~ International Journal of
Molecular Sciences

Article

In situ Gelling Hydroxypropyl Cellulose Formulation
Comprising Cannabidiol-Loaded Block Copolymer Micelles for
Sustained Drug Delivery

Katya Kamenova 1 Denitsa Momekova 2, Georgy Grancharov 1 Anna Prancheva?l,

Natalia Toncheva-Moncheva

check for
updates

Citation: Kamenova, K.; Momekova,
D.; Grancharov, G.; Prancheva, A.;
Toncheva-Moncheva, N.; Ivanov, E.;
Konstantinov, S.; Petrov, P.D. In situ
Gelling Hydroxypropyl Cellulose
Formulation Comprising
Cannabidiol-Loaded Block
Copolymer Micelles for Sustained
Drug Delivery. Int. J. Mol. Sci. 2023,
24,16534. https://doi.org/10.3390/
ijms242216534

Academic Editors: Tatiana A.
Akopova, Sankar Bhuniya and

Tatiana Demina

Received: 18 October 2023
Revised: 14 November 2023
Accepted: 17 November 2023
Published: 20 November 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 2,3

, Ervin Ivanov , Spiro Konstantinov 2 and Petar D. Petrov 1*

Institute of Polymers, Bulgarian Academy of Sciences, 1113 Sofia, Bulgaria;

kkamenova@polymer.bas.bg (K.K.); granchar@polymer.bas.bg (G.G.); a_prancheva@polymer.bas.bg (A.P.);
ntoncheva@polymer.bas.bg (N.T.-M.)

Faculty of Pharmacy, Medical University of Sofia, 1000 Sofia, Bulgaria;
dmomekova@pharmfac.mu-sofia.bg (D.M.); ervin.ivanov@gmail.com (E.L);
skonstantinov@pharmfac.mu-sofia.bg (5.K.)

3 Pobelch Gle Ltd., 1618 Sofia, Bulgaria

*  Correspondence: ppetrov@polymer.bas.bg; Tel.: +359-2-9796335

Abstract: Cannabidiol (CBD) is a natural terpenophenolic compound with known pharmacological
activities, but the poor solubility of CBD in water limits its widespread use in medicine and pharmacy.
Polymeric (nano)carriers demonstrated high potential for enhancing the solubility and therapeutic
activity of lipophilic drugs such as CBD. Here, we report the elaboration of a novel hydroxypropyl
cellulose (HPC)-based in situ gelling formulation for controlled delivery of CBD. In the first stage,
nanosized polymeric micelles from poly(ethylene oxide)-block-poly(x-cinnamyl-¢-caprolactone-co-¢-
caprolactone) (PEO-b-P(CyCL-co-CL) diblock copolymers) were used to increase the solubility of CBD
in water. Different copolymers were assessed, and the carrier with the highest encapsulation efficiency
(EE) and drug loading capacity (DLC) was selected for further elaboration of nanocomposite in situ
gel formulations. Next, the sol-to-gel transition behavior of HPC as a function of K;SO4 concentration
in the aqueous solution was investigated by microcalorimetry and dynamic oscillatory rheology,
and the optimal formulation capable of forming a physical gel under physiological conditions was
determined. Finally, injectable nanocomposite hydrogels comprising cannabidiol were fabricated,
and their drug release profile and cytotoxicity against human tumor cell lines were evaluated. The in
situ gels exhibited prolonged drug release over 12 h, controlled by gel erosion, and the cytotoxicity of
formulated cannabidiol was comparable with that of a free drug.

Keywords: in situ gels; cannabidiol; hydroxypropyl cellulose; polymeric micelles

1. Introduction

Hydrogels are a unique class of polymeric materials capable of retaining large amounts
of water while maintaining their integrity and shape [1,2]. In fact, these are three-dimensional,
physically or chemically crosslinked polymeric networks of natural or synthetic origin,
swollen in water [3]. The specific features of hydrogels, such as biocompatibility, softness,
flexibility, porosity, high permeability, etc., make them attractive for biomedical applica-
tions as they resemble the characteristics of the native extracellular matrix. Hence, research
on hydrogels intended for tissue engineering and the delivery of therapeutic agents has
steadily increased over the last few decades. Overall, the chemically crosslinked hydrogels
are tough and elastic and thus satisfy the highly demanded properties in dynamic environ-
ments such as cartilage, skin, and cardio-related devices. In turn, physically crosslinked
hydrogels can be easily prepared without any chemical reaction, which facilitates the ma-
nipulations and ensures safety in in vivo conditions [4]. In this case, the polymer network
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is formed because of hydrophobic, ionic, or host-guest interactions, hydrogen bonding,
self-assembly, complexation, etc. The physical gelation is a reversible process, and the
corresponding hydrogel can be dissolved by changing the environmental conditions [5].

