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ABSTRACT

Background: Targeted nanoparticle (NP)-based drug delivery systems enable administration of non-soluble drugs and enhance
their efficacy. The arginine-glycine-aspartic acid (RGD) motif is a known recognition site of integrins, and RGD receptors are
overexpressed in tumors and their neovasculature and can be used as targets for tumor treatment. Cannabidiol (CBD), the
main non-psychotropic phytocannabinoid of Cannabis sativa, exhibits various therapeutic effects and has antitumor properties.
Encapsulation of CBD within poly(RGD) (P(RGD)) proteinoid NPs can overcome the poor solubility and bioavailability of
CBD and target it to tumors in vivo.

Methods: P(RGD) proteinoid polymer was synthesized from D- and L-amino acids by thermal step-growth polymerization.
CBD was encapsulated within the proteinoid NPs by self-assembly process. CBD-loaded proteinoid NPs were characterized in
terms of particle diameter and size distribution, drug loading, {-potential, cytotoxicity, drug release, and biodistribution as well
as antitumor effect.

Results: P(RGD) proteinoid polymer was obtained with high molecular weight and low polydispersity. CBD was successfully
encapsulated in the proteinoid NPs. The results demonstrate significant tumor growth inhibition by CBD-loaded P(RGD)
proteinoid NPs compared to free CBD solution. The targeted delivery of P(RGD) NPs to tumors in a xenograft mouse model
significantly increases (p<0.05) the anticancer activity of CBD with respect to the free compound.

Conclusions: CBD-loaded P(RGD) NPs can potentially be used for anticancer therapy owing to their in vivo targeting ability,
suggesting a good strategy for colorectal and breast cancers.

Keywords: Proteinoid nanoparticles; Self-assembly; Cannabis sativa; Cannabidiol; RGD motif; Drug delivery; Colorectal

cancer; Breast cancer

INTRODUCTION

Cancer is one of the major diseases of the 21st century, and it
is estimated that more than 24 million cases worldwide will be
diagnosed until 2035 [1]. Current research shows that cancer is
caused by multistep dynamic changes in the genome [2,3]. Early
diagnostic technologies and the development of novel therapies
considerably increased the rate of cancer survival. However,
colorectal cancer (CRC) and breast cancer (BC) remain the two
leading causes of cancer deaths among women worldwide [4,5].
CRC and BC are heterogeneous pathologies, divided into several
subtypes according to their clinical implications, aggressiveness,
presentation level, molecular characteristics, histopathology, and
progressiveness of the disease [6-9]. Presently, various therapeutic
approaches are used according to the cancer sub type including

surgery, hormone therapy, radiotherapy, immunotherapy and
chemotherapy [10,11]. Cannabis sativa is known for its therapeutic
and psychoactive properties for thousands of years [12]. However,
only in 1960, the key ingredient A9-tetrahydrocannabinol (A9-
THC) was identified and isolated by Gaoni and Mechoulam [13].
The discovery of cannabinoids, a family of active compounds
with unique chemical structures in the early 1970s, was another
important step in cannabis research [13]. More recently, the
discovery of the endocannabinoid system and identification
of its receptors CB1 and CB2 in the 1990s greatly expanded
the knowledge on pharmacological effects of cannabinoids.
Phytocannabinoids as well as synthetic cannabinoids were found
to stimulate CB1 and CB2 and bind specific G-protein-coupled
and 5-HT,, serotonergic receptors of the system [14-16].
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There is growing evidence suggesting that cannabinoids are
beneficial for a wide spectrum of clinical conditions including pain
[17], inflammation [18], sleep disorders [19], epilepsy [20], anorexia
[21], schizophrenia [22], Parkinson’s and Alzheimer’s disease [23],
and post-traumatic stress disorder [24].

In recent decades, an increasing number of studies on cannabidiol
(CBD, Figure 1), the main nonpsychotic active compound of the
cannabis plant, demonstrated that CBD and other cannabinoids
have anticancer therapeutic potential, both in vitro on different cell
lines and in vivo in a multitude of animal models [25]. In addition,
CBD was reported to produce anti-proliferative, pro-apoptotic,
cytotoxic, anti-invasive, anti-angiogenic, anti-inflammatory, and
immunomodulatory effects [26,27]. Furthermore, the activation
and expression of various genes, proteins, enzymes and signaling
pathways by CBD at different concentrations, generates chemo-
preventive properties (blocking, initiation, progression and
metastasizing) in different types of cancer including breast, colon,
lung, prostate, skin and brain cancer, leukaemia, and cervical
carcinomas [28].

HO

Figure 1: Chemical structure of cannabidiol (CBD).

The distribution of CBD in the body depends on age, body size,
composition, and permeability of blood-tissue barriers, as it is
rapidly distributed to the lungs, heart, liver and brain as well as to
fatty tissues [29]. CBD is mostly metabolized by hydroxylation in
the liver, and the metabolites are excreted mainly via the kidneys
and urine [30]. To date, studies showed that CBD is well-tolerated
and has an excellent safety profile with no reported potential hazard
of physical dependence or abuse [31,32]. CBD is a solid crystalline
(Mw = 314.469 g/mol) with low aqueous solubility, which limits
its administration [33]. It is a highly lipophilic compound with
poor (76%) oral bioavailability and much better bioavailability
(31%) for inhalation [34]. Therefore, CBD requires alternative
administration routes that increase its bioavailability and stability
and improve drug efficacy.

