vivo preclinical model [14]. Local treatment is particularly
attractive since resection of the primary tumor is part of the clinical standard procedure. In 1998, the
US Food and Drug Administration approved the Gliadel® wafers as the first post-operative implant
against newly diagnosed or recurrent GBM. These wafers are polymer microspheres (composed of
Polifeprosan 20) loaded with the alkylating agent carmustine, and compressed into solid discs [15,16].
A retrospective analysis on patients that had received a first diagnosis of GBM between 1997 to 2006,
showed that the addition of Gliadel® to Stupp’s protocol increased median survival in comparison to
Stupp's protocol alone, i.e. 20.7 months (33 patients) vs 14.7 months (45 patients), respectively [17].
Even though the efficacy of the Gliadel® wafers combined with Stupp's protocol was proven by other
clinical trials involving newly diagnosed GBM patients [18], risk-to-benefit ratio and high costs still limit
its clinical use [19,20]. The rigidity of the wafers contributes to several severe side effects after
implantation: seizures, intracranial hypertension, meningitis, cerebral edema, and poor wound healing
[19,21]. Moreover, these adverse effects are enhanced by the slow degradation of the polymer wafers:
implant remnants were observed during autopsies and reoperations, as long as 232 days post-
implantation (Food and Drug Administration. Reference ID 3358686. Available at:
https://www.fda.gov/). In addition, some limits were observed in vivo such as a fast release of
carmustine (about 75% of the drug released in the first week after implantation) [22], a limited



diffusion in the tissue surrounding the resection cavity, and non-specificity of the drug toward residual
GBM cells [21,23,24]. Hence, local therapy of GBM could benefit from improvements in the drug
delivery system, as well as the therapeutic payload.

To overcome the limits in stiffness and biodegradability of current implants, we recently developed
polymer-free hydrogels composed of lipid nanocapsules (LNC). In this system, the hydrogel scaffold
results from the association of concentrated suspensions of LNC, decorated at the oil/water interface
with amphiphilic crosslinking agents. Examples of cross-linking agents include cytotoxic 4-N-lauroyl
gemcitabine (GemC12), and non-cytotoxic 4-N-palmitoyl cytidine (CytC16). The H-bond interactions
between the pyrimidine moieties lead to the crosslinking between nanoparticles [25,26]. A key
advantage over other nanoparticle-loaded systems is that the hydrogel fully degrades by releasing
Gem-C12- or CytC16-loaded LNC, without residual polymers or crosslinking agents [27]. Such a system
was successfully tested in tumor murine models i) to delay the appearance of mediastinal metastases
during lung cancer progression after a subcutaneous administration [28], and ii) to delay GBM
recurrence, filling the resection cavity after surgery. In an orthotopic murine model of surgically
resected U-87 MG GBM, the administration of hydrogels prepared with GemC12-loaded LNC
significantly delayed the apparition of fatal recurrences compared to local administration of equivalent
doses of gemcitabine solution: median survivals of 62 vs. 36 days, respectively [29]. Unlike a liquid,
implantation of the hydrogel in the resection cavity sustains the exposure of residual GBM cells to the
drug. This increased antitumor activity was also observed in a rat model of orthotopic GBM resection
[30]. In addition, this original drug delivery platform can be used to combine drugs with different
mechanisms of action and achieve improved in vitro antitumor efficacy in GBM cell lines [31]. Finally,
short- and long-term studies in healthy mice suggested that hydrogels composed of GemC12-loaded
LNC were well-tolerated, for 2 and 6 months after implantation [29,32].

LNC-based hydrogels have demonstrated their potential for the local treatment of GBM. However, the
LNC released from the hydrogel do not have inherent tropism for GBM cells. As with Gliadel® wafers,
this lack of specificity could result in off-target toxicities. Hence, we propose to decorate the surface
of LNC with a targeting ligand, to explore the potential of combining active targeting with local,
sustained administration. In the literature, suspensions of ligand-decorated nanoparticles are
commonly used to target GBM cells, GBM cancer stem cells, tumor-associated myeloid cells and the
extracellular matrix [33]. Previously, we used the NFL-TBS.40-63 peptide (NFL) to improve the in vitro
cellular uptake of LNC suspensions by GL261 cells, compared to LNC without NFL [34,35]. The NFL
peptide corresponds to the tubulin-binding site on the light neurofilament subunit and it selectively
enters various GBM cell lines (9L, F98, GL261, T98G and U-87 MG) in vitro [34,36-39]. Due to its cationic
nature, the peptide partially adsorbs to the surface of LNC in suspension, by simple incubation at room
temperature. Treatment of GL261 cells with suspensions of NFL-functionalized LNC containing
paclitaxel resulted in decreased in vitro proliferation, and slightly reduced tumor progression
compared to non-functionalized LNC loaded with paclitaxel [34]. In this study, the mice bearing
orthotopic GL261 cell xenografts received one single intra-tumor injection of paclitaxel-loaded LNC.

Our hypothesis is that sustained delivery of LNC could enhance the targeting efficacy of NFL. Combining
the NFL and the LNC-based hydrogel required modifying the gel preparation method and ensuring that
the adsorption of the peptide did not disrupt the mechanical and releasing properties of the hydrogel.



We then evaluated the in vitro efficacy of the LNC released from the hydrogels, both in terms of specific
targeting to GBM cells and improved cytotoxicity. Finally, using a murine model of GBM resection, the
in vivo efficacy of the LNC-based hydrogels has been determined, also in terms of brain distribution
and improved survival.

Materials and Methods

Materials

Kolliphor® HS15 (Kol) was purchased from BASF (Ludwigshafen, Germany). Labrafac® WL 1349 (Lab)
was provided by Gattefossé S.A. (Saint-Priest, France). NaCl was purchased from Prolabo (Fontenay-
sous-bois, France). Deionized water (Water) was obtained from a Milli-Q plus® system (Millipore,
Bilerica, United States). The biotinylated NFL-TBS.40—63 peptide (NFL) was synthesized by the
PolyPeptide group (Strasbourg, France). Span® 80 (Span80), sodium cholesteryl sulfate (SChol), and
didodecyldimethylammonium bromide (DDAB) were supplied by Sigma-Aldrich (Saint-Quentin-
Fallavier, France). GemC12 and CytC16 were synthesized as already reported [26]. Acetone, 1,1'-
dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine  perchlorate (Dil), 1,1'-dioctadecyl-3,3,3’,3'-
tetramethylindodicarbocyanine 4-chlorobenzenesulfonate (DiD) and 4-(p-dihexadecylaminostyryl)-N-
methylpyridinium iodide (DiA) were purchased from Thermo Fisher Scientific (lllkirch-Graffenstaden,
France).

