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Aim: To develop and characterize bozepinib-loaded lipid-core nanocapsules (BZP-LNC*) as a potential
treatment for glioblastoma (GBM). Methods: Characterization of nanocapsules was performed by
diameter, polydispersity index, zeta potential, pH and encapsulation efficiency. GBM cell viability, cell
cycle and Annexin/Pl were evaluated after BZP-LNC* treatment. Synergism between BZP-LNC* and
temozolomide (TMZ) was performed by CompuSyn software and confirmed in vitro and in vivo. Results:
BZP-LNC* showed adequate particle sizes, positive zeta potential, narrow size distribution and high
encapsulation efficiency. BZP-LNC* reduces GBM growth by inducing apoptosis. BZP-LNC* and TMZ
showed synergistic effect in vitro and reduced the in vivo glioma growth by approximately 81%.
Conclusion: The present study provides proof-of-principle insights for the combination of these drugs
for GBM treatment.
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Glioblastoma (GBM) is the most prevalent, malignant and highly aggressive primary brain tumor that affects
adults [1]. The standard-of-care therapy includes surgical resection followed by radiotherapy and chemotherapy
with temozolomide (TMZ) [2,3. TMZ is a small and lipophilic second-generation oral alkylating agent that is able
to readily cross the blood—brain barrier (BBB) and achieve brain and cerebral spinal fluid levels up to 40% of plasma
concentrations. It is the standard first-line chemotherapy for the clinical treatment of GBM since the US FDA
approved its efficacy in 2005 [2]. However, GBM treatment is limited by its high heterogeneity, fast proliferation
and infiltrating capacity, as well as chemoresistance, leading to inevitable tumor recurrence [4,5). For this reason, the
median overall survival of GBM patients after the treatment is still very low, between 12.1 and 14.6 months after
the initial diagnosis, and despite the efforts that have been made in recent decades to prolong the overall survival
of patients affected by GBM, this tumor remains currently incurable (6-8]. Therefore, finding new pharmacological
approaches are an urgent global health need.

Bozepinib (BZP) is a highly potent and selective anticancer compound made up of a benzo-fused seven-
membered ring and the purine moiety [(RS)-2,6-dichloro-9-[1-(p-nitrobenzene sulfonyl)-1,2,3,5-tetrahydro-4,1-
benzoxazepin-3-yl]-9 H-purine] [9]. Recent findings have shown that BZP induces cell death by apoptosis in breast Future &

and colon cancer cells through the activation of a double-stranded RNA-dependent protein kinase (PKR) and Medicine ™
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inhibitory effect over kinases involved in carcinogenesis, proliferation and angiogenesis — more specifically by
HER2, JNK and ERKs kinase inhibition [9-11]. In addition, it has an inhibitory effect on Akt and VEGF together
with antiangiogenic and antimigratory activities [10,11]. Interestingly, BZP is able to abrogate cancer stem cells (CSC)
expressing aldehyde dehydrogenases in the low micromolar range in breast and colon cancer cells [10,11]. Lastly, BZP
shows in vivo antitumor and antimetastatic activity in xenotransplanted nude mice without presenting systemic
toxicity [10,11]. This study group has recently shown that BZP has cytotoxic activity in GBM cells (C6 and U138 cell
lines) with low ICsq values compared with nontumor cells. BZP treatment induces apoptosis caspase-dependent,
NF-kB pathway activation and a positive CSCs marker, CD133. Interestingly, after two cycles of treatment, BZP
was able to eliminate resistant cells expressing NF-kB and CD133™" [12).

However, according to the Molinspiration server (http://www.molinspiration.com) BZP possesses some chemical
properties that would limit BBB permeation, such as lipophilicity, which is correlated with the ability of drugs to
cross the BBB; it is usually optimal if the Log p-values are in the range of 1.5-2.7 [13,14]; BZP presents log p 0of4.03. In
addition, with regard to molecular weight (Mw), small molecules may undergo significant passive lipid-mediated
transport through the BBB when the Mw is <450 g/mol ! [13-15], and BZP has an Mw of 521.33 g/mol!. Another
issue is that hydrogen bonding properties can significantly influence the absorption profile of a compound in the
CNS, with the ideal number of hydrogen bond donors (nOHNH) being <3 and the number of hydrogen bond
acceptors (nON) being <7 [14-16). BZP presents nOHNH = 0 and nON = 11. Finally, molecular topological polar
surface area (TPSA) has been used as a predictor for BBB penetration by many investigators [14,17,18]. In general,
drugs aimed at the CNS tend to have a polar surface area estimated at 6070 A%; BZP presents TPSA of 136.05 A%,
In this context, the incorporation of BZP into nanocapsules arises as an alternative for overcoming physicochemical
limitations, increasing their bioavailability and antiglioma activity.

Nanotechnology has received intense attention in recent years and has been proposed as an effective strategy for
improving drug solubility, effectively targeting cancer cells and overcoming physiological barriers, with more potent
and less toxic results [19-21]. Among various nanoparticles (NP), lipid-core nanocapsules (LNC) are a specific kind of
nontoxic nanocapsule, formed by a core-shell structure whose core is an organogel (sorbitan monostearate dispersed
in capric/caprylic triglyceride), surrounded by a poly(e-caprolactone) wall, and stabilized by polysorbate 80 micelles
at the particle/water interface [22-24]. Additionally, to enhance stability, as well as their biological properties, the
external surface of the LNCs can be modified with molecules endowed with specific characteristics, such as chitosan.
Chitosan is a polysaccharide of natural origin, obtained from the partial deacetylation of chitin, which is produced
from crustacean exoskeletons or fungal cell walls [25,26]. Chitosan is considered a biocompatible, nontoxic and
nonallergenic material with adhesive and absorptive properties for mucous membranes [27,28]. The use of chitosan-
coated LNC:s for intranasal administration has been intensely investigated for the treatment of CNS diseases and has
demonstrated significant advantages compared with conventional routes of drug administration [29,30). Intranasal
administration is a promising strategy for circumventing the presence of the BBB — which is impermeable for most
molecules — by delivering the drugs directly to the brain along the olfactory and trigeminal nerves, which are in
direct contact with the CNS through the olfactory bulb and brainstem, respectively (30-32]. In addition, nasal drug
delivery has other advantages, such as ease of administration, noninvasiveness, good patient acceptability, rapid
onset of action, relatively large and permeable absorption surface and reduced hepatic first-pass metabolism [32).

In this context, the aim of this study has been to develop and characterize chitosan-coated lipid-core nanocapsules
containing BZP for nose-to-brain delivery as an alternative treatment for GBM.

Materials & methods

Chemicals

Poly(e-caprolactone) (PCL, Mn = 10,000 g/mol !, Mw = 14,000 g/mol, o,w-hydroxylated), sorbitan monos-
tearate (Span 60) and polysorbate 80 (Tween 80) were obtained from Sigma-Aldrich (MO, USA). Chitosan
(Mw = 21 kDa-viscosity 9 cP) was supplied by Primex (Chitoclear FG, deacetylation degree 95%, Siglufjordur,
Iceland). Soybean lecithin (Lipoid S75) was obtained from Lipoid (Ludwigshafen, Germany). Caprylic/capric
triglyceride was purchased from Delaware (Rio Grande do Sul, Brazil). BZP (521.33 g/mol ') was synthesized and
characterized by its melting point, 'H and *C nuclear magnetic resonance, high-resolution mass spectroscopy and
elemental analysis in Joaquin Marfa Campos’ laboratory (Granada, Spain), as previously published 9. Dulbecco’s
modified Eagle’s medium (DMEM), fetal bovine serum (FBS), Fungizone, penicillin/streptomycin and 0.5%
trypsin/EDTA solution were obtained from Gibco (CA, USA). Propidium iodide (PI), trypan blue and DMSO
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and TMZ were obtained from Sigma-Aldrich. AnnexinV-APC and PI were obtained from BD Biosciences (NJ,
USA).