Biodegradable nanoparticles (NPs) are known delivery systems,
which increase biocompatibility, bioavailability, permeability
and retention time, reduce toxicity, and pass through biological
[35-37].

NPs are efficient drug transport systems to target sites, improve

barriers Moreover, formulation-based biodegradable
administration, and can be used to control drug targeting [35-40].
Nano-encapsulation of CBD within biodegradable polymeric NPs
can improve its stability and change its biodistribution, and as a

consequence, increase its availability to tumor cells.

Proteinoids are random polymers, which are synthesized by thermal
step-growth polymerization [41-42]. They are biodegradable and
resemble natural proteins, and thereby have non-immunogenic
and non-toxic characteristics. As they are synthetic polymers,
proteinoids are advantageous and can be designed according
to specific properties by selecting an amino acid mixture for a
particular application [43-45].
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In an aqueous solution and with suitable conditions, proteinoids
can self-assemble to form hollow particles [46]. The hydrophobic
residues of the proteinoid form a hydrophobic core within
the particle matrix to minimize their contact with the aqueous
continuous phase, and the hydrophilic groups are exposed to
form hydrogen bonds on the particle surface [47,48]. During
the self-assembly process, the hollow interior of the particles can
be exploited to encapsulate different compounds, producing
proteinoid NP biocompatible drug carriers for various applications.
Among these uses are anticancer drugs and near infrared (NIR)
fluorescent dyes that can be potentially used for diagnosis and
cancer therapy [49-51].

RGD is a cell recognition and adhesion tripeptide motif, which is
exhibited in many extracellular matrix (ECM) proteins as well as
in cell surface and plasma proteins [52]. RGD was first identified
as a specific binding site for fibronectin and its receptors [53].
Subsequently, it attracted widespread attention and was identified
with other ECM proteins [54-57]. RGD has important regulatory
functions in biological pathways that involve cell attachment, cell
spreading, actin skeleton formation, and focal-adhesion formation
with integrins, which are important for transmitting signals related
to cellular behavior and the cell cycle [58].

Integrins are transmembranal receptors that participate in cell-cell
adhesion, cellular differentiation, and cell migration, facilitate
cellular ECM adhesion, and are regulators of communication
between cells and their microenvironment [59]. The RGD peptide
increases cell adhesion and was used as an artificial ECM protein
to induce specific cellular responses and promote new tissue
formation [60]. In addition, it is a very well-known ligand for the
extracellular domain with a high affinity to specific cancer integrin
receptors in the formation of new blood vessels (angiogenesis) and
is involved in processes of tumor metastasis and gene expression
[61]. RGD-based targeting strategies are therefore widely used in
diverse physiological and pathological processes, which mostly
focus on the diagnosis and therapy of tumors (gastric, pancreatic,
breast, ovarian, colon, and head and neck cancer), as well as in
delivering anti-cancer drugs [62-65]. RGD functions in different
strategies, which include antagonist drugs with the RGD sequence,
RGD-conjugates, and grafting of RGD as a targeting ligand to the
surface of nanocarriers [66].

In the present study, P(RGD) proteinoid polymer with a high
molecular weight and low polydispersity were synthesized based
on the assumption that step-growth polymerization will randomly
form RGD sequences as part of the proteinoid backbone. Hollow
and CBD-loaded P(RGD) NPs were prepared by self-assembly to
overcome the stability and bioavailability challenges of CBD as well
as to improve its anti-tumor therapeutic efficacy on CRC and BR
cancers.

MATERIALS AND METHODS

Materials

The following analytical-grade chemicals were purchased from
commercial sources and used without further purification:
D-arginine (R, D-Arg), glycine (G, Gly), L-aspartic acid (D, L-Asp),
sodium hydroxide (NaOH), super pure HPLC water, acetonitrile
(ACN) and trifluoroacetic acid, sodium chloride (NaCl), Tween®
80, trehalose, and Cyanine7-NHS (Cy7-NHS) were all purchased
in >98% purity from Sigma, Israel. Cannabidiol (CBD) was
kindly provided by Prof. Hinanit Kolatai (Agricultural Research
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Organization, Volcani Center, Israel).

Water was purified by passing deionized water through an Elgastat
Spectrum reverse osmosis system from Elga Ltd. (High Wycombe,
UK). Dialysis membranes (1000 Da), Dulbecco’s modified Eagle’s
medium, phosphate buffered saline (PBS), human serum AB
(male), glutamine, penicillin/streptomycin, and cell proliferation
kits (XTT based) were purchased from Biological Industries (Bet
Haemek, Israel). HCT116 human colon carcinoma and MCF7
human breast adenocarcinoma cell lines were purchased from the
ATCC (Manassas, VA, USA). Male BALB/C mice and athymic
nude-FoxnI™ mice were purchased from Harlan Biotech (Rehovot,
Israel).

Methods

of P(RGD) proteinoid by thermal step-growth
polymerization

Synthesis

The synthesis of Poly(RGD) (P(RGD)) proteinoids was carried out
as previously described [67]. A mixture of 5 g of the amino acids
D-Arg, Gly and L-Asp with a weight ratio of 1:1:1 was heated to
180 °C. The mixture was stirred by a mechanical stirrer at 150 rpm
for 30 min and then allowed to cool to room temperature. The
product was a highly viscous amber-brownish paste, which hardened
upon cooling to room temperature. The residue was extracted by
30 mL of super-purified water, followed by lyophilization to yield a
dried proteinoid polymer powder.