LNC suspension formulation and incubation with NFL

The LNC formulation was an already reported and patented emulsification method: a phase-inversion
process from oil-in-water emulsion at low temperature to water-in-oil emulsion at high temperature
[26,40]. The quantities of oil phase (Lab), agueous phase (Water and NaCl) and surfactants (Kol, Span80
w/ or w/o SChol or DDAB) were precisely weighed for each formulation (See supplementary Table S1
for the compositions). To summarize, anionic (with SChol), cationic (with DDAB) and neutral (without
SChol nor DDAB) LNC have been made with a Span80 weight composition of 27% (w/W.q») and neutral
LNC have been made with additional Span80 compositions of 0 and 54% (w/Wia). Briefly, 3
temperature cycles, from 40 to 90°C, were performed under magnetic stirring. During the last cooling
step, 1.833 mL of cold Water (4°C) was added at the temperature of the phase inversion zone (between
50 and 75°C depending on the formulation), always under magnetic stirring, leading to the LNC
suspension. Then, the LNC suspensions were cooled under magnetic stirring for 5 min until reaching
room temperature. For all the formulations, the final LNC concentration in the suspension is constant:
428.6 mg/mL and the LNC suspensions were stored at 4°C. After their characterizations, 350 L of the
LNC in suspension and 150 pL of NFL at 5, 10 or 15 mg/mL solubilized in Water were mixed for 30 sec
(vortex) or 1 h (magnetic stirring) at room temperature. The final concentration of LNC in suspension
was 300 mg/mL while the final concentrations of NFL peptide were 1.5, 3 or 4.5 mg/mL.

LNC-based hydrogel formulation with or without NFL

The LNC-based hydrogel formulation was based on the same phase-inversion process [25,26,29-32].
The quantities of oil phase (Lab), aqueous phase (Water and NaCl) and surfactants (Kol, Span80, w/ or
w/o SChol or DDAB) are the same that for LNC suspension formulation (see supplementary Table S1)
and GemC12 or CytC16 were added to obtain the hydrogel. All ingredients were precisely weighed for



each formulation. To summarize, neutral LNC-based hydrogel (Span80 27% (w/w.a)) were done with
GemC12 7.5% (w/wia) or CytC16 2.5 or 5% (w/w.w); anionic LNC-based hydrogel (Span80 27%
(W/Wiab)) were done with GemC12 7.5% (w/Wiab) or CytC16 2.5 or 5% (w/wias); and cationic LNC-based
hydrogel (Span80 27% (w/w.a)) were done with CytC16 at 5% (w/Wiqa). Briefly, GemC12 or CytC16
were first solubilized in a mixture of Lab, Span80 and acetone. Acetone was evaporated before the
addition of Kol, NaCl, and Water. The rest of the formulation process was the same as for the LNC
formulation for the temperature cycles and the addition of cold Water at the phase inversion zone
during the third cooling step. When the formulation reached 37°C, 2.5 mL of Water or NFL at 5, 10 or
15 mg/mL (dissolved in Water) were added under magnetic stirring and syringes were filled with the
suspensions before the increase in viscosity, already observed with the LNC-based hydrogels, even
without NFL [25,26]. Syringes were stored at 4°C and the gelation process was achieved after 24 h.
LNC-based hydrogels were also designed with fluorescent dyes loaded in the LNC. For this purpose,
DiA or Dil or DiD were first solubilized in Lab and Span80 at the concentration of 0.4% (w/w.q) before
to add GemC12 or CytC16. The final concentration of LNC in the hydrogels was 300 mg/mL while the
final concentrations of NFL were 0, 1.5, 3 or 4.5 mg/mL.

Pictures of LNC-based hydrogels by confocal microscopy

LNC-based hydrogels loaded with Dil or DiA 0.4% (w/w.a), before or after dissolution in Water, were
analyzed by confocal microscopy using a Leica TCS SP8 AOBS confocal laser scanning microscope (Leica
Microsystems, Germany) equipped with an HC PL APOCS2 63X/ON 1.4 (Oil immersion) objective. Dil
was excited with the 561 nm line of a diode laser (20 mW) while DiA was excited with the 488 nm line
of an argon-ion laser (40 mW). The fluorescence emission was collected using a gateable GaAsP hybrid
detector (between 565 and 624 nm and between 492 and 627 nm, for Dil and DiA, respectively). The
scan rate for the acquisition of micrographs was 400 Hz, and data were stored as 1024 pixel 8-bit.

Size distribution and zeta potential measurements

The size distribution: hydrodynamic diameter (Z-ave) and polydispersity index (Pdl), and zeta potential
(ZP) of both LNC in suspensions and LNC-based hydrogels (before the completion of gelation) were
measured using a Zetasizer® Nano ZS (Malvern Panalytical Ltd., United Kingdom). The quasi-elastic
light scattering instrument is equipped with a 4-mW Helium—Neon laser with an output wavelength of
633 nm and a scattering angle fixed at 173°. The correlation functions were fitted using an exponential
fit (Cumulant approach) for the Z-ave and Pdl determinations. The Smoluchowski approximation was
used to determine the electrophoretic mobility required for ZP determination. All the measurements
were performed at 25°C at a LNC suspension concentration of 5 mg/mL (dilution in Water).

Rheological properties

The viscoelastic properties of the LNC-based hydrogels after completed gelation, extruded from
syringes without needle, were measured at 25°C using a Kinexus® rheometer (Malvern Panalytical Ltd,
United Kingdom) with a cone plate geometry (diameter: 40 mm, angle: 2°). Oscillatory strain sweeps
at a constant frequency of 1 Hz were performed to determine the linear regimen characterized by the
constant dynamic moduli (elastic modulus: G’ and viscous modulus: G”), independent of the strain
amplitude. In this regimen (0.1% constant oscillatory strain amplitude), G’ and G” were measured as a
function of oscillatory frequency (from 0.1 to 10 Hz) to determine the viscoelastic properties. In
addition, the flow behaviors of the LNC-based hydrogels were evaluated at 25°C measuring the



viscosity variation as a function of controlled shear rates ranging from 0.1 to 100 s. Two cycles with
successive increasing and decreasing shear rates were performed to characterize the thixotropic
behavior.

UPLC quantification of free NFL in the LNC suspensions or in the LNC-based hydrogels

The free NFL concentrations in the LNC-based hydrogels or the LNC suspensions were measured using
an Acquity® H-Class Bio UPLC apparatus (Waters, France) as already reported [40]. Briefly, after the
LNC-based hydrogel dissolution in Water or the use of LNC suspensions at the same concentration, the
LNC suspensions with adsorbed or free NFL were filtered through 0.22 um. The separation between
the NFL-adsorbed LNC and free NFL was carried out using an Acquity UPLC Protein BEH SEC column
(200 A, 1.7 pm, 4.6 mm x 300 mm), with an Acquity UPLC® Protein BEH SEC Guard Column (200 A, 1.7
pum, 4.6 mm x 30 mm, 10 K - 500 K), at room temperature under isocratic conditions (mobile phase:
NaCl at 0.1 M in Water). The flow rate was maintained at 0.3 mL/min, the injection volume was 10 pL,
and the detection wavelength of the UV detector was set to 220 nm. Retention time for NFL-adsorbed
LNC and free NFL were 3.4 and 7.7 min, respectively. A calibration curve from solutions of standards
(NFL from 0 to 500 pg/mL in Water) was used to quantify the free NFL concentrations (determination
coefficient: 0.997).