Nanocapsules preparation

LNC formulation was prepared according to the interfacial deposition of the preformed polymer method, as previ-
ously described [33]. An organic phase containing PCL (0.1 g), sorbitan monostearate (0.038 g) and caprylic/capric
triglyceride (0.16 ml) dissolved in acetone (25 ml) was kept under magnetic stirring at 40°C. In parallel, soybean
lecithin (0.08 g) was dissolved in ethanol (5 ml). After complete dissolution of the components, BZP (0.01 g) was
added into the organic phase and completely dissolved. The organic phase was injected into 50 ml of an aqueous
phase, containing polysorbate 80 (0.08 g), under moderate magnetic stirring. The organic solvents were removed
and the suspension was concentrated to a final volume of 9 ml under reduced pressure (rotator evaporator Buchi
— RII, Flawil, Switzerland) at 40°C. The final volume was adjusted to 10 ml. Subsequently, chitosan (0.07 g) was
solubilized in 1% (v/v) acetic acid aqueous solution (10 ml). The chitosan aqueous solution was filtered (0.45 pm,
Merck Millipore, MA, USA) and added dropwise (1 ml) into 9 ml of the formulation. The reaction remained
under moderate magnetic stirring for 2 h. This formulation was called BZP-LNC™. Blank nanocapsules (LNC)
were formulated in the same way but with the omission of BZP. LNC formulations were stored under refrigeration.

Drug content & encapsulation efficiency
BZP quantification was performed by high-performance liquid chromatography (HPLC-UV, Shimadzu Corpora-
tion, Kyoto, Japan) equipped with an LC-20AT pump, SPD-20A detector, CBM-20A controller, LPGE Kit valve
and DGU-20A5R degasser. Chromatographic separation was carried out using a column Phenomenex Luna C18
(4.6 x 150 mm, 5 pum) with a mobile phase consisting of acetonitrile: ammonium acetate 20 mM (60:40, v/v, pH
4.0); the flow rate was 1.0 ml-min"!. The injection volume was 50 pl and the BZP was detected by UV absorption
at 290 nm. Linear calibration curves were obtained in the range of 0.5-20 pg/ml! (R* = 0.99). The drug content
in the LNC formulations was determined by diluting a nanoparticle suspension (55.6 pl) in the mobile phase
(g.s.p- 5 ml). The LNC formulations were then sonicated for 20 min, vortexed for 1 min and filtered through
a 0.45 um membrane (Merck Millipore) before being assayed by HPLC-UV. The encapsulation efficiency (EE)
was determined by ultrafiltration-centrifugation using a filter device (30 kDa; Merck Millipore) at 1844 x g for
20 min (Sigma 1-14 microcentrifuge, Osterode, Germany). EE was calculated using the following formula:

0 Ct— Cf

YWEE = x 100

Cr

where EE % is the percentage of the drug that is successfully entrapped into LNCs, Ct is the total concentration of
the drug in the formulation and Cfis the concentration of the drug dissolved in the continuous phase (ultrafiltrate).

Method validation

Following the International Conference on Harmonization (ICH) guidelines, validation was carried out by assessing
the following parameters: specificity, linearity, detection and quantification limits, precision (intra- and inter-day),
accuracy and robustness [34].

Specificity
To evaluate the absence of interferents in the same retention time of BZD, the specificity was evaluated through a
comparative analysis between the BZP standard solution, diluted in acetonitrile, LNC* and BZP-LNC™.

Linearity

Linearity was evaluated by constructing a standard curve in the range of 0.5-20 pg/ml ™!, diluted in acetonitrile:
ammonium acetate (60:40 v/v) and prepared from the stock solution of the BZP (500 pg/ml! dissolved in
acetonitrile). The linear regression analysis in the concentration range was used to evaluate the linearity of the
method. The acceptance criterion for linearity was R? = 0.99.

Limits of detection & quantification

The limit of detection (LOD) and the limit of quantification (LOQ) were calculated by considering the standard
deviation of the intercept of the analytical curve and the slope average of three calibration curves, according to the
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following equations:

DP
10D - Prax3)
IC
DP. 10
LOQ - (DPz x 10)
IcC

where DPa is the standard deviation of the intercept with the y-axis of three calibration curves, /C is the slope of
the calibration curve.

Precision

Precision was assessed in terms of repeatability (intraday) and intermediate precision (interday). Repeatability was
calculated from six replicates of the BZP-LNC™ in a single day. Intermediate precision was evaluated for three
replicates of the BZP-LNC:s on three days. Precision data were expressed as relative standard deviation percentage

(RSD%).

Accuracy

Accuracy was carried out in triplicate using samples of LNC™ spiked with three concentrations (1, 10 and
15 pg/ml ') of BZP solution (500 pg/ml! dissolved in acetonitrile) in the mobile phase. The results were
expressed as percent recovery and RSD.

Robustness

Robustness was evaluated by slight variations of the chromatographic parameters. Three independent variables at
low or high level were investigated: flow rate (0.8 and 1.2 ml-min!), detection wavelength (287 and 293 nm) and
mobile phase pH (acetonitrile:ammonium acetate, 60:40; pH 3.5 and 4.5). BZP-LNC™ at 10 pug/ml ™! was used
for robustness. The estimated variable effects were based on percent recovery and RSD in relation to the standard
chromatographic condition (statistically assessed using the one-way analysis of variance). Retention time (min),
tailing factor (T <2.0), retention factor (K >2.0) and theoretical plate number (N >2000) were also evaluated.

Laser diffraction

Particle size and the size distribution were determined by laser diffraction (Mastersizer 2000, Malvern Instruments,
Malvern, UK). The sample was directly added to water in the wet dispersion accessory (Hydro 2000SM-AWM2002,
Malvern Instruments) in an amount sufficient to obtain at least 2% obscuration. The particle size was then expressed
by using the volume-weighted mean diameter (D[4,3]), and the diameters calculated at the 10th, 50th and 90th
percentiles (D0.1, D0.5 and D0.9, respectively) of the cumulative size distribution curve, by volume (v) and by the
number (n) of particles. The width of the distribution (Span) was determined according to the following equation:

D0.9 — DO.1

Span -
pan D05

where DO0.1, D0.5 and D0.9 are the diameters at 10%, 50% and 90% of the cumulative size distribution curve by
volume of particles, respectively.

Dynamic light scattering

The mean hydrodynamic diameter (z-average diameter) and the polydispersity index (PDI) of the nanocapsules
were evaluated by dynamic light scattering (DLS), using a Zetasizer Nano ZS (Malvern Instruments). The samples
were diluted 500x in filtered ultrapure water (0.45 um). The analysis was carried out at 25°C; the light scattering
was detected at an angle of 173°, and the z-average diameter and PDI were calculated by the cumulants method.

pH & zeta potential
The pH values of BZP-LNC* and LNC™ were determined using a calibrated potentiometer (DM-22 Digimed,

Sao Paulo, Brazil) via direct measurements of the formulations at room temperature. The Zeta potential values
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were determined by electrophoretic mobility after the samples were diluted in 10 mmol/I"" NaCl aqueous solution
(500%), previously filtered (0.45 wm, Millipore, MA, USA) and analyzed by laser Doppler velocimetry (Zetasizer
Nano-ZS instrument, Malvern, UK).

