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A B S T R A C T

Due to its natural origin and numerous beneficial properties, cannabidiol (CBD), one of the major phyto-
cannabinoids of the Cannabis sativa L., has attracted the attention of many research groups in recent years. In this
work, we prepared 4-vinylpyridine (4VP) and CBD co-polymeric nanoparticles (solid@poly-4VP-co-CBD) using
N,N’-methylenbisacrylamide (BIS) as cross-linker, and in which CBD is covalently incorporated into the poly-
meric structure. We evaluated particle morphology by Transmission Electron Microscopy (TEM), while
compositional analyses were carried out by Nuclear Magnetic Resonance (NMR) spectroscopy, MALDI mass
spectrometry, and Raman and Energy Dispersive X-Ray (EDX) spectroscopies. Moreover, the antitumor effect was
analyzed in A549 human lung cell lines, using cell cycle analysis and antiproliferative assays. Interestingly, the
polymeric drug retained the cytotoxic and antiproliferative effects of CBD. This fact shows that the solid@poly-
4VP-co-CBD system can be considered as a new polymeric drug (PD) and may have an enormous potential since
it can make up for the shortcomings of the use of free drugs such as low stability or bioavailability.

1. Introduction

Over the last years, there have been an increasing interest in
Cannabis sativa L. chemical constituents, mainly on the non-
psychoactive counterparts. Particularly, cannabidiol (CBD) has elicited
special interest as one of the most important cannabinoids due to its
broad therapeutic activities reported [1–3], including anti-
inflammatory, immunosuppressive, antipsychotic, anxiolytic, antiepi-
leptic, antiemetic, antioxidant, anticonvulsant or hypotensive proper-
ties. Additionally, it has been reported that CBD is well tolerated by the
patient with little secondary effects along a wide range of doses [3–7].
CBD is already used for the treatment of neurodegenerative illnesses like
epilepsy, Parkinson, or Alzheimer [2,5], and combined with temozolo-
mide in preclinical therapy against glioma [8]. In addition, there is
currently great interest in CBD as an antitumor compound due to its
ability to activate cell apoptosis, modify cancer stem cells and reduce the
rate of proliferation, angiogenesis, migration and inflammation by

influencing cells signaling pathways in numerous types of cancer,
including lung cancer [9–11]. However, therapeutic application of CBD
is strongly limited, mainly due to its poor foaming, low solubility and
bioavailability, high sensitivity to environmental conditions, and poor
emulsifying properties in water at neutral pH and in hydrophilic solvents
[12,13].

Consequently, many efforts have been devoted to improving CBD
properties, especially solubility, and to provide a controlled release. To
this aim, various delivery systems have been designed and developed to
encapsulate CBD, in which the drug is noncovalently attached to the
nanosystem structure [14]. In contrast to these nanosystems, the
incorporation of CBD into a nanosystem device via a covalent bond could
provide a highly interesting and novel bioactive material. Remarkably,
to the best of our knowledge, no precedents are found in the literature
[15–17].

Covalent attachment of drugs to polymers has been mostly studied
towards the preparation of polymer-drug conjugates (PDCs), which are

* Corresponding author at: Dept. of Organic Chemistry, Faculty of Sciences, University of Málaga, 29071, Málaga, Spain.
E-mail address: jmromero@uma.es (J. Manuel López-Romero).
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drug delivery systems where one or more drug(s) are covalently
attached to the functional groups of the polymer directly or through a
spacer. PDCs have been devoted to the tailored conjugation of targeting
ligands (e.g., enzymes, antibodies, peptides) to drug carrier systems, and
various polymer-drug conjugates based, for example, on polyethylene
glycol (PEG), poly-N-(2-hydroxypropyl)methacrylamide (PHPMA) [18],
or superparamagnetic iron oxide nanoparticles (SPION) have been
explored [16]. Among the drugs, camptothecin and doxorubicin have
been two of the most studied in PDC systems [16]. In all these cases free
active drug can be released directly by degradation of the spacer or by
the cleavage of the drug-polymer linkage, consisting of a thermo- or pH-
degradable bond, an amide linkage, a redox-cleavable bond, or an
enzymatically cleavable bond.