Release profiles of GemC12, CytC16, NFL and LNC from LNC-based hydrogels and HPLC quantification
The release profiles were obtained over a period of up to two weeks of incubation in Dulbecco's
phosphate buffered saline (DPBS 1X) (Thermo Fisher Scientific, France). Fifty mg of LNC-based
hydrogels were weighed at the bottom of a 200 pL PCR tube (VWR International, United States), filled
with DPBS 1X, and inverted in a 2 mL microtube (STARLAB GmbH, Germany) with a screwable cap
containing a total of 1,500 uL of DPBS 1X and a 2 x 7 mm magnetic stir-bar. The tubes were incubated
at 37°C and continuously stirred at 50 rpm. At specified time intervals, 300 pL of sample were taken
and replaced with an equal volume of fresh DPBS 1X. At the end of the incubation period (14 days),
the residual gel was properly dissolved in the DPBS 1X and analyzed to obtain the total quantity of
analytes encapsulated in the gel. Each sample was split to analyze GemC12/CytC16, and the NFL
separately by high-performance liquid chromatography (HPLC) analysis.

The LNC release from the hydrogel was evaluated by fluorescence measurements (excitation and
emission wavelengths of 488 and 610 nm, respectively, using FluoroMax®-4 spectrophotometer
(HORIBA Jobin Yvon Inc., United States). The proportion of released LNC was calculated using a
calibration curve of DiA-loaded LNC-based hydrogel dissolved in DPBS 1X (determination coefficient:
0.998 — 0.999).

NFL, GemC12 and CytC16 were quantified on an Agilent 1260 infinity Il HPLC equipped with a diode-
array detector, using a Poroshell Infinity Lab 120 EC-C18 column (100 x 4.6 mm, 4 um, Agilent
technologies, United States). The temperature of the autosampler was controlled to 4°C to prevent
sample degradation, and the temperature of the column oven was set to 40°C.

The content of GemC12 and CytC16 was determined without extraction, using 20 L of the release
sample. The mobile phase consisted of Water (TFA 0.1% (v/v)) and methanol (HPLC grade). Separation
was conducted at a flow rate of 1 mL/min, using a gradient: 0 - 2 min: 30% Water; 2 > 10 min: linear
increase until 100% methanol; 10 = 12 min: 100% methanol; 12 = 15 min: return to 30% Water. Under
these conditions, GemC12 had a retention time of 6.87 min, and CytC16 of 9.87 min. Detection was
carried at 250 nm. A calibration curve from solutions of standards in 25 % (v/v) methanol in PBS was



used, with a concentration range of 10 — 120 pg/mL (determination coefficient for GemC12 and
CytC16: 0.998 - 0.999).

For total NFL quantification, 75 pL of the release sample were spiked with 10 uL of internal standard
(vancomycin at 0.5 mg/mL in methanol). Twenty pL of a 5mg/mL tetraethylammonium fluoride
hydrate solution in methanol were added to desorb NFL from sodium cholesteryl sulfate. Liquid-liquid
extraction was done by adding 32.5 plL of methanol and 31.2 puL of chloroform to the aqueous sample.
The biphasic solution was vortexed and an additional 37.6 pL of chloroform and 12.5 uL of 0.5 M
acetate buffer at pH 4.5 were added. After vortexing, the samples were centrifuged at 9,720 g for 5
min. Fifty uL of the upper aqueous phase were collected and transferred to a new tube, 80 uL of
ultrapure Water were added and mixed, before injecting 100 pL in the HPLC. Using the same mobile
phase as above, separation was conducted at a flow rate of 1 mL/min, using a gradient: 0 > 1 min:
77% Water; 1 - 2.5 min: linear gradient until 47% methanol; 2.5 < 5.5 min: 47% methanol; 5.5 - 7.5
min: linear gradient until 100% methanol, and 7.5 = 8.5 min: linear gradient until 77% Water, then 5
minutes of equilibration. NFL was quantified at 210 nm, using the ratio of NFL peak (retention time of
4.37 min) over the peak of the internal standard (retention time of 2.39 min). The calibration curve
was obtained by extracting NFL solutions in PBS as described above (concentration range 0.8 — 4
pug/mL) (determination coefficient: 0.994). To mimic the sample matrix, sodium cholesteryl sulfate, and
LNC in methanol (18 pL) were added to standards and the volume of methanol used in the extraction
was adjusted to 14.5 pL.

Cell culture

U-87 MG human glioma cell line (ATTC, United States) was cultured in Eagle's Minimum Essential
Medium (EMEM) (ATTC, United States) supplemented with 10% Fetal Bovine Serum, and 1% of 10000
U/mL Penicillin G and 10,000 pg/mL Streptomycin (Biowest, France). GL261 and F98 human glioma cell
lines (ATTC, United States) were cultured in high glucose Dulbecco's Minimum Essential Medium
(DMEM) (Sigma-Aldrich, France) supplemented with 10% Fetal Bovine Serum, and 1% of 10000 U/mL
Penicillin G and 10,000 pg/mL Streptomycin. NHA human astrocyte cell line (ATTC, United States) was
cultured in Astrocyte Growth Medium BulletKit medium (Lonza, France) supplemented with ACM
SingleQuot™ kit (Lonza, France).

Internalization

LNC-based hydrogels with CytC16 2.5 or 5% (w/wiq), with or without NFL and loaded with DiA or Dil
0.4% (w/wiap) were first dissolved to reach a LNC suspension concentration of 10 mg/mL (dilution in
Water). Then the LNC suspensions were dissolved in cell culture media at a LNC suspension
concentration of 0.6 mg/mL. U-87 MG, GL261 and F98 cells were seeded in a 12-well plate at 8 x 10*
cells per well for 48 h at 37°C / 5% CO,. NHA cells were seeded in a 12-well plate at 6 x 10 cells per
well for 48 h at 37°C / 5% CO.,. After 3 or 6 h incubation, cells were washed once with DPBS 1X and cell
culture medium without LNC was added once again. Cells were dissociated with trypsin-EDTA 1X
(Biowest, France) at 37°C for 5 min, then centrifuged (140g, 5 min) and suspended in DPBS 1X. This
washing step was repeated 4 times. Trypan blue (0.012% (v/v)) (Thermo Ficher Scientific, France) was
added to the cells before flow cytometry analysis using a MACSQuant® analyzer 10 (Miltenyi Biothec,
Germany) with 5,000 to 20,000 cells analyzed per sample (excitation and emission wavelengths of 488
and 585/40 nm, respectively). For confocal microscopy analysis, the cells were seeded on glass slides.
After the incubation with LNC suspensions, the cells were washed three times 5 min with DPBS 1X and



fixed with PFA at 4% (v/v) (Sigma-Aldrich, France) for 10 min at room temperature. The cells were
washed once again three times 5 min with DPBS 1X and permeabilized with Triton X-100 0.2% (w/V)
(Biowest, France) for 10 min. The cells were washed once again three times 5 min with DPBS 1X and
bovine serum albumin at 5% (w/v) (Biowest, France) for 30 min at room temperature. The cells were
washed once again three times 5 min with DPBS 1X and incubated with a-Tubulin Monoclonal Antibody
Alexa Fluor™ 647 at 2.5 ug/mL (BioLegend, Netherland) during one night at 4°C. The cells were washed
once again three times 5 min with DPBS 1X and incubated with DAPI at 3 uM (Sigma-Aldrich, France)
for 10 min. Finally, the cells were washed once again three times 5 min with DPBS 1X. Cells were imaged
by confocal microscopy (see previous section for the apparatus). DAPI, Dil and Alexa Fluor™ 647 were
excited with the 405 nm line of a diode laser (50 mW), the 561 nm line of a diode laser (20 mW) and
the 633 nm line of a He/Ne laser (10 mW), respectively. The fluorescence emission was collected using
a gateable GaAsP hybrid detector between 408 and 460 nm, between 565 and 624 nm, and between
637 and 755 nm, for DAPI, Dil and Alexa Fluor™ 647, respectively.