Nanoparticle tracking analysis

Size distribution by the number of particles and particle number density (particles/ml™!) were determined by NTA
(NanoSight LM10 Instruments, Salisbury, UK). The results were expressed as mean hydrodynamic diameter (Dh),
and diameters at percentiles 10, 50 and 90 (D10, D50 and D90, respectively) under the size distribution curves.
The samples were diluted in prefiltered ultrapure water (10,000%) and analyzed using a red 635-nm laser. The
video clip was captured over 60 s by a CCD camera and processed in NTA 3.2 Analytical Software (dev build
3.2.16). The measurements were performed for three batches.

Maintenance of cell line

C6 rat glioma, U138 human glioma and MRC-5 human lung fibroblast cell lines were obtained from American
Type Culture Collection (ATCC, MD, USA). For the i vitro experiments, cells up to 20 passages were grown and
maintained in DMEM containing antibiotics (0.5 U/ml"! penicillin/streptomycin) and supplemented with 5%
(C6 cells) or 10% FBS (U138 and MRC-5) at 37°C in 5% CO; humidified atmosphere.

Preparation & storage of drugs
For the in vitro assays, BZP and TMZ were dissolved in DMSO and stored at -20°C. BZP-LNC* and LNC* were
stored under refrigeration (4°C). For each experiment, the stock solutions were further diluted in the respective
DMEM for the cells until the desired concentrations were obtained. The final vehicle concentration in cell culture
was 0.2% v/v of DMSO or LNCT.

Assessment of glioma cell viability

The cells were seeded in 24-well plates, 10 x 103 cells/well (C6 cells) or 20 x 103 cells/well (U138 and MRC-5
cells), and 24 h after plating, the GBM cells were treated with 0.1 to 1.0 pM, and the MRC-5 cells were treated
with 0.1 to 5 uM of BZP, BZP-LNC™ or respective vehicles (DMSO or LNC™) for 72 h. Cell viability was
evaluated using Trypan blue dye exclusion test; after 72 h of treatment, the DMEM was removed from the wells
and the cells were washed with PBS (pH 7.4), trypsinized with 0.05% trypsin/EDTA solution and following this,
a medium was added (1:2, v/v) and the cell suspensions were diluted with Trypan blue (0.1%). The viable cells
(Trypan blue negative) were counted immediately in a Neubauer chamber. The results were expressed as percentage
(%) compared with the control. The half-maximal inhibitory concentration (ICsy) value was determined by the
linear theoretical equation (y = mx + c), with R? >0.9, based on the cell viability assay.

Calculation of the combination Index

The cells were seeded in 24-well plates (10 x 103 or 20 x 10° cells/well, for C6 or U138 cells, respectively), and
24 h after plating, the GBM cells were treated with 0.1-1.0 uM of BZP-LNC*, 1-1000 uM of TMZ, association
of BZP-LNC™ plus TMZ 1:1000 or respective vehicles (DMSO or LNC™) for 72 h. After treatment, cell viability
was evaluated using the Trypan blue dye exclusion test, as described earlier. The results were expressed from the
mean values of the fraction affected (Fa) of the three independent experiments.

The effect of drug combinations between BZP-LNC" and TMZ in inhibiting cell growth was analyzed by
Chou-Talalay equation using CompuSyn 1.0 software (ComboSyn, NJ, USA). The combination index (CI) is a
quantitative measure based on the mass-action law of the degree of drug interaction in terms of synergism and
antagonism for a given endpoint of the measured effect. CI values <1.0 are considered synergistic, CI >1.0 or
<1.1 defines the additive effect, and CI >1.1 is antagonism, as previously described [35-38]. Dose reduction index
(DRI) indicates how many folds of dose reduction are allowed for each drug due to synergism compared with
the dose of each drug alone, as already established; DRI = 1, >1 and <1 indicates no dose-reduction, favorable
dose-reduction and not favorable dose-reduction, respectively (35-38]. ICsg values, CI and DRI were generated by
CompuSyn software.
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Cell cycle analysis

The GBM cells were seeded in 24-well plates (10 x 10° or 20 x 10 cells/well, for C6 or U138, respectively), and
24 h after plating, the GBM cells were treated with ICsq values of BZP, BZP-LNC™ or respective vehicles for 72 h.
At the end of the treatments, the medium and cells were centrifuged at 400x g for 6 min. After this, the cells were
washed once with phosphate-buffered saline (PBS; pH 7.4), centrifuged and suspended in 300 pl staining solution
(0.5 mM Tris-HCL; pH 7.6), 3.5 mM trisodium citrate, 0.1% NP 40 (v/v), 100 pg/ml’1 RNase and 50 ug/rnl’1
PI) for 15 min in the dark. Data were collected using flow cytometry (FACSCalibur, BD Biosciences) and analyzed
using Flow]Jo 7.6.5 software.

AnnexinV — APC & PI assay

Apoptotic and/or necrotic cells were quantified using an AnnexinV-APC and PI double-staining kit, in accordance
with the manufacturer’s instructions (BD Biosciences). The cells were seeded in 24-well plates and treated as
described in the previous section. After this, the medium and the cells were harvested and centrifuged at 400x g for
6 min. The cells were washed twice with PBS (pH 7.4) and suspended in binding buffer containing APC-conjugated
AnnexinV (0.075 pg/ml ™) and PI (0.15 pg/ml™?). The samples were incubated for 15 min at room temperature
in the dark. Data was later collected using flow cytometry (FACSCalibur, BD Biosciences) and analyzed using
FlowJo 7.6.5 software. The cells were classified as follows: viable cells (AnnexinV and PI negative; Q1), early
apoptotic cells (AnnexinV positive and PI negative; Q2), late apoptotic cells (AnnexinV and PI positive; Q3) or
necrotic cells (AnnexinV negative and PI positive; Q4). For quantitative analysis, early apoptosis and late apoptosis
were combined and called ‘total apoptosis.’

In vivo glioma model

All of the procedures used in the present study followed the Principles of Laboratory Animal Care from the NIH
and were approved by the Ethics Committee of the Universidade Federal do Rio Grande do Sul (protocol #337393).
Glioma implantation was performed, as previously described [39,40) using 8—9-week-old male Wistar rats (220—
300 g). C6 cells at approximately 80% confluence were trypsinized and a total of 3 x 10° cells in 3 pl, suspended
in medium without FBS, were injected at a depth of 6.0 mm into the right striatum (Bregma coordinates: 0.5 mm
posterior and 3.0 mm lateral), using a Hamilton micro-syringe coupled with an infusion pump (1 pl/min™) in rats
anesthetized by intraperitoneal administration of 100 mg/kg! ketamine and 10 mg/kg! xylazine). Immediately
after surgery, the animals were kept in a warm room until full recovery from the anesthesia.

Drug preparation for intranasal delivery

The BZP solution was dissolved in 0.9% saline containing 1% methylcellulose, as previously described [11]. TMZ
solution (5 mg/ml!) was dissolved in 0.9% saline containing 10% DMSO. BZP-LNC™" and LNC* were aliquoted
and stored under refrigeration. At the time of treatment of the animals, all formulations and drugs were at room
temperature.

Animal treatment
Five days after glioma implantation, the animals were randomly divided into six groups (n = seven animals per
group), as follows:

(1) Untreated animals (CTRL group);

(2) Treated via intranasal with blank nanocapsules (LNCY);

(3) Treated via intranasal with BZP-LNC™" 44 pg/day! (BZP-LNC™ group);

(4) Treated via intranasal with BZP solution 44 p/day™! (BZP group);

(5) Treated via intraperitoneal with TMZ solution 5 mg/kg/day! (TMZ group);

(6) Combined treatment with BZP-LNC™" plus TMZ (TMZ + BZP-LNC™ group).