Recently, research on hydrogels for biomedical applications has focused on stimuli-
responsive systems that can form gel at physiological conditions and thus reduce the
risks involved in the surgical implantation of conventional hydrogels [6]. In this aspect,
temperature-responsive hydrogels are among the most exploited platforms for developing
in situ gel-forming formulations [4,7]. Such systems undergo a physical phase (sol-gel)
transition upon temperature changes, allowing easy administration by applying the liquid
form with a conventional syringe even within the surgery area for tumor resection and
subsequent gelation in situ at physiological temperature. Indeed, injectable temperature-
responsive gels have been extensively investigated as carriers of therapeutic agents such as
drugs, growth factors, enzymes, wound dressing, etc. [8-11].

Polymers from natural sources such as polysaccharides (hyaluronic acid, alginate,
cellulose, chitosan, dextran, starch, etc.) and proteins (gelatin, fibrin, and collagen) have
been widely used for fabricating injectable hydrogels [6,12]. Natural materials are more
advantageous than synthetic ones because of their biocompatibility, lack of toxicity, better
interaction with the surrounding tissues, and biodegradability. However, only several
natural polymers (methylcellulose, hydroxypropyl cellulose, hydroxypropyl methylcellu-
lose, xyloglucan, and gelatine) can undergo thermo-reversible gelation in aqueous media,
and none of them exhibits a sol-gel transition temperature (Tso).ge1) close to physiological
temperature [2,13]. For example, gelatine, which belongs to the polymers having an upper
critical solution temperature (UCST), can form a physical hydrogel below 25 °C, but at
37 °C, this gel dissolves [13]. Contrariwise, hydroxypropyl methylcellulose, a polymer
with a lower critical solution temperature (LCST), is soluble in water at lower temperatures
and tends to form hydrogels above 65 °C [14]. Generally, two different strategies have
been applied to tune the Ty gel 0f cellulose derivatives and thus achieve gelling material
at the desired temperature of 37 °C. The first approach is based on chemical modifica-
tion, where synthetic (co)polymers or units are covalently attached to the polysaccharide
macrochains. For instance, Miao et al. prepared a thermoresponsive hydrogel via click
reactions between alkynyl-functionalized hydroxypropyl cellulose and azide-modified
poly(N-isopropylacrylamide-co-hydroxyethyl methylacrylate polycaprolactone) [15]. This
system forms hydrogel at approximately 30 °C, while the Ty ge of pure HPC is 44 °C.
Another study revealed that the reaction of HPC with N-methyl carbamoylimidazole can
also decrease the LCST of HPC, and T, ge| is dependent on the methylcarbamate degree of
substitution [16]. It should be noted that multistep chemical reactions and accompanying
purification procedures may be considered a disadvantage for practical use. Adding salts,
which can decrease the solubility of polymers in water (the salting-out effect), seems like
a more facile strategy for reducing the Ty .ge1 Of temperature-responsive cellulose deriva-
tives [14,17]. By this way, one can easily formulate a thermoresponsive polysaccharide
drug delivery system capable of forming in situ gels under physiological conditions.

Cannabidiol is a natural terpenophenolic compound with proven pharmacological
activities such as anti-inflammatory, antioxidant, analgesic, antidepressant, etc. [18]. One of
the most perspective-oriented directions of cannabidiol research is its assessment as an anti-
cancer agent [19]. However, the poor solubility of CBD in water limits its widespread use for
this purpose due to low bioavailability and unfavorable biodistribution [20]. In particular,
the studies dealing with hydrogel formulations of CBD for cancer treatment are very limited.
Very recently, we reported a nanocomposite hydrogel based on CBD-loaded polymeric
micelles embedded in a chemically crosslinked hydroxyethyl cellulose cryogel matrix [21].
Using polymeric micelles, the solubility of CBD in water was improved while achieving
a sustained release of CBD from the cryogel carrier and pronounced cytotoxicity against
human tumor cells. In the present work, a novel in situ gelling formulation based on HPC
and CBD-loaded PEO-b-P(CyCL-co-CL) micelles was developed, and its antiproliferative
potential against human breast cancer MCE-7cells was tested in a comparative way vs. a
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free drug in order to enable sustained CBD release after application in the surgery area
of the primary tumor and the dissected lymph nodes. In addition, the biocompatibility
of the developed nanocomposite gel carriers was investigated on normal fibroblast cells
and was shown to be devoid of significant cytotoxic potential. To get a physical hydrogel
at physiological temperature, the Ty, e of HPC was decreased by adding K50 to the
polymer solution. At a salt concentration of 0.15 molL ™!, the sol-gel transition point of
the system was adjusted to approximately 35 °C, as confirmed by microcalorimetry and
dynamic rheological measurements.

2. Results and Discussion
2.1. Preparation of Cannabidiol-Loaded Polymeric Micelles
Nanosized micelles comprising a hydrophobic PCL-based core and a hydrated PEO

shell were formed via the aggregation of amphiphilic PEO-b-P(CyCL-co-CL) and PEO-b-
PCL diblock copolymers in water and then loaded with CBD (Figure 1, Table S1).