Cell viability

LNC-based hydrogels with GemC12 7.5% (w/w.qs), with or without NFL, were first dissolved to reach a
LNC suspension concentration of 10 mg/mL (dilution in Water). Then, the LNC suspensions were
diluted in the appropriate culture media to have GemC12 equivalent concentrations from 0.003 to 10
pg/mL. U-87 MG, GL261 and F98 cells were seeded in a 12-well plate at 8 x 10*cells per well for 48 h
at 37°C / 5% CO,. NHA cells were seeded in a 12-well plate at 6 x 10*cells per well for 48 h at 37°C /
5% CO,. After 3 h (U-87 MG and GL261 cells) or 6 h of incubation (F98 and NHA cells) with the LNC
suspensions, the cells were washed once with Hank’s Balanced Salt Solution 1X (HBSS 1X) and cell
culture media without LNC was added once again. After 24 h (GL261, F98 and NHA cells) or 48 h
incubation (U-87 MG cells), the cells were washed once with HBSS 1X. Resazurin (diluted in media, final
concentration: 0.025 mg/mL) was added to each well, followed by incubation at 37°C / 5% CO; for 3.5
h. The reduction of resazurin to resorufin was assessed using a Clariostar microplate reader (BMG
Labtech, France) at excitation and emission wavelengths of 560 and 590 nm, respectively. Fluorescence
intensity from untreated cells was considered as 100% cell viability (Fluo’), and that from empty wells
was considered as 0% cell viability (Fluo*). Cell viability was calculated using the fluorescence intensity
of treated cells (Fluo®) with the following equation:

Cell viability (%) = 0 ~FUO" 50
ell viability ( o)—mx

Animal experiments

Six-week-old female NMRI nude mice (Janvier, France) were used for the in vivo experiments. Animals
had free access to water and food throughout the experiment and their behavior and body weight
were constantly monitored. All experiments were performed following the Belgian national
regulations guidelines as well as in accordance with EU Directive 2010/63/EU, and were approved by
the ethical committee for animal care of the faculty of medicine of the Université catholique de Louvain
(2019/ UCL/MD/004).

Mice were anesthetized by intraperitoneal injection of ketamine / xylazine (100 and 13 mg/kg,
respectively) and placed on a stereotactic frame to be injected with 4 x 10* U-87 MG cells in the right
frontal lobe with a Hamilton syringe as previously described [29,41]. The injection coordinates were
2.1 mm lateral, 0.5 mm posterior from the bregma and 2.5 mm deep from the outer border of the



cranium. The presence of tumors was determined by Magnetic Resonance Imaging (MRI) performed
on day 10 after the injection as previously reported [29]. On day 14, the tumor was resected according
to the biopsy punch resection model [42]. The resection cavity was filled with 5 pL of a LNC-based
hydrogel.

For the biodistribution study, LNC-based hydrogel with CytC16 5 % (w/Wiab) / DIiD 0.4% (W/Wias) / NO
NFL (n = 2), and the LNC-based hydrogel with CytC16 5 % (W/Wias) / DiD 0.4% (W/Wias) / NFL 4.5 mg/mL
(n = 2), were administered. The animals were sacrificed on day 20. After 6 days of treatment, no
endpoint (body weight loss of more than 20% or body weight loss of 10% plus other clinical signs) was
reached. The brains were extracted, frozen in isopentane at -30°C and stored at -80°C before analysis.
Frozen brain slices (10 um with a Leica cryostat) were fixed with cold methanol on Fisherbrand™
Superfrost™ Plus Microscope Slides (Thermo Ficher Scientific, France). The brain slices were washed
three times for 5 min with DPBS 1X and incubated with DAPI at 3 uM (Sigma-Aldrich, France) for 10
min. Finally, the brain slices were washed once again three times 5 min with DPBS 1X, before montage
with Prolong Diamond (Invitrogen, France). The brain slices were imaged by confocal microscopy (see
previous section for the apparatus). DAPI and DiD were excited with the 405 nm line of a diode laser
(50 mW) and with the 633 nm line of a He/Ne laser (10 mW), respectively. The fluorescence emission
was collected using a gateable GaAsP hybrid detector between 408 and 460 nm and between 637 and
750 nm, for DAPI and DiD, respectively. Images were analyzed using ImagelJ (FlJI 1.53t) software (see
supplementary method for detailed method).

For the survival study, the doses of administered GemC12 and NFL peptide were 2.0 mg/kg and 0.75
mg/kg, respectively. The LNC-based hydrogel with GemC12 7.5 % (w/W.a) / no NFL (n=8), and the LNC-
based hydrogel with GemC12 7.5 % (w/w.a) / NFL 4.5 mg/mL (n=8), were administered. The resection
cavity was not filled for the untreated group (n=8). When the animals reached the endpoints, mice
were sacrificed. The study was not blinded.

Statistical analysis

All the results were expressed as the mean * standard deviation (SD). Statistical analyses of the results
of NFL adsorption, rheological properties, release studies and in vitro cell culture studies were
performed using the one-way analysis of variance test, followed by the post-hoc Tuckey test for
pairwise comparisons. The statistical analysis of the Kaplan-Meyer survival curves was performed
through the long-rank (Mantel-Cox) test. Differences were considered statistically significant for p <
0.05.



Results and discussion

Anionic LNC drive total and instant adsorption of NFL

LNC-based hydrogels are formulated by thermal cycling, with the final cooling rate influencing the
kinetic of hydrogel formations [25,26]. The preparation of hydrogels containing ligand-functionalized
LNC requires optimizing peptide adsorption: NFL must be introduced after LNC formation, but before
gelation, at a temperature that minimizes its denaturation and/or degradation. We investigated how
to adsorb the NFL efficiently and quickly at the surface of LNC. We evaluated the content in Span80,
the surface charge of LNC and the concentration of peptide as parameters that could affect the kinetics
and extent of NFL adsorption.