P(RGD) proteinoid characterization

The molecular weights and polydispersity indices of the dried
crude proteinoids were determined at 25 °C using gel permeation
chromatography (GPC) consisting of a Waters Spectra Series P100
isocratic HPLC pump with an ERMA ERC-7510 refractive index
detector and a Rheodyne (Coatati, CA) injection valve with a
20 pL loop (Waters, MA). The samples were eluted with super-
pure HPLC water through a linear BioSep SEC-s3000 column
(Phenomenex) at a flow rate of 1 mL/min. The molecular weights
of the proteinoids were determined relative to poly(ethylene
glycol) standards (Polymer Standards Service-USA, Silver Spring,
MD) with a molecular weight range of 100-450000 Da, human
serum albumin (67 kDa) and bovine plasma fibrinogen (340 kDa),
using Clarity chromatography software (DataApex, Prague, Czech
Republic).

The optical activities of the proteinoids were determined using a PE
343 polarimeter (PerkinElmer). All measurements were performed
in water at 589 nm and 25 °C.

Preparation of hollow and CBD-loaded P(RGD) proteinoid NPs

Proteinoid NPs were prepared via a self-assembly mechanism.
Briefly, 100 mg of the dried proteinoid were added to 10 mL NaCl
10 uM aqueous solution. The mixture was then heated to 80 °C and
stirred at 250 rpm for 20 min until the crude proteinoid dissolved
completely. Hollow proteinoid particles were formed as the mixture
was left to cool to room temperature. CBD-loaded proteinoid
particles were obtained in a similar procedure by addition of CBD
to the heated proteinoid solution. Due to the poor solubility of
CBD in water, an appropriate concentration of CBD powder
(10% w/w relative to the proteinoid) was first dissolved in ACN
(0.2 mL) with 100 pL of Tween® 80 and the solution was heated.
After both solutions reached 80 °C, the CBD solution was added

to the proteinoid mixture prior to particle formation to achieve
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CBD-loaded proteinoid NP (P(RGD)/CBD) dispersion. Following
preparation, the NPs were extensively dialyzed using a cellulose
dialysis membrane with a molecular weight cut-off (MWCO) of
1000 Da against distilled water to remove the ACN. The particle
dispersion was filtered through a 3 pum glass microfiber membrane
syringe filter (VWR EU, England) to remove excess CBD. Hollow
P(RGD) NPs were prepared in the same manner without CBD.

Preparation of NIR fluorescent hollow and CBD-loaded
proteinoid NPs

The NIR dye Cyanine7 NHS ester (Cy7-NHS) was conjugated
to residual amine groups on the surface of the hollow and CBD-
loaded proteinoid NPs. Briefly, 50 puL of the Cy7-NHS solution
in DMSO (10 mg/mL) was added to the aqueously dispersed NPs
and stirred at 150 rpm for 2 h at room temperature. The NIR
fluorescent conjugated NP dispersion was then extensively dialyzed
through a cellulose membrane (1000 Da MWCO) against distilled
water to remove the DMSO and excess Cy7.

Diameter and size distribution measurements

The hydrodynamic diameter and size distribution of the aqueous
NP dispersions were measured at room temperature with a
particle dynamic light scattering (DLS) analyzer (Nanophox
model, Sympatec GmbH, Germany). In addition, the diameter
and size distribution of the NPs were measured with a cryogenic
transmission electron microscope (cryo-TEM). Briefly, a small
droplet of aqueous NP dispersion was placed on a perforated
lacey carbon film supported on a TEM copper grid. The droplet
was blotted with a piece of filter paper, resulting in the formation
of thin films of 100-300 nm. The specimen was subsequently
plunged into a reservoir of liquid ethane cooled by liquid nitrogen
to ensure its vitrification (rapid freezing) and to prevent ice crystal
formation. The vitrified specimen was transferred under liquid
nitrogen and mounted on a cryogenic sample holder cooled to
-170°C. All samples were observed under low-dose conditions.
Vitrified samples were examined using a FEI T12 G2 Cryo-TEM
operating at 120 kV and equipped with a Gatan 626 cryo-holder
system. The mean diameter was determined by measuring at least
200 particles using image analysis software (AnalySIS Auto, Soft
Imaging System GmbH, Germany).

CPotential measurements

The surface potentials of the proteinoid NPs were measured in
aqueous dispersion at a pH of 7.4 at a concentration of 10 mg/
mL using a Zetasizer 3000 HSa model Z-potential analyzer (Malvern
Instruments Company, England).

High-performance liquid chromatography

High-performance liquid chromatography (HPLC) analysis of
CBD drug loading (DL) was carried out using a Spectra System
HPLC equipped with a UV/vis detector (Thermo Scientific, USA)
and a raptor ARC-18 (150 mm % 4.6 mm, Phenomenex, USA).
The mobile phase was water with 5 pPM ammonium formate and
acetonitrile, both containing 0.1% aqueous solution of formic acid
at a flow rate of 1 mL/min at 25°C with the wavelength set at
228 nm [68]. Calibration standard solutions were prepared and
used by diluting an appropriate volume of stock standard solution
in ethanol, yielding concentrations of CBD in the range of 60-
200 uM. CBD-loaded NPs were diluted twofold with methanol

and sonicated in an ice-water bath for 20 min prior to injection to
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disassemble the proteinoid NPs and elute the encapsulated CBD.
The injection volume was set to 5 uL for all standard samples in
the range of 30-100 uM CBD. The weight of drug in each sample
was calculated using the calibration curve.