Aggre gat10n

Loading of Jj
,\/\/\ ; %Z\L/\’\ cannabidiol ; ; %1‘7\;\"

Figure 1. Sketch of the formation of cannabidiol-loaded micelles via aggregation of PEO-b-P(CyCL-
co-CL) diblock copolymer in water.

PEO-b-PCL block copolymers have been commonly used for biomedical applications
and fabricating nanocarriers intended for controlled release of hydrophobic drugs [22]. The
incorporation of cinnamyl groups in the core-forming PCL block was previously found
to enhance the compatibility between the hydrophobic drug caffeic acid phenethyl ester
and the micellar core, resulting in increased encapsulation efficiency and drug loading
capacity of the systems [23]. In this study, two types of carriers from cinnamyl-modified
and unmodified copolymers were tested for solubilization and release of CBD. Well-defined
micellar nanocarriers were prepared by the solvent evaporation method [24]. Since the
used copolymers were not directly soluble in water, they were first dissolved in acetone,
which is a common solvent for PEO and PCL, and the copolymer solution was slowly
added to distilled water. The organic solvent was evaporated under vacuum to afford
transparent micellar solutions of concentration 1 gL.~!. The copolymer concentration was
approximately an order of magnitude higher than the critical micelle concentrations (CMC)
of PEO-b-P(CyCL-co-CL) and PEO-b-PCL, as determined in our previous study [24]. Next,
the micelles were loaded with CBD at an initial copolymer/drug mass ratio of 10:1, 7:1,
and 5:1. CBD was dissolved in ethanol before being added to the aqueous micellar solution.
Finally, the organic solvent was evaporated under vacuum, and the drug-loaded micelles
were characterized and used in our further experiments for fabricating nanocomposite in
situ gels.
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Dynamic and electrophoretic light scattering methods were employed to determine
the size distribution, hydrodynamic diameter (Dy,), and zeta potential of the blank and CBD-
loaded micelles (Table 1). All micelles exhibited a monomodal particle size distribution,
as illustrated in Figure 2. The mean Dy, varied between 34 and 44 nm, and the particle
surface charge was slightly negative, depending on the formulation. It should be noted
that the characteristics of modified and unmodified copolymer nanocarriers were identical.
The loading of CBD caused a negligible increase in the micellar size, which is probably
due to the superior structural stability of PCL-based nanocarriers. Under the reported
experimental conditions, the micelles are kinetically frozen structures that cannot undergo
notable rearrangements during the loading procedure [23,24]. The drug-loaded micelles
exhibited higher negative values of zeta potential as compared to the blank ones. In
addition, the PEO-b-PCL micelles do not dissociate rapidly upon changes in environmental
conditions (temperature, concentration, etc.), which is important for preventing the burst
release of the drug [24]. Therefore, PEO-b-PCL nanocarriers were considered advantageous
for embedding into a hydrogel matrix. The morphology of blank and CBD-loaded micelles
was visualized by Atomic Force Microscopy (AFM) analyses. The two systems exhibited
identical nanosized particles of spherical shape (Supplementary Figure S1). These results
were consistent with the DLS data reported above.

Table 1. Hydrodynamic diameter and zeta potential of blank and CBD-loaded micelles in water.

Copolymer Dy, (nm) ¢ Potential (mV)
poly Blank Loaded ! Blank Loaded !
PEO;13-b-PCLyg 34+3 37+3 —4.7 £ 0.7 —-11.3+0.7
PEO113-b-P(CyCL1-c0-CLj7)28 37+3 44 +14 —-79+09 —-123+0.6
PEO;13-b-P(CyCL1-co-CL12)13 36 +2 40+ 4 —39+0.6 —-524+04

1 Copolymer/CBD mass ratio 10:1; the values of the other two ratios (5:1 and 7:1) were identical and within the
given error.

PEO113-b-PCL29
— PEO113-b-P(Cy1CL-co-CL27)28
PEO113-b-P(Cy1CL-co-CL12)13
—— PEO113-b-P(Cy1CL-co-CL27)28/CBD

Intensity

|

LU B R R | T T LN S B B B R | T 1

10 100
Dnh (nm)

Figure 2. Hydrodynamic diameter distribution of blank and drug-loaded micelles (copolymer/CBD
mass ratio 10:1) in water.
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The carriers based on PEO-b-P(CyCL-co-CL) and PEO-b-PCL diblock copolymers
demonstrated relatively high DLC and EE, which were dependent on the copolymer
composition and copolymer/drug mass ratio (Table 2). Definitely, the EE and DLC of
cinnamyl-modified copolymer carriers were higher compared to the corresponding unmod-
ified analogue (PEO;13-b-P(CyCL1-co-CLy7)28 vs. PEO113-b-PCLyg). These results confirmed
our hypothesis that the cinnamyl groups enhance the compatibility between the micellar
core and CBD and thus improve the loading capacity of the carrier. On the other hand, a
dependence was found between the EE and DLC of the two cinnamyl-modified copolymers
and the length of the PCL chain (degree of polymerization 27 vs. 12), indicating that the
more hydrophobic copolymer could encapsulate a larger amount of CBD. The highest DLC
values for the three investigated systems were obtained at the lowest copolymer/drug
mass ratio (5:1), while the highest EE values were calculated at the highest copolymer/drug
mass ratio (10:1).