First, monodisperse LNC with diameters around 50 nm (Z-ave about 50 nm and Pdl < 0.1,
supplementary Table S1) were prepared with Span80 at 0, 27 or 54% (w/w.a), without a crosslinking
agent. These suspensions were incubated for 30 sec or 1 h with the NFL, and the proportions of free
NFL were quantified by a SEC/UPLC technique [40]. In the absence of Span80, the NFL peptide did not
adsorb at the LNC surface, even after one hour of incubation. In fact, we observed that the amount of
NFL adsorbed increased proportionally to the Span80 content, both after 30-sec and 1-h incubation
(Figure 1A). However, even in the best conditions, the total peptide adsorbed plateaued at ~80%.

To investigate the effect of surface charge, anionic and cationic LNC were prepared (with SChol and
DDAB, respectively), and compared to neutral LNC. Addition of charged surfactants did not alter the
size distribution of LNC (Z-ave 40 — 50 nm and Pdl < 0.1, supplementary Table S1). However, it resulted
in modulation of the surface charges, as illustrated by ZP values of -25, 0 and +30 mV for the anionic,
neutral and cationic LNC, respectively (Supplementary Table S1). When these nanoparticles were
incubated with NFL for 30 s or 1 h, positive charges did not improve adsorption of NFL, compared to
reference neutral LNC prepared with Span80 27% (w/w.q) (Figure 1B). In contrast, addition of the
anionic surfactant resulted in total adsorption of NFL, even after very short incubation. This quick and
complete surface decoration on anionic LNC was perceived even when the peptide concentration was
increased 3-fold (Figure 1C). In comparison, the proportion of peptide adsorbed on neutral LNC
remained lower than 80%, irrespective of NFL concentration and incubation time. In conclusion, these
results suggest that the adsorption of the NFL depends on the proportion of Span80 and the surface
charge of the LNC. With anionic LNC, peptide adsorption occurs very rapidly, and remains complete (<
2% of free NFL) in all ranges of NFL concentration tested.
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Figure 1. The instant NFL adsorption is mediated by the nature of the LNC surface. NFL proportion
adsorbed at the surface of LNC after incubation at room temperature during 30 sec or 1 h: A) Effect
of Span80 content: 0, 27 and 54% (w/wia) (NFL 0.05 mg/mL and neutral LNC); B) Effect of LNC
surface charge: anionic, neutral and cationic (NFL 0.05 mg/mL and Span80 27% (w/w.ab)); and C)
Effect of NFL concentration: 0.05, 0.1 and 0.15 mg/mL (with neutral and anionic LNC, Span80 27%
(W/Wia)) (n =3, mean = SD, * p < 0.05).

NFL in LNC-based hydrogels strengthens the mechanical properties of the hydrogels and improves
the sustained release

Hydrogels were prepared by adding crosslinking agents (GemC12 or CytC16) to the anionic, neutral
and cationic LNC described above. The peptide was added during the last cooling cycle, when the
temperature reached 37°C. Cytotoxic GemC12 was used to study the anticancer properties of the
hydrogels, while CytC16 allowed the investigation of cell interactions in vitro, and biodistribution
studies in vivo.
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Figure 2. The mechanical properties of LNC-based hydrogels are enhanced by NFL. Viscoelastic
properties: elastic (G') and viscous (G") moduli and pictures of LNC-based hydrogels done with A)
CytC16 5% or B) GemC12 7.5% (w/wia) as crosslinking agents, versus NFL concentration (0 to 4.5
mg/mL) and LNC surface charge (anionic or neutral). DiA was loaded in LNC for the LNC-based
hydrogels done with CytC16 in the picture. Oscillation frequency: 1 Hz, oscillatory strain amplitude:
0.1% (linear regimen), T=25°C (n = 3—11, mean = SD, G’ comparison: * p < 0.05, G”” comparison: $ p
< 0.05). C) Visualization of LNC-based hydrogel network. Confocal microscopy images for Dil-
labelled anionic LNC-based hydrogels done with CytC16 5% (w/wi.w) as crosslinking agent and
various NFL concentrations: i) 0, ii) 1.5, iii) 3 and iv) 4.5 mg/mL.
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All but one formulation afforded hydrogels, irrespective of the surface charge of the LNC (Anionic,
neutral or cationic), the nature of the crosslinking agent (GemC12 or CytC16) or the concentration of
NFL (0 to 4.5 mg/mL). The only formulation that formed a flowing viscous solution (not a gel) contained
anionic LNC and was prepared with CytC16 2.5% (w/Wia), Without NFL (Supplementary Figure S1).
Generally, hydrogels containing anionic LNC had decreased mechanical properties compared to those
formulated with neutral LNC: irrespective of the crosslinking agent, G’ and G” values decreased
between 5 to 40% when hydrogels were prepared with anionic LNC, compared to their neutral
counterpart (Figures 2A & 2B). However, the addition of NFL to these hydrogels restored their rigidity
to values comparable to those obtained with neutral LNC. When the peptide concentration increased
above 3 mg/mL, some mechanical properties were even enhanced in comparison to hydrogels with
neutral LNC and no NFL, as measured by rheology or visual observation (Figure 2A and supplementary
Figure S1). For example, anionic LNC-based hydrogels with CytC16 2.5% (w/w.as) and NFL at 4.5 mg/mL
had G’ and G” values that were 1.7- and 1.9-fold higher than those prepared with neutral LNC without
NFL. The effects of NFL on the rigidity of hydrogels were also confirmed with a higher concentration of
CytC16 (5% (w/wia)) (Figure 2A). With NFL 4.5 mg/mL, hydrogels with CytC16 had a 1.4-fold increase
in both G’ and G”” compared to hydrogels prepared with neutral LNC (without peptide). The addition
of 4.5 mg/mL of the peptide to hydrogels composed of neutral and cationic LNC also resulted in an
increase in rigidity (Supplementary Figure S2). Altogether, these observations suggest that the NFL
contributes to inter-particle interactions in the gel, which translates into a more rigid hydrogel.
Observations under confocal microscopy confirmed that this increase in hydrogel rigidity was due to a
network of LNC that becomes denser as the NFL concentration increases (Figure 2C).