CBD leakage

The dialysis bag method was used to test whether there is leakage
of CBD from the proteinoid particles [69]. a dialysis bag filled with
1 mL of CBD-loaded proteinoid NPs dispersion (10 mg/mL) was
added into a test tube containing 50 mL of water. The test tube
was placed in a refrigerator at 4°C, and the medium was tested for
presence of CBD twice a week over three months by HPLC.

Long-term storage stability

Long-term storage of CBD-loaded proteinoid NPs was investigated
by freeze-drying. Briefly, 10 mg of trehalose were added to 1 mL
NP aqueous dispersion (10 mg/mL), followed by lyophilization to
dryness and storage at 4°C. NP powder was redispersed in water
to its original concentration (I mL), and the NP diameter and size
distribution were determined by DLS.

Cell viability analysis

In vitro toxicity of hollow and CBD-loaded P(RGD) NPs was
tested using the XTT (2,3-bis{2-methoxy-4-nitro-5-sulfophenyl)-
2H-tetrazolium-5-carboxanilide salt) assay on two human cell lines:
HCT116 colon carcinoma and MCF7 breast adenocarcinoma.
Cells were seeded in a 96-well plate at a density of 1x10*cells/well
in 100 pL culture medium and grown in a humidified 5% CO,
atmosphere at 37°C. Hollow and CBD-loaded P(RGD) NPs were
freshly dispersed in water containing 1% ACN aqueous solution
and added to a 95% confluent cell culture in culture medium. Cells
were treated with proteinoid NPs at a concentration of 0.05, 0.1
and 0.5 mg/mL; free and encapsulated CBD concentration was 5,
10 or 20 pg/mL. The cell cultures were further incubated at 37°C
in a humidified 5% CO, incubator and examined for viability
after 48 h. The percentage of cell viability was calculated as shown
in the manufacturer’s protocol of the XTT toxicity detection kit.
Experiments were performed in triplicate, and all samples were
tested in sixfold and analyzed by UV spectrophotometer at 492 nm
with reference wavelength of 620 nm.

Controlled drug-release studies

In vitro drug release studies were performed by suspending
nanoparticles (1 mg/ml) in human serum containing 0.5%
(w/v) Tween® 80 to maintain sink conditions. Samples were
incubated in a thermostatic shaking bath at 37 + 0.5°C for 96 h. At
predetermined time points, aliquots were removed and centrifuged
through a centrifugation tube (Vivaspin 30 kDa MWCO) for
20 min, filtered using a 0.22 um syringe filter, and measured
by HPLC as described above. Experiments were performed in
triplicate.

Cell cycle studies

Cell cycle progression and apoptosis were analyzed by flow
cytometry. For cell cycle analysis, 10° MCF7 and HCT116 cells
were seeded in six-well tissue culture plates. Three days later, the
cells were treated with 100 pL of saline, P(RGD) NPs, P(RGD)/
CBD NPs (containing 0.1 mg CBD), or free CBD (0.1 mg) for
24 h at 37°C. After incubation, the cells were trypsinized, counted,
washed with culture medium, stained with Hoechst 33342
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solution according to the manufacturer’s protocol, and suspended
in PBS [70]. The suspension was analyzed by flow cytometry using
a BD FACSAriaTM III (BD Biosciences, San Jose, CA, USA)
with a 405 nm laser. A minimum of 10,000 cells were analyzed
for each histogram. Gate SSC/FSC was used to exclude fragments
and aggregates from the cell count. Untreated cells were used as a
control. Results were analyzed using Flow]o software according to
the Dean-Jett-Fox model [71].

Live cell imaging was performed on an Olympus FV-1000 confocal
microscope. Briefly, 10° HCT116 and MCF7 cells were grown on 15
mm glass coverslips pretreated with 0.1% gelatin for 48 h. Cells
were then treated with Cy7-conjugated hollow and CBD-loaded
proteinoid NPs (0.1 mg/mL) for 24 h at 37°C. After incubation,
the cells were washed with PBS, fixed by cold (-20°C) methanol
for 20 min and stained with 4',6-diamidino-2-phenylindole (DAPI

nucleus staining, Fluoroshield, Sigma).
P(RGD) NPs in vivo biodistribution studies

All animal experiments were approved by the Institutional Animal
Care and Use Committee of Bar Ilan University and performed
according to their guidelines and regulations (protocol reference

number 15-02-2020).

Male BALB/C mice (n=36, Harlan Laboratories, Israel) were used
in this study. The biodistribution of the Cy7 fluorescent RGD
nanoparticles was studied in normal 8-week-old mice, weighing
20-25 g at the time of the experiment.

100 uL of either hollow or CBD-loaded NP dispersion were
administered to the mice via tail vein injection at a concentration
of 1 mg/mL. Blood samples were taken immediately after NP
injection and after 30, 60, 120 and 300 min. At three time points
(4, 24 and 96 h post injection), mice were euthanized by CO,, and
organs were taken for imaging (brain, colon, heart, lungs, liver,
spleen, kidneys, duodenum (stomach and intestine), and blood).
Each group consisted of three mice.