The animals were anesthetized with inhaled isoflurane and kept in a supine 45° position (head up) during
administration. The free BZP and BZP-LNC" were administered intranasally twice a day (22 pg; 25 pl) every
12 h in a total dose of 44 pg (50 pl) per animal per day over 15 consecutive days. TMZ was intraperitoneally
administered once a day for 5 consecutive days. After treatment, the rats were decapitated, and the entire brain
was removed for volume quantification and the blood was collected for biochemical analyses. As a control, LNC*
received the same volume of BZP-LNCY group.
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The animals that received nasal treatment were carefully monitored for signs of distress and discomfort during
the procedure (excessive struggling, mucus membrane color changes, ventilatory changes) followed the Principles of
Laboratory Animal Care from the NIH and according to project approved by the aforementioned ethics committee.

Tumor size quantification

For tumor size quantification, four paraffin-fixed tissue sections were stained with hematoxylin and eosin, and
the images were captured with a digital camera connected to a microscope (Olympus BX-51, Tokyo, Japan). The
tumor area was determined using NHI’s Image] software. The total volume (mm?) of the tumor was computed by
multiplication of the slice sections (3 mm each) by the tumor areas (mm?) [39,40).

Plasma biochemical parameters

The plasma samples were collected to determine the biochemical parameters as markers of toxicity: creatinine,
urea, alkaline phosphatase (ALP), creatine phosphokinase (CPK), alanine aminotransferase (ALT) and aspartate
aminotransferase (AST). The biochemical experiments were performed in a Cb400i analyzer (Wiener Lab, ARG).

Statistical analysis

The data were analyzed using GraphPad Prism (version 6.0, GraphPad, CA, USA). The samples presented normal
distribution; parametric one-way analysis of variances, followed by a post hoc test for multiple comparisons (Tukey
test), which was used to measure significance. The statistical significance was set at p < 0.05.

Results

Validation of the analytical method for quantification of BZP-loaded lipid-core nanocapsules

First, the analytical method for the detection and quantification of BZP from LNCs was developed and validated.
Specificity was demonstrated by comparing LNC" chromatogram with BZP-LNC" chromatogram (Figures 1A~
C). As expected, the LNC" did not show any chromatographic signal in the same retention times of the BZP,
demonstrating that the method is specific for drug detection and that there is no interference for the constituents of
the nanocapsules formulation. In addition, comparison was made of the BZP-LNC™" chromatogram with the BZP
solution, confirming that the drug retains the same retention time even after being nanoencapsulated (Figures 1B
& C).

The linearity of the method was assessed in the concentration range of 0.5-20 pg/ml. The linear equation
obtained was y = 48574x — 4875, and showed an adequate determination coefficient (R? = 0.99). This revealed that
the regression equation was linear (Feyjculared = 13573.43 > Feyitical = 4.96) with no linearity deviation (Fejculared = 1.97
<Faitical = 3.71). LOD is determined as the lowest concentration that can be detected by an analytical method but
not quantified. LOQ is the lowest concentration that an analytical method can quantify in a sample accurately. In
this study, the LOD and LOQ obtained were 0.08 pg/ml” and 0.28 pg/ml™, respectively.

The repeatability (intraday) and intermediate precision (interday) were measured by the determination of the
relative standard deviation percentage. The six repetitions in a single day for the repeatability assay showed values
between 95.24 and 99.04%, and RSD was 1.54% (Table 1), demonstrating conformity with the parameters set for
the validation of the chromatographic methods for drug quantification. The interday precision values are given in
Table 1. All data are lower than the acceptance criterion of 2% (34].

Accuracy was calculated as the percent recovery by the assay of adding a known amount of BZP in LNC*
to obtain three final concentrations (1, 10 and 15 pg/ml"). Table 1 shows the method accuracy determined by
investigating the recovery. The results indicated that recoveries were between 95 and 101% and RSD were 2.00,
0.42 and 0.78% (for 1, 10 and 15 pg/ml™, respectively), demonstrating conformity with the limits established by
ICH.

The results of the robustness are expressed by percentage of recovery and RSD, obtained using the altered
parameters as the pH of the mobile phase, detection wavelength and flow rate. The chromatographic conditions
evaluated resulted in small changes in retention time, tailing factor and theoretical plate number compared with
the standard chromatographic method. However, no significant differences were observed related to BZP recovery
percentage (p > 0.05 and RSD <2.0), demonstrating the robustness of the method (Table 1).
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Figure 1. Nanocapsules characterization. Representative chromatograms of (A) LNC*, (B) bozepinib solution and (C) BZP-LNC*. (D)

Radar chart presenting the value of volume-weighted mean diameters (D[4,3]) and the mean diameters at percentiles 10, 50 and 90
under the size distribution curves by volume and number of particles. (E) Dynamic light scattering particle size distribution curves for
LNC* and BZP-LNC*.

BZP-LNC*: Bozepinib-lipid-core nanocapsule; LNC*: Lipid-core nanocapsule.

Characterization of BZP-LNC" & LNC* formulations

The total BZP content in the nanocapsules (BZP-LNC*) was 0.88 & 0.01 mg/ml", with an encapsulation
efficiency of 100%. The particle size distribution of BZP-LNC™" and LNC™ showed D[4,3] of 194 & 27 nm (span
1.54 £ 0.16) and 266 £ 33 nm (span 1.49 £ 0.20), respectively. The values referring to the volume-weighted
mean diameters and the diameters at percentiles 10, 50 and 90 (by volume and number) were plotted on the radar
chart, which is described as fingerprints of the formulations [41]. As are presented in Figure 1D, the shapes of the
radar chart demonstrate narrow size distributions and low polydispersities, as well as the absence of micrometric
particles or aggregates.

DLS analysis showed a narrow particle size distribution for both formulations (PDI <0.2) and z-average
diameters of 133 & 13 nm (BZP-LNC™) and 146 £ 17 nm (LNC") (Figure 1E). According to the NTA analysis,
the hydrodynamic diameter (Dh) varied from 157 & 5 to 163 & 3 nm when BZP was added to the formulation.
In addition, we compared the light scattered by the LNC™ formulation with the light scattered by the BZP-
LNC* formulation (scattered light intensity x diameter). The NTA 2D plots (Supplementary Figure 1) show
the scattered light spot distributions of the LNC* and BZP-LNC™ samples, which had similar light scattering
intensities, indicating the absence of nanocrystals in the formulation. This data indicate an important correlation
between the encapsulation mechanism of the drug and its lipophilicity, where the higher is the lipophilicity of the
drug, the higher its concentration in the oil core 42]. Because log D of BZP is 4.14 (at pH ranging from 3.0 to
14.0), the drug is mainly distributed in the oil core at saturation concentration in the organic phase.
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Table 1. Validation of the method for quantification of bozepinib in lipid-core nanocapsules formulations.