The non-steady flow property of the LNC-based hydrogels were also studied with 2 cycles of increasing
and decreasing controlled shear rates, ranging from 0.1 to 100 s. For all types of hydrogels (anionic
LNC, CytC16 or GemC12 as crosslinking agent, with or without NFL), shear thinning profiles were
obtained. This decrease in viscosity upon the increase of the shear rate was non-thixotropic, as
confirmed by the overlap of the curves observed upon increasing and decreasing the shear rate
(Supplementary Figure S3). As for the already reported LNC-based hydrogel [25,26], the addition of
NFL does not prevent the hydrogel from recovering all its strain after the application of a high stress
such as administration through a syringe with a needle.
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Figure 3. A) Size distribution of LNC before gelation is influenced by NFL. Size distribution (Z-
average, Z-ave; and polydispersity index, Pdl) and surface characteristics (Zeta potential, ZP) for LNC
with various surface charges: anionic, neutral and cationic, loaded with CytC16 or GemC12 (2.5, 5%
or 7.5% (w/Wiap)), with (1.5, 3 or 4.5 mg/mL) or without NFL, before the completion of gelation (n =
3-7, mean £ SD, * p < 0.05). B) Size distribution of LNC after hydrogel dissolution is influenced by
NFL. Confocal microscopy images for DiA-labelled anionic LNC-based hydrogels done with CytC16
5% (w/W.ap) and various NFL concentrations: i) 0, ii) 1.5, iii) 3 and iv) 4.5 mg/mlL, after dissolution.
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Next, we measured how the addition of NFL changed the size distributions of the LNC, before gelation.
Before exposure to NFL, anionic and neutral LNC had initial diameters (Z-ave values) of about 40 nm
and 50 nm, with monodispersed distributions (Pdl < 0.1). With anionic LNC, the addition of NFL resulted
in an increase in diameter with an increase in NFL concentration, irrespective of the crosslinking agent
used or its concentration (Figure 3). In these conditions, the increase in Pdl also indicated a loss of
monodispersity and/or monomodality of the distribution, suggesting that association between LNC
and the peptide could form clusters of LNC, before gelation. In comparison, neutral and cationic LNC
maintained their original size distribution (i.e., no change in Z-ave or Pdl), even in the presence of NFL
at 4.5 mg/mL. These results support that the slower and incomplete adsorption of the peptide on
neutral and cationic LNC (observed in Figure 1B) prevents the formation of interparticle interactions
before gelation. Again, confocal microscopy examination of the releasing media showed that
increasing the NFL concentration in the hydrogel resulted in higher numbers of LNC clusters, after
hydrogel dissolution (Figure 3B). Without NFL, LNC fluorescence remains diffuse (Figure 3Bi), but
distinct fluorescent domains (i.e., aggregates or clusters) appear as the peptide concentration
increases (Figures 3Bii to 3Biv).

Next, we used fluorescence to evaluate the release profiles of DiA-labeled LNC from CytC16 crosslinked
hydrogels. In the absence of NFL, the hydrogels containing anionic and cationic LNC had comparable
release profiles, and dissolution occurred faster than with hydrogels containing neutral LNC (Figure
4A). These results confirmed our previous findings that release speed correlates with the mechanical
properties of the hydrogels [26]. The addition of charge at the surface of LNC increases electrostatic
repulsion, which competes with the crosslinking of the hydrogels; this results in a hydrogel with lower
rigidity and faster release. The release profiles were not altered significantly upon the introduction of
NFL to hydrogels containing neutral and positive LNC, reinforcing that the peptide shows limited
interactions with these LNC. In contrast, when NFL was added to anionic LNC, the release was
significantly slowed down, again supporting that the peptide contributes to the structure of the
hydrogel in these conditions (Figure 4A). The effect of NFL on the release properties was also clearly
perceived with gels containing GemC12 (Figure 4B). In these experiments using hydrogels with anionic
LNC crosslinked with GemC12 7.5% (w/w.ab), the release of the cytotoxic molecule, as quantified by
HPLC, was more sustained in the presence of NFL.

To act as a targeting ligand, NFL must stay on the surface of the LNC after its release from the hydrogel.
Hence, we documented the association between the peptide and LNC, once both have been released
from the hydrogel (Figure 4C). With neutral and cationic LNC, only 20% of the released NFL remain
associated with the nanoparticles after the hydrogel dissolution. These findings agree with those
obtained with suspensions of LNC (Figure 1B) and suggest that gelation does not promote further
interactions beyond those that are perceivable after 1 h of incubation. In contrast, the NFL remains
strongly associated with anionic LNC after their release from the hydrogel (Figure 4C). In these
conditions, with hydrogels crosslinked with CytC16, ~100% of the peptide remains on the LNC, while
more than 80% remains on anionic LNC after release from a hydrogel crosslinked with GemC12. Again,
using HPLC, the amounts of NFL and GemC12 released from the hydrogel were quantified
simultaneously (Figure 4B). Some differences exist between the release rates of both molecules: for
the first 24 h, NFL is released approximately 2.6-fold faster than GemC12. However, after this first
initial burst release, the release rate of NFL decreases and becomes slower (approximately 1.6-fold

15



slower) than that of GemC12 (Figure 4D). These results suggest that in hydrogels containing NFL at 4.5
mg/mL, the distribution of the NFL might not be homogeneous, and that mainly clusters of NFL-rich
LNC might be released earlier than LNC that contain a lower amount of peptide. Nevertheless, the
strong association between the NFL and LNC at the end of the experiment support that active targeting
might still occur after total hydrogel dissolution.
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Figure 4. NFL enhanced the sustained release and remained totally associated to LNC after total
hydrogel dissolution. A) Cumulative LNC release profiles from DiA-labelled neutral, cationic or
anionic LNC-based hydrogels done with CytC16 5% (w/w.q») as crosslinking agent, with (4.5 mg/mL)
or without NFL (n = 3, mean £ SD, * p < 0.05). B) Cumulative GemC12 and NFL release profiles from
anionic LNC-based hydrogels done with GemC12 7.5% (w/w.q) as crosslinking agent, with (4.5
mg/mL) or without NFL (n = 3, mean + SD, GemC12 comparison: * p < 0.05, GemC12 and NFL
comparison: $ p < 0.05). C) Proportion of NFL adsorbed at the surface of LNC after the total
dissolution of the DiA-labelled neutral, cationic or anionic LNC-based hydrogels, done with CytC16
5% or GemC12 7.5% (w/w.ab) as crosslinking agents, with NFL peptide at 4.5 mg/mL (n =3, mean +
SD; * p < 0.05). D) Correlation between the cumulative releases for both GemC12 and NFL, and
comparison with synchronous cumulative releases, during the first 24 h and after 24 h (n = 3, mean
+ SD). Release against PBS at 37°C with hydrogel/PBS ratio 1/7.5 (v/v).
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NFL adsorbed at LNC surface after the release from the hydrogels allows the targeting of GBM cells
and improved therapeutic efficacy in vitro

Using the DiA-labelled LNC, we examined the targeting capability of NFL-functionalized anionic LNC in
GBM cancer cell lines (U-87 MG, F98, GL261) and healthy cells (NHA), after their release from the
hydrogels. To do so, cell internalization was evaluated after the dissolution of hydrogels prepared with
CytC16, and cytotoxicity was investigated with LNC released from GemC12-crosslinked formulations.