Fluorescence images were acquired using a Maestro II in
vivo fluorescence imaging system (Cambridge Research &
Instrumentation, Inc., Woburn, MA) equipped with a fiber-
delivered 300 W xenon excitation lamp, allowing images to be
acquired from A=500-950 nm by a 1.3-megapixel CCD camera
(Sony ICX285 CCD chip). Each pixel within the image cube has
an associated fluorescence spectrum. The software for the Maestro
system (Maestro 2.10.0) contains several algorithms to process the
spectral data cubes to remove undesired auto-fluorescence signal
and generate overlaid images for multiple fluorophores. A deep red
excitation/emission filter set was used for our experiments (Aex:
700-770 nm, Aem>780 nm). The liquid crystal tunable filter was
programmed to acquire image cubes from A =780-840 nm with
an increment of 10 nm per image. The camera was set to exposure
times of 20,000 ms (brain, spleen), 5,000 ms (blood), 3,000 ms
(liver, kidneys and stomach+intestine), 2,000 ms (heart), 1,000 ms
(lungs), and 400 ms (colon). Fluorescence intensity measurements
were performed using Image] NIH (National Institutes of Health)
software.

In vivo therapy in athymic nude mice bearing colon and breast
cancer xenografts

Six-week-old female athymic nude mice were acquired from Harlen
(Israel) and allowed to acclimate one week in the animal facility
before any interventions were initiated. The mice were injected
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subcutaneously (SC) with HCT116 colon or MCF7 breast cancer
cells (10° cells in 100 pL saline mixed with 100 pL Matrixgel™
Basement Membrane Matrix (BD Biosciences, San Jose, CA, USA).
Tumors were measured and the volume was calculated as (length
x width?)/2 [72]. Treatment was initiated when tumors reached
~50-100 mm’ in volume (7-14 days after tumor cell injection),
and tumor growth was monitored over time.

Twenty-four mice were randomly divided into four groups (six mice
per group), and each group was treated with an injection volume
of 100 UL of one of the following: PBS (normal saline), free CBD
(0.1 mg CBD per injection), P(RGD) NPs (1 mg per injection),
or P(RGD)/CBD NPs (0.1 mg CBD per injection). All substances
were administered by IV injection via the tail vein, twice (MCF7)
or three times (HCT116) per week for 7-14 days after inoculation
(14-28 days after tumor cell injection). Tumor volumes and
weights were monitored and compared.

All mice were observed and weighed three times a week during
the study period. Four days after the last treatment, all mice were
euthanized, and the tumors were carefully resected and weighed.

All data are expressed as percentage, mean with standard deviation.
Statistical analysis was done using a Student's t-test where p<0.05
was considered statistically significant.

RESULTS AND DISCUSSIONS

Cannabinoids attract great interest in cancer therapy, and several
researchers developed cannabinoid-based NPs to improve their
antitumor activity, including polymeric NPs [73,74]. Here we
present a different system of specifically designed proteinoid NPs
loaded with CBD for targeting tumor cells.

OPEN 8ACCESS Freely available online
Synthesis and characterization of P(RGD) proteinoids

P(RGD) proteinoids were synthesized from the three amino
acids D-Arg, Gly and L-Asp with a weight ratio of 1:1:1 by
thermal step-growth polymerization process, as described in the
experimental part. The concept of forming proteinoid polymers
from these amino acids is based on the assumption that random
polymerization will statistically yield RGD sequences as integrated
parts of the proteinoid backbone. We indeed previously established
the presence of RGD sequences by spectroscopic analysis [75].
Aspartic acid has to be present in the proteinoid synthesis, as at
high temperatures it condenses into a succinimide, which serves as
initiator and solvent for the other amino acids [76].

The P(RGD) proteinoid was characterized by its molecular weight
(Mw), polydispersity index (PDI) obtained by GPC, and optical
activity measured by a polarimeter, as shown in Table 1. The
P(RGD) proteinoid exhibited high Mw of 186 kDa with a narrow
polydispersity index (PDI) of 1.0, which is not typical for random
step-growth thermal polymerization that usually attains relatively
low Mw with higher PDI [50]. The high Mw indicates that during the
procedure, long protein-like chains are formed, which improve the
mechanical properties, resulting in multiple physical interactions
between the polymer chains [77]. In addition, the chirality was not
affected by the high temperatures used in the synthesis, and the
proteinoids remained optically active after polymerization.

Hollow and CBD-loaded P(RGD)

characterization

NP formation and

As previously mentioned, proteinoids self-assemble into particles
in an aqueous solution. Hollow and CBD-loaded P(RGD) particles
were obtained according to the procedure in the experimental

Table 1: Composition of the P(RGD) proteinoid.

Proteinoid® Amino acid ratio (w/w/w) Proteinoid characterization
D-Arg Gly L-Asp Mwb MnP Mp® PDI¢ Optical activity
(kDa) (kDa) (kDa) (kDa) [a] "€ (°)4
P(RGD) 1 1 1 186 185 187 1 -10.7

Proteinoids were prepared as described in the methods section. The total monomer weight was 5 g. * The proteinoids were prepared at 180°C; * molecular
weights were measured by GPC, Mp is the molecular mass at the peak; *PDI is the polydispersity index, given by Mw,/Mn; 9 specific optical rotation (c=1

in H,O at 25°C).

Table 2: Characterization of P(RGD) proteinoid NPs.
Proteinoid NPs Diameter (nm) {-potential (mV) DL (w/w %)
P(RGD) 34+3 221+6 -
P(RGD)/CBD 62+5 274 +5 10

Proteinoid NPs were formed by a self-assembly process in NaCl 10 uM aqueous solution containing 1% ACN. The CBD concentration was 10% w/w
relative to the proteinoid. The proteinoid particle hydrodynamic diameters and SD were measured by DLS, the C-potential was measured at pH=7.4 by a
{-potential analyzer, and the DL was measured by HPLC using a calibration curve of standard CBD solutions.

A 30 -
25 1

20 4

Intensity (a.u.)