Table 2. Drug loading capacity and encapsulation efficiency of the diblock copolymer micellar

nanocarriers.
Formulation Mass Ratio ?"Z ? (E/OE)

10:1 8 +0.7 82+3

PEOq13-b-PCLy9/CBD 7:1 9+0.8 67 3

5:1 13+ 0.7 66 + 4

10:1 9+0.7 89+3

PE0113-b-P(CyCL1-CD-CL27)28/CBD 7:1 11 £0.7 83+4
5:1 16 £ 0.8 82+3

10:1 7+0.7 75+3

PE0113-b-P(CyCL1-CO-CL12)13/CBD 7:1 10 £0.8 69 + 3
5:1 14 £ 0.8 68 +3

2.2. Gelation of Hydroxypropyl Cellulose in Water in the Presence of K;SOy

As mentioned before, HPC is a temperature-responsive natural polymer possessing a
lower critical solution temperature of about 44-45 °C, which is above the body temperature
(37 °C) [16]. However, for biomedical applications of in situ gel forms, the phase (sol-to-gel)
transition must be shifted to lower temperatures, usually in the range between 33 and
35 °C [25]. Our preliminary tests with microcalorimetry showed that the dissolved HPC
in distilled water exhibits a phase transition at a temperature of 46.4 °C (Supplementary
Figure S2). Further studies of concentrated HPC aqueous solutions (10, 12, and 15 mass%)
by oscillatory shear rheometry revealed a crossover of the elastic and loss moduli (G’ = G”)
at approximately 46 °C. The profiles of the sol-gel transition curves of samples containing
10 (illustrated in Figure 3), 12, and 15 mass% HPC were identical.

Adding salts to aqueous solutions of thermosensitive polymers is among the most
favored strategies used to shift the phase transition of the polymer system to lower temper-
atures [17]. In this study, the ability of K,SO4 to decrease the sol-gel transition temperature
(Tsol-ge1) of HPC in distilled water was investigated in detail. The measurements were
conducted at an oscillatory frequency (f) of 1 Hz and a strain amplitude (yq) of 0.001,
which is inside the linear viscoelastic regime (Supplementary Figure S3). The polymer
(10, 12, and 15 mass%) was dissolved in water containing different concentrations of salt
(0.1-0.3 molL 1) at 25 °C, and the physical gelation of different systems as a function of
temperature was monitored. At low temperatures, the samples exhibited typical polymer
solution behavior. The loss modulus (G”) was higher than the storage modulus (G), indi-
cating that the viscous component was predominant over the elastic one. Above the given
temperature, the two moduli tended to increase, with a more pronounced effect for G'. Ata
certain point, G’ and G” crossed (the sol-gel transition point), and then the curves acquired
the typical pattern for gels where G’ > G” (Figure 3).
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Figure 3. Temperature dependence of the storage and loss moduli of HPC dissolved in water
(10 mass%) without salt (blue) and in the presence of 0.15 molL ™1 K,S0y.

The salting-out phenomenon in water-based polymer systems is related to changes
in the structuring of water when a salt is added. The effects of ions on water structure are
attributed to the competition between ion-water and water-water interactions. Multivalent
anions such as SO4%~ have a strong ability to compete for water molecules in a polymer
solution [17]. They cause a strong electrostatic orientation of water molecules around the
anions, making the water structure more ordered. As a result of adding K,SOy4, fewer
water molecules were free to solvate the polymer chains, which facilitated the hydrophobic
interaction of the hydroxypropyl groups and led to the formation of HPC gel at a lower
temperature (Figure 4).

R=Horf\/o|-|

CHs 1y
I hydroxypropyl group

Figure 4. Schematic representation of K,SOy-assisted gelation of HPC in water.

This assumption was supported by experimental results revealing a linear decrease
in Tso1.ger With increasing concentrations of K;SOy in the samples (Figure 5). The higher
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the amount of SO4?~ anions, the lower the Tsol-gel- The rheological data were in good
agreement with the results from nanoDSC analyses (Supplementary Figure S2). Indeed,
a temperature shift from 46 to 35 °C was determined by both methods when K;SO4
(0.15 molL~1) was added to the HPC solution. Adding K;SOy also affected, to some extent,
the elastic properties of hydrogel. As can be seen from the data in Table 3, at equal polymer
concentrations, the hydrogel formed in the presence of salt exhibited a slightly higher
storage modulus than the hydrogel obtained in pure water.
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Figure 5. Effect of KoSO4 concentration on the sol-gel transition of HPC (10 mass%) in water.

Table 3. Storage (G') and loss moduli(G”), and temperature of sol-gel transition (Tsol-get) data for
different HPC-based in situ gel formulations.