Precision
Intraday precision Interday precision

Replicates BZP quantification (%) RSD (%) Day BZP quantification (%) RSD (%)
1 97.48 1.54 1 97.48 0.80

98.49

99.04
2 98.49
3 97.36 2 97.52 1.39

98.09

100.12
4 95.68
5 95.24 3 99.24 0.68

97.98

98.24
6 99.04

Accuracy
Concentration (;.g/ml") Recovery (%) RSD (%)
1 95.23 + 1.90 1.99
10 100.90 + 0.42 0.42
15 99.85 + 0.77 0.78
Robustness
Factor Rt (min) N (>2000) mean + SD T(<2.0)mean £ SDRSD K (>2.0) mean + SD RSD  Recovery (%) mean + SD
RSD (%) (%) (%) RSD (%)

Normal condition 8.8 9468 + 15 (0.2) 1.1+ 0(0) 4.7 £0.01(0.2) 98.5 + 0.5 (0.5)
Flow rate (ml)
0.8 1.1 9899 + 182 (1.8) 1.1 4+ 0.004 (0.4) 4.9 +£0.1(2.0) 95.0 +£ 1.7 (1.8)
1.2 7.5 8284 + 54 (0.7) 1.1 £ 0.001 (0.1) 4.9 +0.01(0.3) 95.4 + 1.8 (1.9)
Wavelength (nm)
293 9.0 9200 + 122 (1.3) 1.1 £ 0.004 (0.3) 4.9 +£0.01(0.2) 95.3+1.7(1.7)
287 9.0 9206 + 118 (1.3) 1.1 £0.002 (0.2) 5.0 £ 0.002 (0.04) 95.2+ 1.7 (1.8)
pH
43 9.0 9526 + 56 (0.6) 1.1 +£0(0) 5.0 £+ 0.02 (0.4) 97.6 + 1.9 (1.9)
3.5 8.8 9455 + 42 (0.5) 1.1+ 0(0) 4.9 +0.02 (0.5) 97.2 +1.8(1.9)

Data are mean = SD of three independent experiments.
BZP: Bozepinib; K: Retention factor; N: Theoretical plate number; RSD: Relative standard deviation; Rt: Retention time; SD: Standard deviation T: Tailing factor.

The particle number densities for the formulations were 2.15 + 0.36 x 10" (BZP-LNC") and
2.07 £ 0.38 x 10'3 (LNC™"). The zeta potentials were +7.57 £ 0.68 mV (LNC') and +9.03 £+ 1.99 mV
(BZP-LNC™), and the pH showed acid for both formulations, 3.89 & 0.07 and 4.04 % 0.28, for LNC* and
BZP-LNC™, respectively. The results are summarized in Table 2.

BZP-LNC* reduces GBM cell viability interfering with the cell cycle progression & inducing apoptosis
The following step was an evaluation of the BZP-LNC™ cytotoxicity in the GBM and nontumoral cells using the
Trypan blue exclusion method. As shown in Table 3, BZP-LNC™ reduces GBM cell viability with ICsq values of
0.47 £ 0.03 pM (C6 cells) and 0.43 £ 0.04 uM (U138 cells), while the BZP solution presents ICsy values of
0.50 %+ 0.02 pM (C6 cells) and 0.83 £ 0.02 uM (U138 cells). Interestingly, BZP-LNC" was demonstrated to
be more effective in reducing cell growth for the U138 cells when compared with the BZP solution, presenting
a significantly lower ICsq value (p = 0.001). In addition, neither blank nanocapsules nor DMSO were able to
significantly reduce cell viability, even in the highest concentrations (data not shown).

Furthermore, evaluation was made of the toxicity of the BZP solution and BZP-LNC* in MRC-5 nontumoral
cells, resulting in ICsg values significantly greater than the C6 and U138 cells (2.49 & 0.51 and 2.28 & 0.55 puM,
for BZP solution and BZP-LNCT, p = 0.001, Table 3). Considering the ICsq values, the selectivity index in vitro
(SI) was calculated, which predicts a selective action of the compound, as previously described [43-45]. As shown

in Table 3, the C6 cells showed SI values of 4.98 (BZP) and 5.30 (BZP-LNC"), and the U138 cells presented
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Table 2. Physicochemical characterization of nanocapsule suspensions.

Parameter BZP-LNC* LNC*

LD

D [4.3] (hm) 194 + 27 266 + 33
Span 1.54 £ 0.16 1.49 £ 0.20
DLS

Dy, z-ave (nm) 133 £ 13 146 + 17

PDI 0.17 £ 0.03 0.17 £ 0.03
NTA

Dy, (nm) 163 +£3 157 £5

D1o (nm) 123 +4 121+6

Dso (nm) 156 + 3 151+ 4

Dgo (nm) 222 +9 199 + 1

PND (particles.ml") 2.15+0.36 x 103 2.07 +0.38 x 103
Zeta potential (mV) +9.03 + 1.99 +7.57 + 0.68
pH 4.04 +£0.28 3.89 + 0.07
Drug content (mg.ml™") 0.88 + 0.01 -

EE (%) 100% -

Results are expressed as mean = standard deviation of three independent experiments.
D10, D50 and D90: Diameter at percentiles 10, 50 and 90, respectively; Dh: Hydrodynamic diameter; Dh, z-ave: z-average hydrodynamic diameter; DLS: Dynamic light scattering; EE:
Encapsulation efficiency; LD: Laser diffraction; NTA: Nanoparticle tracking analysis; PDI: Polydispersity index; PND: Particle number density.

Table 3. ICsy values of bozepinib solution and BZP-loaded lipid-core nanocapsules in cell lines and in vitro SI.

Cell lines BZP BZP-LNC*
ICsp + SD (M) sl 1Csp & SD (M) sl
c6 0.50 + 0.02 4,98 0.47 + 0.03 5.30
U138 0.83 + 0.02 3.00 0.43 + 0.04% 4.85
MRC-5 2.49 +0.51F NA 2.28 + 0.55F NA

Glioblastoma (GBM) or MRC-5 cells were treated with different concentrations of BZP or BZP-LNC+ for 72 h. Cell viability was determined by Trypan blue dye exclusion test. ICsq values
was determined by the linear theoretical equation (y = mx + ¢). SI values were calculated from the ICs value of the MRC-5/ICsq value of GBM cells. Data are means £ SD of three
independent experiments.

Tp < 0.001, significantly different from the ICso of C6 and U138 cells.

¥p < 0.001, significantly different from the ICso of BZP-U138 cells.

BZP: Bozepinib; BZP-LNC*: Bozepinib-loaded lipid-core nanocapsule; IC50: Half-maximal inhibitory concentration; NA: Not applicable; SD: Standard deviation; SI: Selectivity index.

SI = 3.00 (BZP) and SI = 4.85 (BZP-LNC™). According to previous studies, SI values >3 are considered selective
for cancer cells [46,47].

The percentage of cells at the different phases of the cell cycle (GO/G1, S and G2/M) was analyzed by flow
cytometry and demonstrated in Figures 2A & B. BZP-LNC was able to induce cell cycle arrest in the S phase of
the U138 cells from 25.99 to 31.75% (p = 0.0001) while reducing the cells in the GO/G1 phase from 55.91 to
50.26% (p = 0.0060), compared with the LNC". On the other hand, there were no statistical differences in the
cell cycle progression in the C6 cell lines.