Results from flow cytometry and confocal microscopy experiments are presented in Figure 5 for
hydrogels done with CytC16 5% (w/wiw) and supplementary Figure S4 for those done with CytC16
2.5% (W/Wiab). These experiments show that for U-87 MG, F98 and GL261 cells, the NFL adsorbed at
the surface of the LNC leads to faster cellular uptake in comparison with LNC without peptide.
Specifically, after 3 h of incubation, NFL on the surface of LNC increased the proportion of fluorescent-
positive cancer cells between 4.4- and 5-fold, compared to peptide-free nanoparticles; at that time,
~90% of U-87 MG and GL261 cells incubated with NFL-coated LNC were fluorescent. In comparison,
F98 cells had lower internalization rates, with only 50% of the cells treated with NFL-adsorbed LNC
being fluorescent. After 6 h of incubation, NFL still increased cellular internalization; however, the
difference between formulations was reduced to 1.6- to 3-fold (Figure 5A). At that time, although
almost 100% of cells incubated with NFL-coated LNC had become positive, internalization in the control
group was also higher. For the F98 cell line, longer incubation resulted in cellular uptake by ~80% of
the cells in contact with peptide-decorated LNC (versus 40% with control LNC). In contrast, the peptide
did not increase internalization by healthy human astrocytes (NHA cell line), even after 6 h of
incubation. At that time, less than 2% of NHA cells were fluorescent, regardless of peptide
functionalization or incubation times (Figure 5A). These results were almost superimposable with
those obtained gels containing a lower amount of crosslinking agents (i.e., CytC16 2.5% (w/Wiab))
(Supplementary Figure S4). Finally, confocal microscopy experiments confirmed these results with the
prominent visualization of LNC-related fluorescence in GBM cells when NFL peptide is present, and a
complete absence of LNC-related fluorescence for NHA cells, with or without NFL (Figure 5B).
Altogether these results strongly support that 1) NFL continues to act as a targeting peptide even after
the release of LNC from the hydrogel, and 2) NFL-targeting appears to be specific toward GBM cancer
cells. The mechanism by which NFL increases internalization has yet to be fully elucidated, but the
process appears to involve tyrosine kinase receptors [39], which are overexpressed in GBM cells [43-
46]. Other explanations could involve differences in proliferation [39] or plasma membrane
composition and fluidity between GBM and healthy cell lines [47-49].
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Figure 5. The LNC associated with NFL, released from the hydrogel, are faster internalized. A) DiA-
positive cells for U-87 MG, F98, GL261 and NHA cell lines after 3-h or 6-h incubation with LNC without
or associated with NFL (4.5 mg/mL), obtained after the total dissolution of the DiA-labelled anionic
LNC-based hydrogel done with CytC16 5% (w/Wiw) (n = 3-6; mean = SD; * p < 0.05). B) Confocal
microscopy images for U-87 MG, F98, GL261 (scale bars = 10 um) and NHA cell line (scale bar = 20
um), after 3-h incubation with LNC without or associated with NFL (4.5 mg/mL), obtained after the
total dissolution of the Dil-labelled anionic LNC-based hydrogel done with CytC16 5% (w/Wiq4s). Blue
corresponds to DAPI staining of the nucleus, red to a-tubulin staining with an Alexa Fluor™ 647-
coupled antibody, and green to Dil-labelled LNC (Separated channels can be visualized in

supplementary Figure S5).
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Next, we evaluated whether this increase in cellular uptake translated into increased antiproliferative
activity, using the cytotoxic GemC12 crosslinking agent. This time, the LNC with or without NFL 4.5
mg/mL, incubated with cells, were obtained by the dissolution of hydrogels prepared with GemC12
7.5% (W/Wiap). In light of internalization studies, cells were incubated with LNC for short time (lower
than 6 h), and then washed, before evaluating cell survival, 24 to 48 h after. In this context, the ability
of the NFL to enhance the cytotoxicity of GemC12 seems to be cell dependent (Figure 6). In U-87 MG
cells, decoration of LNC with NFL significantly decreased the median effective concentration (ECso)
compared to peptide-free LNC. Specifically in these cells, the ECso value of GemC12 significantly
decreased from 0.19 + 0.01 to 0.14 + 0.01 pg/mL, when LNC were coated with NFL. In the same
conditions in F98 cells, we also observed a non-significant decrease in ECso, from 0.46 £0.17 to 0.37 +
0.11 pg/mL. While the increased internalization in these two cell lines can explain this enhancement
in cytotoxicity, the presence of NFL at the surface of LNC did not improve efficacy in GL261 cells. In this
context, the ECso values of GemC12 were similar irrespective of the presence of NFL: 0.11 + 0.06 and
0.11 £ 0.01 pg/mL. Finally, controls in healthy astrocytes (NHA cells) cultured in the same conditions
highlighted ECso values for GemC12 that were higher than 10 pg/mL, irrespective of the presence of
NFL. These results are in accordance with cellular uptake studies showing no LNC internalization by
NHA cells, after 6 h of incubation.
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Figure 6. The cytotoxicity of GemC12 is enhanced when LNC is associated with NFL after LNC-based
hydrogel dissolution in U-87 MG cells. Cell viability (resazurin assay) versus the GemC12
concentration for U-87 MG, F98, GL261 and NHA cell lines. The cells were treated with LNC without
or associated with NFL (4.5 mg/mL), obtained after the total dissolution of the anionic LNC-based
hydrogel done with GemC12 7.5% (w/Wia) (n = 3-6; mean £ SD; * p < 0.05).
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It remains unclear why the benefits of NFL targeting vary between cell type. GemC12 is a prodrug that
requires multiple enzymatic transformations to reach its active form, gemcitabine triphosphate. This
cascade involves deoxycytidine kinase (dCK), nucleoside monophosphate kinase and diphosphate
kinase [50]. Expression and activity of dCK are biomarkers of gemcitabine efficacy in GBM [51], and
differences in sensitivity to gemcitabine was already reported between GBM cell lines [29]. GL261
seem to be slightly more sensitive to GemC12 than U-87 MG (i.e., ECso 1.7-fold lower). This could
explain why addition of NFL does not significantly increase LNC toxicity

NFL-targeting increases LNC distribution to cancer cells in vivo, and NFL-containing hydrogels delay
GBM recurrences in an orthotopic tumor resection model.

To evaluate if the NFL could increase LNC targeting to residual cancer cells in vivo, we used a mouse
model of tumor resection from GBM orthotopic xenografts (U-87 MG cell line) established by our team
[29,41]. In alignment with clinical practice, 14 days after implantation of GBM cells, mice underwent
surgery to partially remove the tumor, and the resection cavity was filled with LNC-based hydrogels.

To investigate in vivo efficacy, the resection cavity was filled with cytotoxic anionic LNC-based
hydrogels prepared with GemC12 7.5% (w/wias), with or without NFL 4.5 mg/mL. After surgery, mice
were monitored daily (not blinded observations) and sacrificed when the ethical points were reached
(Figure 7A). The median survival of the control group (non-treated mice) was found to be 38 days, with
the last mouse sacrificed at 73 days. This control group confirmed the repeatability of the model that
we have been implementing for several years [29,41]. Using the LNC-based hydrogel without NFL, the
median survival was increased to 44 days, with 1 in 8 mice considered long-lived (> 110 days). Using
the LNC-based hydrogel with NFL, the median survival was significantly increased to 74 days (p = 0.0108
compared to the control group, and p = 0.0460 compared to the LNC-based hydrogel without NFL
group), with 2 in 8 mice considered long-lived (> 110 days) (Figure 7B). While the difference in in vitro
cytotoxic activity was not so striking (but significant), certainly due to the short incubation time to
enhance the targeting of GBM cells by NFL, the progressive release of the LNC from the hydrogels
strengthened the active targeting, and so allowed longer survival time with NFL. Previously, using the
same repeatable mouse model of tumor resection from GBM orthotopic xenografts, we already
reported the in vivo anti-tumor efficacy of neutral LNC-based hydrogel done with GemC12 at the same
dose and without NFL, resulting in a median survival of 62 days [29]. The in vivo data we obtained with
the two current implants we developed can be explained in relation to the previous one. Using anionic
LNC-based hydrogel, the release of the non-targeting anionic LNC is faster than that of the non-
targeting neutral LNC (figure 4A), leading to a less sustained release and so a decrease in the median
survival (44 versus 62 days, respectively). If we compare now with the targeting anionic LNC, the slower
release (figure 4A) combined to the GBM targeting efficacy with NFL (Figure 5A) led to a longer median
survival (73 versus 62 days, respectively).
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Figure 7. The survival of mice is enhanced when NFL is associated to LNC-based hydrogel, after its
implantation in the resection cavity of the orthotopic GBM model. A) Time schedule of the anti-
tumor efficacy using a U-87 MG orthotopic tumor mouse model. B) Kaplan—Meier survival curves
for mice non-treated or treated with anionic LNC-based hydrogels hydrogel done with GemC12 7.5%
(W/Wiap) with or without NFL 4.5 mg/mL, implanted in the resection cavity (n = 8; * p < 0.05).