GI/sol 1 G//sol G’ el G” el Tsol- el
Sample (Pa) (Pa) (Pa) (Pa) €0
HPC 10% 5+1 26 +3 94 + 4 29 +3 458 +0.3
HPC 12% 26 +2 76 £ 4 211+ 14 88 + 4 46.1+ 0.4
HPC 15% 160£14  327+22 747432 270+£10  462+04
HPC 10% + K,SOy4 1242 57+3 180 £ 12 89+8 342 +0.3
HPC 12% + K,SOy4 32+2 81+4 246 + 13 117 £ 12 34.6 £0.3
HPC 15% + K,SOy4 167 £ 11 343 £ 22 940 4+ 35 346 + 15 334 +02

1 For pure HPC samples, G’ and G” values were determined at 35 and 50 °C; for HPC + K,SO, samples, G’ and
G values were determined at 25 and 37 °C, respectively.

The polymer concentration, ranging from 10 to 15 mass%, did not significantly influ-
ence the sol-gel transition point, indicating that the gelation under the reported conditions
was predominantly a temperature-driven process. On the other hand, the increase in
HPC concentration yielded hydrogel with notably enhanced elastic properties (Table 3).
Regarding the potential application of HPC in situ gels as drug carriers, an optimal K;SO4
concentration of 0.15 molL.~! was chosen for our further experiments.
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2.3. Fabrication of Injectable Nanocomposite In Situ Hydrogels Comprising Cannabidiol

Nanocomposite HPC in situ hydrogels, containing CBD-loaded micelles, were fabri-
cated by dissolving HPC, K,SO4, and nanoformulated PEO;13-b-P(CyCL;-co-CLyy)28/CBD
in water at 25 °C and subsequent heating to 37 °C (Figure 6). Three different concentrations
of HPC (10, 12, and 15 mass%) were used, while the concentrations of salt (0.15 molL 1)
and micelles (1 gL~!) were kept constant. As discussed earlier, the physical gel was
formed as a result of hydrophobic interactions between pendant hydroxypropyl groups
in the polysaccharide chains. The presence of SO4%~ anions in the system facilitated this
process and decreased the sol-gel transition temperature below the body temperature.
Adding drug-loaded micelles had only a minor effect on the rheological properties of
HPC /K550, systems.

1 ™

(a) (b)

Figure 6. A viscous solution of HPC, K,SO,, and CBD-loaded micelles in water at 25 °C (a) and the
corresponding physical gel at 37 °C (b).

Dynamic rheological studies confirmed that the elaborated dosage forms are liquid
at room temperature and physical gels at 37 °C, respectively (Figure 7a). The variation
of G’ and G” at 25 °C is frequency-dependent, and G” > G’ in the investigated range. In
contrast, at 37 °C, the storage modulus for the formulations was significantly higher than
the loss modulus, and the dependence of two moduli on the oscillatory frequency was less
pronounced. Moreover, G’ values measured at 37 °C were one order of magnitude larger
than G’ at 25 °C, indicating the formation of a highly elastic material. Embedding micelles
in HPC hydrogel did not change Ts.gel, but it contributed to the increase in the elastic
modulus of the material. Indeed, G’ of the nanocomposite hydrogel was more than two
times higher than G’ of the blank gel obtained at the same conditions (Figure 7b). Such
reinforcing effect of micelles we have previously found for nanocomposite HPC cryogel
comprising crosslinked PEO-b-PPO-b-PEO micelles with a rigid core [26]. In the case of
PEO-b-P(CyCL-co-CL) micelles, the PCL-based core is rigid at 37 °C, and we hypothesized
that this feature of the nanocarriers is the main factor in increasing the stiffness of the
material. Having in mind that the mass ratio of HPC/copolymers in the studied sample
was 150:1, we prepared an in situ gel with five times more concentrated sample of CBD-
loaded micelles and then performed rheological measurements (Figure 7b). The results
undoubtedly confirmed our assumption that the increase of G’ is due to the presence of
PEO-b-P(CyCL-co-CL) micelles. In fact, the G’ values at 1 Hz for pure HPC hydrogel and
nanocomposite HPC hydrogels, containing 1 and 5 gL.~! CBD-loaded micelles, were 940,
2165, and 4360 Pa, respectively.
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Figure 7. Variation in: (a) storage and loss moduli as a function of the oscillatory frequency for HPC
system (15 mass%), containing K»SOy (0.15 molL.~!) and CBD-loaded micelles (1 gL.~!), measured at
25 and 37 °C, and (b) storage modulus as a function of the oscillatory frequency at 37 °C for HPC
hydrogels, formed with K;SOy (0.15 molL 1), without micelles and with two different concentrations
of CBD-loaded micelles (1 and 5 gLfl).

It should be noted that the transition from viscous liquid to hydrogel was completed
in approximately 10 s when the sample was heated on the rheometer plate from 25 to
37 °C (Supplementary Figure S4). During the process, some free water was released. Upon
cooling, the system reversibly formed sol within the same time interval.