After this, evaluation was made of the cytotoxic parameters related to cell death after BZP or BZP-LNC*
treatment. Apoptosis-inducing effect was performed by annexin V and PI assay after 72 h of treatment. Double
staining with annexin V and PI provides a sensitive method to detect the stages of cell death resulting from apoptotic
and/or necrotic processes. In this assay, viable or cells without measurable apoptosis, where the cell membranes
are intact, remain negative for annexin V and PI; cells that are in the stage of cell death from early apoptosis
are annexin V positive and PI negative; cells in the final stage of apoptosis (late apoptosis) are positive for both
annexin V and PI. Cells in necrotic death, which have damaged and permeable cell membranes, remain PI positive
only. The percentage of cells positive for annexin V in both early and late apoptosis stages are plotted in this study
as cells in total apoptosis. BZP-LNCT significantly increased the induction of total apoptosis when compared to
the BZP solution in the C6 cells, from 8.31 (BZP) to 20.03% (BZP-LNC) (p = 0.0001, Figures 2C & D), and
the U138 cells also presented significantly higher levels of apoptosis after BZP-LNC™ treatment, from 10.8 (BZP)
to 16.62% (BZP-LNCY) (p = 0.0001, Figures 2E & F). In contrast, the BZP solution significantly increased the
percentage of necrotic C6 cells compared with BZP-LNC™, 4.83 (BZP) versus 1.37% (BZP-LNC™), p = 0.0001.
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Figure 2. Glioblastoma cells were treated with different concentrations of bozepinib (BZP) solution or BZP-loaded lipid-core
nanocapsules (BZP-LNC*) for 72 h. (A) Quantitative cell cycle analysis in C6 cells. (B) Quantitative cell cycle analysis in U138 cells. (C)

Dot-plot (Q1 = viable cells, Q2 = early apoptosis, Q3 = late apoptosis and Q4 = necrosis) and (D) quantitative analysis of
in C6 cells. (E) Dot-plot (Q1 = viable cells, Q2 = early apoptosis, Q3 = late apoptosis and Q4 = necrosis) and (F) quantitat
apoptosis (%) in U138 cells. Data are presented as means =+ standard deviation of three independent experiments.

total apoptosis (%)
ive analysis of total

*p < 0.05; **p < 0.01 and ***p < 0.001: significantly different from DMSO. #p < 0.05; *#p < 0.01 and *##p < 0.001: significantly different

from LNC* ©p < 0.05, ®®p < 0.01 and ©®®p < 0.001: significantly different between BZP solution and BZP-LNC™.
BZP: Bozepinib; BZP-LNC": Bozepinib-loaded lipid-core nanocapsule; LNC*: Lipid-core nanocapsule.

It should be highlighted that BZP-LNC™ might induce apoptosis instead necrosis possible due to a sustained and
time-dependent release, whereas free BZP, without any releasing control, might trigger necrotic cell death in a small
subset of susceptible cells, considering cells’ plasticity. Additionally, the controls (LNC* and DMSO) did not show
significantly relevant apoptosis induction in both the GBM cells (p = 0.2316 and p = 0.9999 for C6 and U138
cells, respectively).

Synergistic effects of TMZ plus BZP-LNC* in GBM cells

To explore the possibility of synergistic cytotoxicity, GBM cells were treated with different concentrations of BZP-
LNC* and TMZ, either alone or in combination. Analysis was performed using CompuSyn software, based on the
unified theory of the median-effect equation of the mass-action law and the combination index theorem [35-38]. As
shown in Table 4, BZP-LNC* maintained its ICsq values, even when calculated with different methodologies (linear
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Table 4. Combination of bozepinib-loaded lipid-core nanocapsules and temozolomide against glioblastoma cell growth.

Compound IC50 £ SD (1M) Cl DRI

C6 cell line

BZP-LNC* 0.46 + 0.06 NA 2.48 £ 0.25
T™Z 528.7 £ 19.17 NA 2.92 +£0.56
BZP-LNC* 0.14 + 0.02 0.75+0.10 NA

+ +

™Z 186.2 + 35.86

U138 cell line

BZP-LNC* 0.42 + 0.09 NA 2.42 +0.55
T™Z 737.5 +58.98 NA 3.38+0.25
BZP-LNC* 0.17 £ 0.01 0.72 +0.12 NA

+ +

T™Z 217.8 £2.28

Cell viability was determined by the Trypan blue dye exclusion test after glioblastoma cells were treated with different concentrations of drugs for 72 h. IC50, Cl and DRI were obtained
by CompuSyn software. Data are presented as the mean = SD of three independent experiments.

BZP-LNC™*: Bozepinib-loaded lipid-core nanocapsule; Cl: Combination index; DRI: Dose-reduction index; ICsq: Half-maximal inhibitory concentration; NA: Not applicable; SD: Standard
deviation; TMZ: Temozolomide.

theoretical equation, as shown in Table 3, or Chou-Talalay equation analyzed by CompuSyn software). In addition,
it is worth noting that the ICsy was much higher for the TMZ; the C6 cells presented ICsg of 528.7 &+ 19.17 uM
and the U138 cells showed an ICsq of 737.5 & 58.98. Curiously, the combination of BZP-LNC* and TMZ led to
a significantly enhanced killing effect compared with the single-agent treatments, reducing the ICsy value by more
than half. These results suggest that the combination of these drugs produced an explicit synergistic effect with
CI value <1 (0.75 £ 0.10 for C6 cells and 0.72 = 0.12 for U138 cells), a quantitative definition for synergism
(Table 4 & Figures 3A & D). The synergistic effect was also investigated using the isobologram, which consists of
a graphical representation of the interaction of two drugs that exhibit similar effects in equipotent pairs for a given
level of inhibition. In the isobologram, synergism is represented by the treatment combination (symbol) below its
respective Fa isobole (line) (36]. As shown in Figure 3B & E, the combination of TMZ plus BZP-LNC™ results
in a synergistic effect for 50% inhibition of cells (Fa 0.5), 75% (Fa 0.75) and 90% (Fa 0.9). The analysis of the
DRI, which measures the number of folds a drug concentration can be reduced in combination, demonstrated
a reduction of approximately 2.5-fold in the TMZ and BZP-LNC™ concentrations, indicating a favorable drug
combination (Table 4 & Figures 3C & F).

After validating the theoretical reduction of the TMZ and BZP-LNC concentrations, evaluation was made of
the cytotoxic parameters related to cell death after cotreatment with BZP-LNC* (0.14 or 0.17 pM, for C6 or
U138 respectively) plus TMZ (186 or 217 uM, for C6 or U138, respectively) by annexin V and PI, followed
by flow cytometry analysis after 72 h of treatment. Again, BZP-LNC™ alone significantly induced apoptosis in
the GBM cells compared with the vehicles (represented by the association of vehicles used in the study, DMSO
plus LNCY), from 2.42 to 17.45% in the C6 cells (p = 0.0007) and from 5.84 to 17.85% in the U138 cells
(p = 0.0001). Furthermore, TMZ was also able to significantly induce total apoptosis by approximately 10-fold
and 5-fold, compared with the vehicle, for the C6 and U138 cells, respectively (p = 0.0001); as expected, the
combination of BZP-LNC™ plus TMZ led to a significant enhancement in the percentage of apoptotic GBM cells,
from 2.42 to 31.09%, in the C6 cells (p = 0.0001, Figures 3G & H), and from 5.84 to 24.30%, in the U138 cells
(p = 0.0001, Figures 3I & J). Collectively, these results suggest that combinatory treatment between BZP-LNC*
and TMZ improves the cytotoxic effect of these compounds against GBM cells.