0 50 100 150 200
Diameter (nm)

G D

25 1

20 4

Intensity (a.u.)

0 50 100 150 200
Diameter (nm)

Figure 2: Hydrodynamic diameter histograms obtained by DLS and cryo-TEM images of hollow P(RGD) (A, B) and P(RGD)/CBD (C, D) nanoparticles.
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part. The obtained particles were evaluated in terms of size, SD,
DL and Zpotential, see Table 2. The diameters of the hollow and
CBD-oaded P(RGD) dispersed in aqueous continuous phase
were analyzed by DLS and cryo-TEM, as shown is Figure 2. As
expected, the diameter of the P(RGD)/CBD NPs was larger than
of the hollow ones, in accord with CBD entrapment. Both P(RGD)
and P(RGD)/CBD (10% w/w), exhibited populations of uniform
spherical population with diameters less than 100 nm, which are
typical range of NPs. Hollow P(RGD) NPs yielded hydrodynamic
diameters of 34 + 3 nm with a SD of 9%, while P(RGD)/CBD NPs
had significantly larger diameters of 62 + 5 nm with similar SD of
8%, presented by DLS histograms (Figure 2 and Table 2). Cryo-
TEM microscopy demonstrated very similar particle diameters of
30 + 2 nm with a SD of 7% and 59 + 6 nm with a SD of 10% for
hollow and CBD-loaded NPs, respectively.

{Potential values predict the physical stability of NP aqueous
dispersions [78]. The Tpotential determines the degree of
repulsion between close and similarly charged (either negative or
positive) particles in the dispersions and indicates the probability
of preventing particle aggregation. The stability of the NPs in
the aqueous continuous phase at a pH of 7.4 was evaluated by
{potential measurements as shown in Table 2. Hollow and CBD-
loaded P(RGD) NPs are acidic proteinoids and contain carboxylate
groups of aspartic acid on the surface of the particles, which are
exposed to the aqueous phase. Therefore, negative {-potential
values are presented for these NPs. Very similar values of -22 + 6
mV and -27 = 5 mV were obtained for the P(RGD) and P(RGD)/
CBD NPs, respectively, suggesting that the charge on the surface
remains essentially the same after encapsulation.

The DL capacity of P(RGD) was determined by HPLC using
standard calibration solutions [68]. CBD was initially dissolved in
ACN (1% relative to the total aqueous dispersion volume). The
result (Table 2) indicates complete encapsulation of all of the
CBD (initially 10% w/w compared to the total proteinoid weight).
Notably, the DL capacity remained 10% with higher initial CBD

concentrations (data not shown).
CBD leakage and long-term storage stability

No leakage to the medium was detected over the course of three
months, indicating that the proteinoid NPs were able to protect
CBD in aqueous dispersion. However, when NDPs are stored
for long periods of time in aqueous media, physical instability
frequently occurs, which restricts their use. To ensure long-term
storage, the hollow and CBD-loaded proteinoid dispersions were
freeze-dried in the presence of 1% (w/v) trehalose, a natural
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alpha-linked disaccharide known to prevent denaturation and
aggregation of proteins while preserving their natural form [79].
In the absence of trehalose, proteinoid NPs could not be freeze-
dried and then redispersed [80]. After the NPs were lyophilized and
redispersed in an aqueous phase, the particle size and DL capacity
were maintained. Moreover, this was also the case when the
NPs were redispersed at higher concentrations, above the initial
concentration of 10 mg/mL.

In vitro cell viability assay

XTT-based cell viability assays are used in cell culture to study
changes in the number of cells and their metabolic activity.
This provides insights into cell viability, cell proliferation, and
cytotoxicity. The XTT assay is based on the extracellular reduction
of XTT by NADH produced in the mitochondria via trans-plasma
membrane electron transport and an electron mediator. The
effects of P(RGD) and P(RGD)/CBD proteinoid NPs on HCT116
human colon carcinoma and MCF7 human breast adenocarcinoma
cell lines were tested with different NP concentrations (0.05, 0.1
and 0.5 mg/mL) using XTT, as described in the methods section
(Figure 3A). A positive control (cells and medium only) exhibited
cell viability of 102 + 6% (HCT116) and 100 + 4% (MCEF7), and a

negative control (medium only) showed 0% viability.

Free CBD and hollow P(RGD) NPs did not exert any cytotoxic
effect on HCT116, showing a similar cell viability of 102 + 3% and
101 + 2%, respectively, even after treating the cells with a high dose
of 20 pg/mL. However, P(RGD)/CBD NPs exhibited cytotoxic
effects on these cells with low cell viability levels of 6 + 2%, 4 + 1%
and 7 + 3% at concentrations of 5, 10 and 20 pg/mL, respectively.

Similar effects were shown for MCF7 cells. Free CBD and hollow
P(RGD) NPs displayed cell viabilities of 98 + 1% and 101 + 2%,
respectively, while P(RGD)/CBD NPs showed a cell viability of 2
+0.3% at a low concentration of 5 pg/mL, and similar cytotoxicity
of 2 + 1% and 3 + 1% at concentrations of 10 pg/mL and 20 pg/
mL, respectively.

This cytotoxic effect in both HCT116 and MCF7 cells demonstrates
that CBD loaded within P(RGD) NPs presents significantly high
cytotoxicity compared with essentially no cytotoxicity for similar
concentration of free CBD. This is probably due to the ability
of CBD to penetrate and destroy tumor cells efficiently when
encapsulated in P(RGD) nanoparticles.