In general, the rheological behavior of the developed HPC-based drug formulations
fulfills one of the most important requirements for injectable hydrogels—the formulation
is viscous at room temperature and forms an elastic gel in situ at body temperature.
This characteristic, together with the significantly improved solubility of CBD in aqueous
media (with the aid of micelles), makes the nanocomposite HPC in situ gels a promising
platform for developing advanced injectable forms of CBD with specific locoregional
antineoplastic activity.

2.4. Drug Release Study

The release profiles of cannabidiol from the developed nanocomposite in situ gels were
evaluated by a membrane-less method where the release medium is in direct contact with
the gel surface. Such conditions resemble the in vivo conditions in the wound area, where
gels can be potentially applied after surgical eradication of breast cancer. In this study, two
HPC hydrogels (15 mass%), containing 1 and 5 gL_1 of CBD-loaded PEO;13-b-P(CyCL;-
c0-CLy7)28 micelles (polymer/drug mass ratio 10:1), were used. As evident from the
released profiles shown in Figure 8, the developed gels are able to release the encapsulated
cannabidiol in a controlled manner over a period of 10-12 h. The gel containing a higher
micellar fraction (5 gL ') showed a slower cannabidiol release compared to the analogous
composition with a lower micellar content (1 gL’l). A comparison of the drug release
profiles to the gel dissolution profiles showed a good correlation between the two processes.
This indicates that the cannabidiol release mechanism is controlled to the greatest extent
by the gel erosion process. Both the erosion of the gel and the release of cannabidiol are
slower in the sample with the higher micellar fraction. This fact can be explained by the
reinforcing effect of the micelles on the gel structure. These observations correlate well
with the results from dynamic rheological studies, where the higher storage modulus is
associated with a higher micellar content in the gel matrix (see Figure 7b).
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Figure 8. In vitro cannabidiol release and gel dissolution profiles of nanocomposite thermosensitive
in situ gels based on HPC (15 mass%) and CBD-loaded PEO;13-b-P(CyCL;-co-CL;y7)2g micelles
containing: (a) 0.1 gL' CBD and (b) 0.5 gL.~! CBD (polymer/drug mass ratio 10:1).

2.5. Evaluation of Cytotoxicity of Cannabidiol-Loaded In Situ Thermoresponsive Gels

The anti-proliferative activity of blank and cannabidiol-loaded micelles and their in
situ gel counterparts was evaluated in a comparative way vs. a free agent against malignant
MCEF-7 human tumor cells. The concentration-response curves are depicted on Figure 9a,b
and the derived ICsq concentrations thereof are shown in Table 4. As is obvious from the
presented data, the in vitro cytotoxicity of the CBD were influenced by the formulation
properties. As expected, the free cannabidiol (applied from a stock solution of ethanol)
showed the highest activity against MCF-7 cells in low micromolecular concentrations
(IC5p =10.7 uM). The two CBD formulations (micelles and nanocomposite in situ gels)
showed slightly higher ICs( values as compared to the free drug (Table 4). In addition, shifts
of the concentration-response curves to higher concentrations were found. Generally, the
observed modulatory effect on CBD antitumor activity is possibly due to the slower CBD
release from the in situ gel formulations (see Figure 8). As indicated, druG’s dissolution
and diffusion in the gel structure are slowed down, resulting in lower concentrations of
the free CBD in cell culture media and in the tumor cell vicinity, respectively. Our results
correspond well to other published data about the cytotoxicity of nano-formulated CBD
against similar breast cancer cell lines, namely breast cancer MCF-7 and MDA-MB-231
cells [27,28]. On the other hand, the results from the treatment of non-malignant fibroblast
CCL-1 cells with non-loaded micelles and in situ gels do not show significant suppression
of the vitality of the treated breast cancer and fibroblast cells. This result is a proof of the
absence of cytotoxic potential in the developed carriers (Figures 9b and 10).

Table 4. Equieffective concentrations (ICsp) values of free and formulated CBD against MCF-7
cell lines.

ICs ICsg
Sample (mg/L) (uM)
CBD (as solution in ethanol) 3.36 10.7
PEOq13-b-P(CyCL1-c0-CLj7)28 /CBD-loaded micelles 3.98 12.7
HPC gels+1g/L 519 165
PEO;13-b-P(CyCL1-c0-CLy7)28/ CBD-loaded micelles ’ ’
HPC gels + 5 g/L 5.44 173

PEO;13-b-P(CyCL1-c0-CLj7)28/ CBD-loaded micelles
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Figure 9. Concentration-response curves of (a) free CBD (as a solution in ethanol) and its formu-
lations, and (b) blank micelles and the in situ nanocomposite HPC gels, against the human breast
adenocarcinoma cell line (MCEF-7).
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Figure 10. Viability of normal CCL-1 cells after exposure to blank PEO;;3-b-P(CyCL1-co-CLy7)28
micelles and in situ nanocomposite HPC gels prepared thereof.