Combined treatment with TMZ & BZP-LNC* has synergistic effects by reducing the tumor size in a
rat glioma model

To evaluate the 7 vivo antitumor activity of BZP-LNC* and TMZ, either alone or in combination, a rat glioma
model was established by injecting glioma cells into the rat brain. After 5 days of tumor growth and 15 days of
treatment, the brain was removed and the tumor size evaluated (Figure 4A). Intranasal treatment of the animals
bearing glioma with BZP-LNC™ alone resulted in a 42.32% reduction in the tumor volume in comparison with
the LNC™ treatment (from 87.79 & 11.25 to 50.64 &+ 17.73 mm?, p = 0.0007), whereas intraperitoneal treatment
with TMZ alone reduced the tumor size by 53.29% compared with the CTRL group (from 91.65 % 15.05 to

10.2217/nnm-2021-0164 Nanomedicine (Lond.) (Epub ahead of print) future science group



Development of bozepinib-loaded nanocapsules for nose-to-brain delivery

® ©

24 24 = 5q
5 cros) &
Q - — by = o TMZ
= 5 o Fa=075 <
x s Fa=0.9
3 3 2 s o o
£ , d £ 5 ©
5 Antagonism o © B 14 5
£ [} ° @ ° i
£ 3 2 ,_|Favorable dose reduction
o a o 3 No favorable dose reduction
o o) o

0 T 1 0 = T 1 Q 0 T 1

0.0 0.5 1.0 0.0 1.5 3.0 0.0 0.5 1.0
Fraction affected (Fa) Dose B (TMZ) Fraction affected (Fa)

27 2 g ° BZP-LN
3 - R ;
< Q A Fa=009 x 0
(] = (]
T - ©
£ , d £
P oo/ B : °
T ynerg © ° < ° =} @
£ o 3 [
£ @ 3 8 2, _|Favorable dose reduction
o a \ ] No favorable dose reduction
o © o

0 T 1 0 S 1 80 T 1

0.0 0.5 1.0 0.0 25 5.0 0.0 0.5 1.0
Fraction affected (Fa) Dose B (TM2) Fraction affected (Fa)
C6 cell line

©)

Vehicle BZP-LNC*

TMZ + BZP-LNC*

Annexin V-APC (%)
Total apoptosis (%)

Vehicle BZP-LNC* TMZ  TMZ +

L
Propidium iodide (%) BZP-LNC*

U138 cell line

S)
©

Vehicle BZP-LNC* TMZ + BZP-LNC*

Annexin V-APC (%)

Total apoptosis (%)

1
10¢

T
10°

107
FL3-H

Propidium iodide (%)

Vehicle BZP-LNC*

T™Z  TMZ +

BZP-LNC*

Figure 3. Representative graphics for BZP-LNC*, TMZ and TMZ + BZP-LNC* treatments in glioblastoma cells after
72 h. (A) Fa-Cl plot, (B) isobologram and (C) Fa-DRI plot in C6 cells. (D) Fa-Cl plot, (E) isobologram and (F) Fa-DRI plot
in U138 cells. (G) Dot-plot (Q1 = viable cells, Q2 = early apoptosis, Q3 = late apoptosis and Q4 = necrosis) and (H)
quantitative analysis of total apoptosis (%) in C6 cell line. (I) Dot-plot (Q1 = viable cells, Q2 = early apoptosis, Q3 = late
apoptosis and Q4 = necrosis) and (J) quantitative analysis of total apoptosis (%) in U138 cell line. Vehicle was
represented by the cotreatment with DMSO plus LNC*. Data are presented as means + standard deviation of three
independent experiments.

*p < 0.05; **p < 0.01; ***p < 0.001; significantly different from vehicle.

BZP-LNC': Bozepinib-loaded lipid-core nanocapsule; Cl: Combination index; DRI: Dose-reduction index; Fa: Fraction
affected; Fa = 0.5 (50% of cell proliferation inhibition); Fa = 0.75 (75% of cell proliferation inhibition); Fa = 0.9 (90% of
cell proliferation inhibition); TMZ: Temozolomide.
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Figure 4. Cotreatment with TMZ and BZP-LNC* reduces tumor size, demonstrating a potent synergistic effect. (A)
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***p < 0.001: significantly different from the CTRL.

BZP-LNC*: Bozepinib-loaded lipid-core nanocapsule; CTRL: Control; LNC': Lipid-core nanocapsule; TMZ:
Temozolomide.

42.81 £+ 17.75 mm?, p = 0.0001). In contrast, the difference in the tumor size between the TMZ plus BZP-LNC™*
and the CTRL rats was 81.16% (from 91.65 £ 15.05 to 17.27 & 7.29 mm?, p = 0.0001) (Figures 4B & C).
The tumor size of the untreated animals was at the same magnitude of the LNC* and the BZP-treated groups
(Figures 4B & C).

Assessment was also made of the possible cytotoxic effects of treatment with BZP-LNC™ or TMZ + BZP-LNC*
on rats. After 15 days of treatment (20 days after C6 cells implantation), blood was drawn, and the following
biochemical parameters were analyzed: creatinine, urea, alkaline phosphatase, creatine phosphokinase, alanine
aminotransferase and aspartate aminotransferase to assess hepatic and renal function. As shown in Supplementary
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Table 1, the treatments used in this study did not alter the biochemical parameters in the rats, compared with the
CTRL group.

Discussion
The current study presents a novel lipid-core nanocapsules formulation of BZP for nose-to-brain delivery, which
was successfully developed, characterized and investigated against GBM.

The proposed HPLC-UV method was validated in terms of specificity, linearity, accuracy, precision and ro-
bustness in accordance with ICH guidelines [34]. The results obtained were within the acceptable ranges, and this
method provides an adequate retention time to ensure efficient separation and facilitate routine analysis. Consider-
ing that the formulation characteristics, BZP-LNC" presented some strategies for increasing brain bioavailability
after nose-to-brain delivery, such as the presence of a surfactant, coating the surface with chitosan and appropriate
nano-size and zeta potential.

Studies demonstrate that the presence of surfactants such as polysorbate 80 is today the gold standard for
increasing the BBB crossover of NPs as they have been shown to increase apolipoprotein—NDP interaction, playing
a similar role to target ligands, allowing NPs to be captured by receptor-mediated transport. Moreover, they are
able to inhibit efflux transporters such as P-glycoproteins [48-51]. Another strategy to reach the CNS is to coat
the surface of the nanocapsules with specific ligands [511. Chitosan-coated NPs have been shown to increase the
efficiency of targeting the brain, improving the therapeutic potential of drugs (52-54]. In addition, chitosan can
increase or reverse the zeta potential of the nanoparticle to positive, which can confer a greater biological interaction
with anionic cell barriers, increasing cell internalization [54]. Therefore, chitosan can control the release, adhere to
the mucus and open the hermetic junctions of the nasal membrane, which favor its application by nose-to-brain
delivery [s5]. In addition, the positive zeta potential may have an important impact on the interaction between
NPs and tumor tissue [51]. According to some published studies, the negative charges on tumor cell membranes
can potentiate the electrostatic interaction with positively charged NPs, being trapped in the tumor for a longer
period, compared with neutral or negatively charged particles [56,57]. In this same sense, NPs with a diameter
between 10-200 nm exhibit higher BBB penetration and allow passive accumulation in brain tumors, inducing a
more efficient therapeutic effect by the enhanced permeability and retention, which is responsible for the selective
targeting and the accumulation of drugs in tumor tissue much more than they do in normal tissue [58,59].

The LNCs were formulated by interfacial deposition using the preformed polymer method, and all the formu-
lations showed adequate nanotechnological characteristics (particle size 194 £ 27 nm, polydispersity index <0.2)
and high encapsulation efficiency (100%). In this sense, we have successfully demonstrated that BZP-LNC+ was
designed using all the strategies mentioned for nose-to-brain delivery. A limitation of this work is that we did
not analyze the LNC formulations by scanning electron microscopy (SEM) or transmission electron microscopy
(TEM) or perform long-term stability. However, in previous studies from our laboratory, we have analyzed different
LNC formulations by SEM and/or TEM, ensuring that the mean hydrodynamic diameter and PDI correlates with
quality standards in SEM/TEM [60-64]. Importantly, to be sure that formulations were adequate for biological
evaluation, we analyzed mean hydrodynamic diameter, PDI, drug content and encapsulation efficiency before cells
and animals’ treatment.