Controlled drug-release study

An in vitro drug release study was performed in human serum at
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Figure 3: In vitro studies of CBD loaded P(RGD) NPs. (A) XTT cell viability assay in human HCT116 colon carcinoma and MCF7 breast adenocarcinoma
cells following a 48 h exposure to hollow and CBD-loaded P(RGD) NPs. (B) Controlled-release study of CBD-loaded P(RGD) NPs in human serum.
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37°C for 96 h, as described in Figure 3B. Human serum contains
a high concentration of active enzymes (proteolytic enzymes
and esterases), which break the peptide and ester bonds of the
proteinoid polymer. We detected a controlled-release of CBD over
a period of 96 h, with 100% CBD released by this time. A high
burst effect was observed during the first 12 h in which 33% of the
CBD was released, with a gradual release during the remainder of
the experiment. Therefore, it is likely that a single administration
of this nano-formulation would provide a constant CBD release for
96 h. However, faster release is expected due to the acidic ECM pH
value (7 5.5-6.8) in tumor cells.

In vitro cell cycle and uptake studies of hollow and CBD-loaded
P(RGD) NPs

Cell permeability of Cy7-cojugated hollow and CBD-loaded
P(RGD) NPs was evaluated in HCT116 and MCF7 cells using
fluorescence-activated cell sorting (FACS) analysis. The NIR dye
Cy7 was conjugated to the surface of the NPs to assess cellular
uptake. Figure 4A and C presents the intracellular fluorescence 4
h postuptake, showing slightly higher signals for CBD-loaded ws.
hollow NPs.

Fluorescence microscopy images of the Cy7-cojugated hollow
P(RGD) NPs were visualized by confocal microscope. Cell nuclei
were stained with Hoechst 33342 [81]. Figure 4B and D present
the intracellular fluorescence in HCT116 and MCEF7, respectively,
demonstrating that following 24 h of incubation, the NPs
penetrate the cells and reach the cytoplasm. These results support
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the hypothesis that proteinoid NPs resemble proteins and can
therefore be transported across the cell membrane in a similar
manner.

The effect of CBD-loaded P(RGD) NPs on the cell cycle was
compared to free CBD and studied using flow cytometry, as shown
in Figure 5. Human HCT116 and MCF7 cells were incubated
with free and encapsulated CBD at 10 pg/ml for 24 h. Free
CBD demonstrated no effect on cell cycle, with 35/51% of the
cells in G1 phase in treated HCT116/MCF7 cells vs. 33/48% in
untreated cells. However, treatment with CBD-loaded P(RGD)
NPs exhibited an increase in G1 phase to 48/59% in HCT116/
MCEFT7 cells, in accord with the expected increase in intracellular
CBD concentration in samples treated with P(RGD)/CBD NPs
compared to free CBD, suggesting a more efficient cellular uptake.

In addition, the number of MCF7 cells in the S phase increased
significantly (41%) after uptake of P(RGD)/CBD NPs. The
percentage of cells in G2 phase in this group was only 3%. These
results also demonstrate that the CBD-loaded NPs influence the
cell cycle.

In vivo biodistribution study of P(RGD) NPs

To determine the in vivo body distribution and blood half-
life (¢1/2) of Cy7-conjugated P(RGD) NPs, 100 pL of NPs at a
concentration of 1 mg/mL were IV injected into the tail vein of
male BALB/C mice. Blood was drawn at 0, 30 min, 1 hand 2 h
post injection. The results (Figure 6A) clearly show that by 30 min
most of the injected quantity of the fluorescent NPs is cleared from

HCT116

Figure 4: Cell permeability of Cy7-conjugated P(RGD) NPs. Slightly lower intracellular fluorescence is seen in cells treated with hollow vs. CBD-loaded
NPs for 24 h in both HCT116 (A) and MCF7 cells (C). Fluorescence microscopy images of cell membrane (red) and nucleus (Hoechst dye, blue) show
P(RGD) cellular uptake in HCT116 (B) and MCF7 (D) cells following 24 h exposure.
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Figure 5: Cell cycle phase of HCT116 and MCF7 cells treated with free CBD, P(RGD) and P(RGD)/CBD nanoparticles for 24 h.
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Figure 6: Biodistribution studies of P(RGD) proteinoid NPs. Blood clearance was determined after IV injection of Cy7-conjugated NPs into the tail vein
(100 pL at 1 mg/mL) by drawing blood at different time intervals and measuring the fluorescence (A). Organs were harvested at 4, 24 and 96 h post

injection, and the fluorescence was measured (B).

the blood. T1/2 is approximately 12 min. Mice were sacrificed, and
several organs were harvested at 4, 24 and 96 h post injection, and
their fluorescence intensity was measured using the Maestro II in
vivo imaging system. Figure 6B shows that P(RGD) NPs penetrated
and were found in all harvested organs. P(RGD) NPs were mostly
concentrated in the liver and lungs and were probably evacuated
from the body through the liver-intestine-colon and kidneys-urine
routes. Interestingly, it is also apparent that some NPs pass the
blood-brain barrier (BBB), as they were found in the brain at all
time points post injection (=0.6% of total tested organ fluorescence
after 4 h). Therefore, P(RGD) NPs can potentially be used as a drug
delivery system to the brain, allowing drug targeting to the brain of
therapeutic molecules that usually do not pass the BBB. Overall, it
was demonstrated that following a single IV injection of P(RGD)
NPs, fluorescence intensity in all organs decreased over time.