Our experimental findings clearly indicate that the elaborated in situ gel formulation of
cannabidiol preserves the antitumor efficacy of the drug and enables long-lasting delivery
within the tumor environment. It can be assumed that CBD-loaded in situ gels may have
beneficial advantages when applied in liquid form to the surgery area of the primary tumor
and its metastatic spread to lymph nodes, liver, bones, etc.
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3. Materials and Methods
3.1. Materials

Hydroxypropyl cellulose (Klucel™ MF Pharm, Mw = 850,000 Da) was donated by
Hercules Inc., Aqualon Division, Wilmington, NC, USA. Potassium sulphate (99%), ethanol
(99.5%), methanol (>99.8%), and acetone (99%) were purchased from Sigma-Aldrich via
FOT, Sofia, Bulgaria, and used as received. Cannabidiol (purity > 95%, as determined
by Gas Chromatography) was donated by PBG GLOBAL LID., Sofia, Bulgaria. The
block copolymers were synthesized as described elsewhere [24]. Synthetic details and
characterization data are given in the ESI.

3.2. Preparation of Block Copolymer Micelles

The polymeric micelles were prepared by the solvent evaporation method. Briefly,
10 mg of each copolymer were dissolved in 5 mL of acetone, and the solutions were added
dropwise to 10 mL of deionized water at 25 °C under stirring. The resulting solutions
were stirred vigorously (800 min~!) at ambient temperature for 30 min. Subsequently, the
organic solvent was evaporated under vacuum at 40 °C to afford stable micellar solutions
with a concentration of 1 gL~ 1.

3.3. Loading of Cannabidiol into Micellar Carriers

A solution of CBD (1 gL.™!) in ethanol was added dropwise to the aqueous micellar
solutions (15 mL) at copolymer/CBD mass ratios of 10:1, 7:1, and 5:1. After stirring for
30 min, the ethanol was removed under vacuum at 40 °C. The micellar dispersions were
filtered (0.45 um), and the filter was rinsed with methanol. The amount of non-encapsulated
CBD in the collected filter fraction was determined by UV-vis measurements (A = 274 nm)
using a calibration curve in methanol (Supplementary Figure S5). The encapsulation
efficiency (EE) and drug loading capacity (DLC) were calculated from the equations:

Total mass of CBD — Mass of free CBD »

1
Total mass of CBD 00

EE(%) =

Mass of CBD embedded into micelles
Total mass of micelles

DLC(%) = %100

3.4. Preparation of Blank HPC Hydrogels

HPC hydrogels (10%, 12%, and 15% w/v) were prepared by dissolving HPC (0.4 g,
0.48 g, and 0.6 g) into 4 mL of pure water or aqueous solutions of K,SO4 (0.1, 0.15, 0.2, and
0.25 molL~!) under stirring at room temperature. After stirring for 20 min, the viscous
solutions were kept overnight at room temperature (25 °C) before measurements.

3.5. Preparation of Nanocomposite HPC Hydrogels

Nanocomposite formulations were prepared by dissolving HPC (0.6 g) in 4 mL of
an aqueous solution of K;SO4 (0.15 molL~1) and CBD-loaded micelles (1 g/ L~ 1) under
stirring at room temperature. After stirring for 20 min, the viscous solutions were kept
overnight at room temperature before measurements.

3.6. Analysis

The hydrodynamic diameter of micelles was determined by using Zetasizer NanoBrook
90Plus PALS (Brookhaven Instruments, Holtsville, NY, USA), equipped with a 35 mW red
diode laser (A = 640 nm) at 25 °C and a scattering angle of 90°. The electrophoretic light
scattering measurements were conducted on the same instrument at a scattering angle
of 15° and 25 °C. The phase analysis light scattering (PALS) method was applied for
measuring the electrophoretic mobility. Atomic force microscopy (AFM) height images
were obtained with a Bruker Dimension Icon microscope (Bruker Corporation, Karlsruhe,
Germany) in peak force tapping mode exploiting silicon nitride cantilevers with a spring
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constant of ~0.4 Nm~!. The ultraviolet-visible absorption spectra were recorded on a UV-
vis spectrophotometer (Thermo Scientific, Waltham, MA, USA) using quartz cells with a
path length of 1 cm. Calorimetric measurements were conducted using a nano-differential
scanning calorimeter (nanoDSC 60200, TA Instruments, New Castle, DE, USA). Approx-
imately 0.6 mL of sample solution and an equal amount of reference fluid (deionized
water) were hermetically sealed into the sample and reference cells. DSC curves were
recorded in the temperature range of 15 to 90 °C at a rate of 1 °Cmin~!. Dynamic rheologi-
cal measurements were conducted with a HAAKE MARS 60 rheometer (Thermo Fisher
Scientific, Waltham, MA, USA). The tests were performed with a parallel plate geometry
(top plate diameter = 20 mm; gap = 1 mm) in controlled deformation (CD) mode. Three
runs of each sample were conducted. Prior to the temperature sweep measurements, am-
plitude and frequency sweep tests were made to establish the linear viscoelastic range
for HPC gels. The gelation process was studied in oscillation-temperature sweep experi-
ments. Storage and loss moduli were determined at constant deformation and frequency
(vo = 0.001; f = 1.000 Hz) in a given temperature range (25-45 or 35-55 °C). The sample
were equilibrated for 60 s at the given temperature before recording a data point.