Less studied is the use of polymers as pharmacologically active
agents, which are known as polymeric drugs (PDs). PDs have found
therapeutic uses as sequestrants, antimicrobials, antivirals, anticancer
and anti-inflammatory agents [19]. Benefits of PDs are associated with
their macromolecular character and their ability to promote biologically
relevant multivalency processes. Syntheses of PDs are usually directed
towards the preparation of structurally modified polymers, but also to
the obtention of co-polymers holding an active drug intercalated with a
monomer. For example, Li et al. studied the effect of biodegradability on
CXCR4 antagonism, transfection efficacy and antimetastatic activity of
polymeric plerixafor [20].

Over the years, our group has been working in the development of
systems and methodologies for the delivery of drugs, making special
emphasis on core@shell and hollow nanoparticles incorporating drugs
against colon and lung cancers [21–23]. Since CBD has not been used to
date as a monomer towards the preparation of co-polymers with appli-
cations as polymeric drugs, we decided to explore the synthesis and
activity of CBD co-polymeric systems. We chose 4-vinyl pyridine as co-
monomer because of the biocompatibility and water solubility proper-
ties. In this work, we wish to report our results concerning the synthesis
and characterization of poly-4VP-co-CBD solid nanoparticles, and the
analysis of the in vitro cytotoxicity against human and mice tumoral cell
lines.

2. Experimental

2.1. Synthetic methods and materials

2.1.1. Materials
4-Vinylpyridine (4VP, 95 %) and 2,2′-azobis(isobutyronitrile) (AIBN,

98 %) were purchased from Aldrich. N,N′-Methylenebisacrylamide (BIS,
98 %) was supplied by Fluka. 2,2′-Azobis(2-methylpropionamidene)
dihydrochloride (V50, 98 %) was purchased from Acros Organics. All
reactants were used without further purification. Cannabis sativa dried
plant having low content in tetrahydrocannabinol (THC) and high
content in cannabidiol (CBD) was provided by Bhalutek Sens S.L.
(Málaga, Spain). The inflorescences (clusters of flowers) were used for
extraction and isolation of CBD, according to the procedure detailed in
Supporting Information (SI, SI.1) [24]. CBD was purified by column
chromatography to reach > 97 % (HPLC, SI.2). Poly-4VP was synthe-
sized according to reference [25]. Water was purified using a Milli-Q
system (Millipore).

2.1.2. Methods
For TEM imaging, a JEOL JEM1400 TEMmicroscope operated at 100

KV was employed. Colloidal solutions for TEM analyses were prepared
by adding water (2 mL) to the lyophilized sample of solid@poly-4VP-co-
CBD (2 mg). An aliquot of 10 μL of each colloidal solution was dropped
on 100 mesh copper TEM grids and left to dry. EDX mappings were
conducted by using a FEI Talos F200X (FEI, USA) equipped with an EDX
detector by Bruker Nano GmbH, Germany.

For chemical composition analyses, NMR were recorded in a Bruker
Advanced III 500 spectrometer. The 1H spectra were recorded at 500

MHz. Chemical shifts are given relative to residual DMSO-H6 (δH = 2.50
ppm) in DMSO‑d6.

The Raman spectra were acquired using a near-infrared (NIR) diode
laser at 785 nm Invia Qontor Raman Confocal (RENISHAW). Grating
was 1200 L/mm, with slit opening at 65 µm, spectral resolution ± 1 cm
and a camara CCD Renishaw Centrus as detection system.

For molecular mass distributions a MALDI-TOF/TOF UltrafleXtreme
(Bruker Daltonics) was used. 2,5-Dihydroxybenzoic acid (DHB) or
α-cyano-4-hydroxy-cynamic acid (CHCA) were used as matrixes. All
spectra were obtained in the positive ion mode using an accelerating
voltage of 8 kV for the first source and 15 kV for the second source and a
laser intensity of ~ 10 % greater than threshold. Samples used for the
MALDI analyses were prepared as follows: 10 mL of polymer solution (3
– 4 mg/mL in CHCl3) were mixed with 30 mL of DHB or CHCA solution
(0.1 M in CHCl3/THF 90/10 v/v). This solution was added to 1 mL of a
0.01 M solution of CF3COONa salt as cationizating agent, in THF as
solvent. Then 1 mL of each analyte/matrix/salt mixture was spotted on
the MALDI sample holder and slowly dried to allow analyte/matrix co-
crystallization.