In vivo therapeutic activity of CBD-loaded P(RGD) NPs on
human HCT116 and MCF7 tumors in a nude mouse model

The anti-cancer effect of CBD-loaded P(RGD) NPs in human
HCT116 and MCF7 cell-xenograft tumors was studied in a nude
mouse model. The mice were treated with 100 pL injection
volume of either PBS, hollow P(RGD) NPs, P(RGD)/CBD NPs,
or free CBD via an IV injection into the tail vein, as described
in the methods section. When the tumor volumes of the control
mice reached 50-100 mm’, the effect of the NPs on tumor growth
(volume and weight) was compared. It should be noted that the
weight of the mice during the experiment was normal.

J Nanomed Nanotechnol, Vol.11 Iss. 6 No: 552

The tumor volumes of HCT116 and MCF7 during the experiment
are shown in Figure 7A and C, respectively. The results demonstrate
that in the last two measurement, the treatment with P(RGD)/
CBD NPs significantly suppressed HCT116 tumor growth (770
+ 141 mm?’/P(RGD)/CBD wvs. 980 + 128 mm’/PBS, p<0.03 and
1000 + 342 mm’/P(RGD)/CBD vs. 1590 + 257 mm?/PBS, p<0.01).
Similar results are presented for MCF7 (79 + 15 mm’/P(RGD)/
CBD ws. 101 + 17 mm?/PBS, p<0.04 and 92 + 19 mm’/P(RGD)/
CBD ws. 139 £ 28 mm?/PBS for MCF7, p<0.01). In addition, the
tumor volume did not exhibit significant changes when treated
with free CBD.

The obtained tumor weights demonstrate no change following
treatment with free CBD (0.1 mg per injection), indicating no
cytotoxic effect on HCT116 and MCF7 subcutaneous tumor
growth (Figure 7B and C, respectively).

Figure 7B and C exhibit the mean tumor weights for (RGD)/CBD
NPs injected into mice with HCT116 and MCF7 cells, respectively;
the weights were significantly lower (0.6 = 0.13 g for HCT116,
p<0.04 and 0.18 = 0.05 g for MCF7, p<0.04) than those of tumors
treated with hollow P(RGD) NPs, free CBD, or saline (1 + 0.4 g
for HCT116 and 0.28 + 0.08 g for MCF7). The observed results
support the importance of encapsulating CBD within P(RGD)
proteinoid NPs. The reduction in tumor weight is most probably
due to the RGD sequence, which binds to the tumor cells, thereby
targeting CBD directly to these cells.
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Figure 7: Effect on tumor volume and weight in subcutaneous xenograft tumors in nude mouse model in HCT116 (A,B) and MCF7 (C,D) cells following
100 pL bi/tri-weekly IV injection for 14 days of PBS, free CBD (0.1 mg CBD per injection), P(RGD) NPs (1 mg per injection), and P(RGD)/CBD NPs
(0.1 mg CBD per injection). *T-test p<0.05 and error bars represent standard deviations.

CONCLUSIONS

In this study, we investigated a new drug delivery system for CBD
as an anti-cancer agent for colorectal and breast cancers. For this
purpose, acidic proteinoids were synthesized from D-Arg, Gly and
L-Asp via thermal step-growth polymerization. The main concept
for choosing these amino-acids is to form RGD motifs within the
polymer backbone in order to increase the binding affinity of the
NPs to the tumor cells as recently demonstrated by our group [75].
The obtained proteinoid polymer was uniform in size and with
a relatively high molecular weight. Empty and CBD (10% w/w)-
loaded proteinoid NPs were prepared by a self-assembly process and
characterized in terms of diameter, {potential, and DL. Nanosized
particles measuring 97 + 4 nm and 86 *+ 3 nm, were obtained for
empty and CBD-loaded NPs, respectively. HPLC measurements
confirmed that CBD was successfully loaded within the proteinoid
NPs, and DL analysis exhibited 100% encapsulation. Furthermore,
long-term storage showed that particles after undergoing a freeze-
drying process in the presence of 1% w/v trehalose, redispersed
successfully to their original size.

In vitro studies of cytotoxicity and NP cell uptake were examined
by XTT, FACS, cell cycle analysis, and fluorescence microscopy.
It was demonstrated that hollow NPs are nontoxic, penetrate the
cell membrane and reach the cytoplasm. While free CBD was also
nontoxic, similar concentrations of encapsulated CBD showed
high toxicity, in accord with its expected ability to efficiently
penetrate and destroy tumor cells due to the encapsulating RGD
motif.

A drug release study of CBD was also performed, showing a high
burst effect during the first 12 h in which about a third of the
CBD was released, with a gradual release over 84 h. Faster release
is expected due to the acidic ECM in tumor cells. An in vivo bio
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distribution study demonstrated that P(RGD) NPs were distributed
in all examined organs, including the brain.

We have shown the potential use of CBD-loaded P(RGD) NPs for
targeting and treating CRC and BR cancer. The RGD motif, which
has a high affinity to tumor receptors and blood vessels possibly
enables the delivery of CBD directly to the tumor. The intention
of this study was to assess two aspects — the shortterm targeting
of P(RGD) NPs, and the potential therapeutic encapsulation of
CBD using these novel NPs. The results reveal that the targeted
delivery of CBD significantly increases its anticancer efficacy,
allowing lower concentrations. While further studies are necessary,
this work supports the notion that P(RGD) proteinoid NPs offer
a viable and potentially good strategy for administration of CBD
for colorectal and breast cancer treatment. Furthermore, these NPs
may be applied for other cancer models as well.
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