3.7. In Vitro Drug Release

To evaluate the cannabidiol release profiles of optimally prepared nanocomposite
in situ gels, a membrane-less diffusion method was utilized as described elsewhere [29]
with slight modifications. Briefly, 1.5 mL of the thermosensitive solutions were placed
into preweighed empty flat-bottom vials at room temperature, and then the vials were
placed in a water bath at 37 °C until translucent solid gels were formed. Then, the weight
of each vial plus the gel was measured on the balance, and the weight was recorded. Next,
2 mL of the release medium (PBS, pH 7.4, containing 5 mol% ethanol) pre-heated to 37 °C
was carefully added over the surface of each gel, and the vials were transferred into a
thermostatic shaker bath at 37 °C at 100 & 10 rpm. At certain time intervals, the release
medium from each vial was completely withdrawn from the containers and subjected to
UV-VIS spectrophotometry for quantitative determination of the released cannabidiol (at
A =274 nm), using a calibration curve in PBS + 5% ethanol (Supplementary Figure 56). The
vials with the undissolved gel were dried and weighed to determine the weight fraction of
the dissolved gel. The vials were then equilibrated at 37 degrees until a solid gel formed,
and a 2 mL portion of fresh medium was added. The procedure was repeated several times
until the gels were completely dissolved.

3.8. Evaluation of Cytotoxicity
3.8.1. Cell Lines and Culture Conditions

The in vitro cytotoxicity of elaborated empty micelles and nanocomposite in situ gels
prepared thereof was evaluated on normal murine fibroblasts (CCL-1TM, NCTC clone 929,
American Type Culture Collection—ATCC, Manassas, VA, USA), while the antiproliferative
activity of free or formulated nanocomposite in situ gels cannabidiol was assessed in
malignant human tumor MCEF-7 cell line (breast cancer adenocarcinoma) obtained from
ATCC, Manassas, VA, USA. The cells were cultivated according to the protocol instructions
of the supplier and incubated under standard conditions at 37 °C in a 5% humidified CO,
atmosphere. CCL-1 cells were maintained following the recommendations of ISO 10993-5,
Annex C (ISO 10993-5:2009, 2017) [30].

3.8.2. MTT Colorimetric Assay

The in vitro cytotoxicity of the elaborated nanocomposite in situ gels was evaluated
using a standard MTT method with minor modifications [31]. The method measures
the activity of mitochondrial enzymes in viable cells to reduce the yellow dye MTT (3-
(4,5-dimethylthiazol-2-yl) -2,5-diphenyltetrazolium bromide) to violet formazan crystals.
Exponentially growing cells were seeded in 96-well plates at a suitable density of 1.5 x 10°.
After 24 h of incubation, cells were treated with serial dilutions of the tested formulations
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with respect to cannabidiol concentration. Following an exposure time of 72 h, sterilized
MTT substrate solution (5 mg/mL in PBS) was added to each well, and the plates were
further incubated for 14 h, allowing the formation of purple insoluble formazan crystals.
The latter were dissolved in an isopropyl alcohol solution containing 5% formic acid, and
the absorbance was measured at 550 nm. The collected absorbance values were blanked
against MTT and isopropanol solutions and normalized to the mean value of the untreated
control (100% cell viability). The experimental data were processed using a non-linear
regression analysis algorithm, semi-logarithmic “dose-response” curves were constructed,
and the corresponding half-inhibitory concentrations (ICsg) were calculated.

4. Conclusions

A novel in situ gelling formulation for controlled delivery of CBD based on the natural
polymer hydroxypropyl cellulose was developed. Nanosized polymeric micelles of PEO-b-
P(CyCL-co-CL) diblock copolymers played a key role in achieving a water-soluble form
of the lipophilic drug CBD. Embedding CBD into nanosized micellar carriers enabled
the fabrication of a homogeneous viscous mixture of the temperature-responsive HPC,
K,504, and nanoformulated CBD, which then formed a reversible physical gel. The
salting-out effect of K;SO, was exploited to tune the sol-gel transition of the HPC-based
aqueous system at near body temperature. Thus, the transition from a liquid form to a
gel at approximately 35 °C was completed with a K»SO, concentration of 0.15 molL~!.
Nanocomposite gels released the encapsulated cannabidiol in a controlled manner over a
period of 10-12 h, which depends on the erosion time of the polymer matrix. Tests with
non-malignant fibroblast CCL-1 cells revealed that the polymeric carriers themselves are
not cytotoxic, while the CBD-loaded HPC hydrogels exhibited pronounced activity against
malignant MCF-7 human tumor cells. The elaborated in situ gel formulation may have
beneficial advantages when applied in liquid form to the surgery area of the primary tumor
and its metastatic spread to lymph nodes, liver, bones, etc.
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