The following step was evaluation of the cytotoxic effect of BZP-LNC™ in GBM cell lines and nontumor cell
lines. A decrease in GBM cell growth after BZP-LNC™ treatment was observed, with significantly lower ICsq values
compared with the MRC-5 cells, thus demonstrating a selective action for cancer cells by presenting an SI >3 [46,47].
Furthermore, BZP-LNC* was demonstrated to be more effective in reducing GBM cell viability than the BZP
solution after 72 h. Thus, these results provide evidence that the compound is effectively being released from the
LNCs and is being able to exert its effect compared with free BZP. Regarding cell death induction, BZP-LNC™*
significantly increased the percentage of total apoptosis (early and late apoptotic cells), approximately 2.5-fold (C6
cells) and 1.5-fold (U138 cells) compared with the BZP solution. The greater extent of apoptosis, which is more
desirable than necrosis in oncotherapy, may reflect a possible sustained release of BZP when nanoencapsulated.

Drug combinations have gained great attention in recent years because they offer the advantage of synergistic
antitumor activity at relatively lower concentrations of each drug, reducing possible side effects and minimizing
or delaying resistance induction associated with GBM treatment [65,66]. Therefore, an evaluation has been made
of the effect of combined treatment between TMZ, the current gold therapy for GBM, and BZP-LNC™ through
Compusyn software. Both the Fa-CI plot, which is an effect-oriented graphic, and the isobologram, which is a
dose-oriented graphic, showed exactly the same results — that is, a synergistic effect for the combination TMZ-BZP-
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LNCt. Again, the CI values indicated a synergistic cytotoxic effect i vitro because they were less than one [35-33].
Another relevant result is the DRI, which indicates how much each concentration can be reduced, in a synergistic
combination, to provide the same effect as appears in an isolated form [35-38]. The results show that the concentration
used for TMZ and BZP-LNC™ can be reduced approximately 2.5-fold when used in combination to produce the
same effect compared with the single agents. Given the synergistic effect by the combined treatment with TMZ
plus BZP-LNC™, evaluation was made of an interaction between these drugs in the induction of apoptosis and/or
necrosis in GBM cells. Although treatment with TMZ or BZP-LNC™ alone increased the percentage of apoptotic
cells, a combination of both drugs (TMZ + BZP-LNC™), approximately 2.5-fold less concentrated, significantly
increased apoptotic cells, confirming the in vitro synergistic effect.

As a follow-up, evaluation was made of the iz vivo antiglioma activity of BZP-LNC alone and in cotreatment
with TMZ (TMZ + BZP-LNCH). In addition to using the strategies already mentioned to increase the BZP’s
capacity to reach the CNS, a less invasive administration tool was chosen, the intranasal route. The nose-to-brain
route has attracted much attention in recent years due to its innovative way of overcoming the BBB [30,67,68].
After reaching the nasal cavity, a drug-loaded internal nanocarrier can be transported along with the olfactory
bulb (olfactory route) and trigeminal nerve (trigeminal route) directly to the CNS, increasing drug absorption and
promoting BBB bypass with fewer systemic adverse effects [32,69].

In the first set of in vive experiments, we conducted a pilot study to evaluate the effect of nanocapsules on a
limited number of animals and groups (without LNC and BZP groups). In the therapeutic scheme presented in
Supplementary Figure 2A, 8 days after C6 cell implantation, treatment was initiated with a daily application of
100 pl intranasally (50 pl in each nostril) of BZP-LNC™. Previously published studies suggest that the optimal
volume for nasal administration ranges from 20 to 100 pl (70-73). In this context, we first opted to evaluate the effect
of nasal administration with 88 pg BZP-LNC™ (100 pl). Surprisingly, after intranasal treatment, the rats’ lungs
showed visible morphological lesions compared with those that did not receive the formulation, indicating a
possible toxicity after intranasal treatment and inconsistent brain drug delivery with nonsignificant reduction in
tumor size following BZP-LNC™ treatment (Supplementary Figure 2B & C). Although we used the recommended
nasal administration volume from previous studies, there are relatively few reports on the ideal administration
conditions and established dosing regimens, such as volume, time periods and administration speed. In addition,
studies comparing lung toxicity after intranasal delivery of staggered volumes are rare [70-73]. Of note, even with lung
toxicity, biochemical analyses showed no difference among the treatments and the control group (Supplementary
Table 2). Furthermore, it is important to note that neither LNCs nor LNCs carrying various drugs demonstrated
lung or nasal toxicity after nasal administration [30,74-77).

In view of this, a decision was made to reduce the volume of intranasally administered formulations. Previous
studies demonstrated that after 3—5 days of C6 cell implantation, it was already possible to see intracranial tumor
formation [78-80]. After 5 days of C6 cell implantation, treatment was initiated with two daily applications of 12.5 pl
in each nostril, totaling 50 pl per day, as stated in the Materials & Methods section. In this condition, BZP-LNC*
or TMZ antiglioma effect was significantly greater than free-BZP or the control group. In addition, the antitumor
effect of the association of TMZ and BZP-LNC™ resulted in a remarkable reduction in glioma size, approximately
81% compared with the control group (p = 0.0001), confirming the synergistic antiglioma efficacy of BZP-LNC*
plus TMZ. There were no visible changes in organs such as lungs, liver and kidneys (data not shown), and there
were no changes in the biochemical analyses (Supplementary Table 1).

Conclusion & future perspective
We have developed a simple, rapid and sensitive analytical method to quantify BZP-loaded LNCs, a promising
compound for GBM treatment. We have developed a formulation containing chitosan-coated LNCs, which showed
high encapsulation efficiency for BZD, adequate mean particle sizes (<200 nm) and narrow size distribution. BZP-
LNC" promoted cytotoxicity effects against GBM cell lines with low ICs, values, inducing cell apoptosis in C6
and U138 cells. Further, combined BZP-LNC* and TMZ treatment showed a synergistic cytotoxic effect in GBM
cells, potentiating the apoptosis induction, and even reducing 2.5-fold the concentration of both drugs tested. The
cotreatment with TMZ + BZP-LNC™ reduced the iz vivo glioma growth by approximately 81% compared with
the control group.

To further enhance the synergistic effects between BZP-LNC and TMZ, different types of administration and
concentrations of these combined therapies should be tested to maximize the synergistic antitumor effect and ensure
a safe and nontoxic therapeutic regimen. Furthermore, additional nanocapsules characterization studies such as
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TEM and/or SEM and stability studies need to be evaluated to ensure shelf-life formulation validity. Additionally,
in-depth studies of the synergistic antitumor effect and its mechanism of action between BZP-LNC" and TMZ
should be performed in 77 vivo experiments. Finally, the present study provides an initial basis for the use of
cotreatment with TMZ and BZP-LNC™ in GBM therapy as a first step toward eventual clinical application.

Summary points

e Anticancer drug-loaded nanocapsules are promising tools for glioblastoma (GBM) treatment.

e This study has aimed at developing an innovative formulation containing bozepinib-loaded lipid-core
nanocapsules (BZP-LNC™).

e The analytical method of quantifying BZP in nanocapsules using high-performance liquid chromatography has
been shown to be sensitive and effective.

e The nanocapsules showed high encapsulation efficiency, adequate particle sizes and narrow size distribution.

e BZP-LNC* exert antitumor activity in GBM cells inducing cell death by apoptosis.

e Cotreatment between BZP-LNC' and TMZ showed a synergistic cytotoxic effect in GBM cells, potentiating
apoptosis induction.

e In vivo rat GBM model showed that TMZ plus BZP-LNC* significantly inhibited tumor growth.

Supplementary data
To view the supplementary data that accompany this paper please visit the journal website at:
www.futuremedicine.com/doi/suppl/10.2217 /nnm-2021-0164
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