To confirm the role of NFL on the biodistribution of LNC, the resection cavity was filled with fluorescent
anionic LNC hydrogels prepared with CytC16 5% (w/wia), with or without NFL 4.5 mg/mL. Six days
after surgery and implantation, tissues were collected and analyzed with confocal microscopy to
visualize the presence of DiD-labelled LNC (Figure 8A). This time corresponds to the difference
between the median survivals for the untreated group of mice and the group of mice that received the
hydrogel implant without NFL (i.e., 38 versus 44 days) (Figure 7). Six days after implantation, DiD-
labelled LNC were still detectable in the brain tissue, irrespective of the presence of NFL (Figure 8B).
However, LNC with NFL localized with brighter intensity, close to the resection cavity, near remaining
tumor cells. In contrast, LNC without NFL were detected further far from the resection cavity,
suggesting increased diffusion within the brain. The relative distance and intensity of DiD-positive
pixels in the images were calculated by image analysis. LNC without NFL were on average 5-fold more
distant from the resection cavity than their targeted counterpart (Figure 8C). This difference in the LNC
localization does not impact the profiles for the fluorescence intensity of individual DiD-positive pixels
relatively similar for the four mice (Figure 8D). Altogether, these results suggest that the peptide
contributes to the local targeting of residual cancer cells, which could explain its increased efficacy.
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Figure 8. The LNC are better distributed at the periphery of the resection cavity when NFL is
associated to LNC-based hydrogel, after its implantation in the resection cavity of the orthotopic
GBM model. A) Time schedule of the LNC brain distribution using a U-87 MG orthotopic tumor
mouse model. B) Confocal microscopy images (blue corresponds to DAPI staining of the nucleus and
red to DiD (with red arrows)) of brain slices, 6 days after the implantation in the resection cavity of
DiD-labelled anionic LNC-based hydrogels done with CytC16 5% (w/wiq.) with or without NFL 4.5
mg/mL. C) Distance from the resection border of DiD-positive pixels and D) fluorescence intensities
of individual DiD-positive pixels, obtained after the analyses of confocal microscopy image of brain
slices, 6 days after the implantation in the resection cavity of DiD-labelled anionic LNC-based
hydrogels done with CytC16 5% (w/w.qb) With or without NFL 4.5 mg/mL (median + quartiles; * p <
0.05).
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Overall comments.

Despite improvements in the clinical management of GBM, these aggressive brain tumors remain
deadly, and novel treatments are necessary. Given the current standard of care involving surgery,
implantable technologies are particularly attractive. The present project builds on the successes of
local administration to deliver a gemcitabine derivative, while circumventing the lack of specificity and
lack of adaptation to the resection cavity geometry of Gliadel® wafers.

To increase treatment specificity, the NFL was chosen for its ability to target GBM cells [37-39] and the
ease of functionalizing the peptide at the surface of LNC in suspension [34,35]. However, the
incorporation of the peptide into the hydrogel required a systematic redesign of the formulation. In
the present work, we maximized LNC-peptide interactions by using negatively charged LNC. While
these changes resulted in variations in the viscoelastic properties of the hydrogels, interactions
between the nanoparticles and the peptide afforded rigid gels with sustained delivery properties.
Importantly, changes in composition also allowed LNC released from the hydrogel to maintain their
interactions with the targeting peptide, which increased their ability to be rapidly internalized by GBM
cells. In vivo, this higher tropism for cancer cells could result in localization of NFL-functionalized LNC
near the resection cavity, 6 days after tumor resection and gel implantation. Treatment with NFL-
decorated LNC also resulted in increased the median survival in animals, compared to LNC without the
peptide. Altogether, this demonstration confirms the potential of combining local delivery and active
targeting to treat GBM.

While the hydrogels presented herein are not curative on their own, they pave the way for new
perspectives to improve the management of patients with GBM. GBM is an aggressive, highly
infiltrative and heterogeneous cancer. Current treatment involves radiotherapy and the use of the
alkylating agent, temozolomide, both exerting antiproliferative effects through DNA damage. Strong
synergy might be obtained by combining these treatments with targeted gemcitabine-loaded LNC that
stop DNA replication. The hydrogels might also provide an interesting alternative to differentially
impact the different cells found in the GBM tumor microenvironment: cancer and stem cells, the
endothelium, fibroblasts and inflammatory cells [52,53], as well as to use various drugs with
complementary pharmacological activities [31,54]. The ability to sustain drug exposure to these
important components of brain tumors might provide interesting ways of regulating cell growth and
tumorigenic processes (angiogenesis, lymphangiogenesis and inflammation). Further work will
establish how to better exploit the properties of these gels, notably by exploring different
chemotherapeutic agents, targeting ligands and possible synergies with the Stupp protocol.

Conclusion

To summarize, a hydrogel of self-associated gemcitabine-loaded LNC able to target GBM cells was
developed. The adsorption of the NFL: the GBM targeting peptide, at the surface of the LNC was
possible with a relevant LNC surface modification. This association does not prevent the LNC from
combining to form the hydrogel. In fact, it enhances the mechanical properties of the hydrogel,
enabling even more the sustained release of LNC than with hydrogels without NFL. Because the
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association is maintained during the LNC release, we proved that the active and specific targeting of
GBM cells by NFL-functionalized LNC is possible, thereby enhancing the antitumor effect in vitro. The
enhanced antitumor effect was also confirmed in vivo using the hydrogel as an implant in a GBM
resection mouse model. The median survival was significantly delayed in comparison to the hydrogel
without targeting capacity, explained by a better localization of the therapeutics at the border of the
resection cavity. In this way, we have demonstrated that the concept of targeted, local and sustained
drug delivery system is relevant for the treatment of GBM. It offers promising perspectives for
combination with the Stupp’s protocol to ensure continuity in treatment between surgery and
radiochemotherapy for patients with GBM. For future aspects, several considerations will be
addressed relating to drug combinations with TMZ to highlight synergies for a better GBM patient
standard of care.
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