2.1.3. Synthesis of solid@poly-4VP-co-CBD
Under an Ar atmosphere, in a 100 mL round bottom flask, a mixture

of EtOH (96 %, 10 mL), BIS (31.2 mg, 0.2 mmol), CBD (31.45 mg, 0.1
mmol), 4VP (430 µL, 0.988 g/mL, 4.0 mmol) and radical initiator (V50
or AIBN, 200 µL of a solution of 37 or 22 mg, respectively, in 5 mL of
water, 27mM) was refluxed (70 ◦C bath) for 2 h. Additional V50 or AIBN
(200 µL) was added at 30, 60 and 90 min. Reaction was followed by TLC
(hexanes:EtOAc, 10:1). After the reaction was completed (2 h), the
mixture of reaction was concentrated to dryness under vacuum to obtain
a yellowish solid. The residue was dissolved in a mixture of water:
methanol (25:1 mL) and extracted with CH2Cl2 (3 x 25 mL) to remove
any excess of CBD, BIS, 4VP and V50 or AIBN. The milky aqueous phase
was centrifuged at 7000 rpm for 25 min. Solid residue was resuspended
in water and centrifuged one more time. Final residue was lyophilized to
obtain solid@poly-4VP-co-CBD as a light orange solid (58.9 mg).

2.1.4. Lyophilization
Lyophilized samples were prepared Labogene ScanVac CoolSafe

apparatus. Residual solids resulting from polymerization were frozen by
fast immersion in liquid nitrogen for 5 min and then transferred directly
to the freeze drier using a reduced pressure (<1 × 10− 3 bar) for 24 h.

2.1.5. Solubility
We analyzed the solubility in water of the solid@poly-4VP-co-CBD

sample. Known amounts of the solid nanosystem in the range of 2 to 10
mgwere added to the water (5mL) at 21 ◦C (samples of 2.3, 5.5, 6.7, 7.8,
8.9 and 10.0 mg in 5 mL of water). Samples were sonicated during 10
min to disaggregate the solid, and then, they were stirred during 7 days
at 21 ◦C. After this period, the samples were filtered off through a 0.8 μm
filter (MCE Millex®) to remove any residual solid.

2.2. Antitumoral assays

2.2.1. Cell culture
In this study, A549 human lung adenocarcinoma epithelial cell line

from the Instrumentation Service Center of the University of Granada
(Spain) was used as a model of non-small cell lung cancer (NSCLC). Cells
were growth in Dulbecco‘s Modified Eagle’s Medium (DMEM)-high
glucose (Sigma-Aldrich) supplemented with 10 % Fetal bovine serum
(FBS) and 1 % penicillin–streptomycin, with air containing 5 % CO2 and
37 ◦C.

2.2.2. Cytotoxicity assay
A549 cells were grown with completed DMEM in 48-well plates at a

density of 5 x 103 cells per well. 24 h later, cell cultures were exposed to
increasing concentrations of the drugs (CBD or solid@poly-4VP-co-CBD)
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up to a maximum value of 50 μM for 72 h with air containing 5 % CO2
and 37 ◦C. Quantification of cytotoxicity was performed with a colori-
metric assay with MTT. Cells were incubated for 3 h with MTT solution
(5 mg MTT / 1 mL PBS) at 10 % well volume until formazan crystals
were formed. These crystals were dissolved with a DMSO:Sorensen so-
lution (8:1) for the measurement of the optical density (OD) at 570 and
630 nm. The relative inhibition (%) was calculated with the formula:

Relativeinhibition(%)

= 100 −
(

(ODsample570 − ODsample630) − blank
(ODnegative570 − ODnegative630) − blank

*100
) (1)

2.2.3. Wound-healing assay
A wound healing assay was performed to quantify the modulation

capacity of the drugs on cell migration. Cells were seeded in 1 mL of
completed DMEM at a density of 3 x 105 in 12 well-plates and incubated
for 24 h to ensure adherence and 100 % confluence. After 24 h, the well
diameter was profiled with a 100 μL pipette tip to lift the cells from the
well, subsequently washing the well with PBS to remove detached cells.
Once the wells have been washed, the cells were incubated in FBS-free
DMEM for 72 h at 5 % CO2 and 37 ◦C in the presence of the drugs at
concentrations of IC5 and IC10, obtaining images at different times (0,
24, 48 and 72 h) with an inverted light microscope Olympus CKX41.
These images were analyzed with the Wound Healing Tool extension of
ImageJ software to obtain the cell-free well area.

2.2.4. Clonogenic assay
Cells were incubated in 6-well plates at a density of 1 x 105 cells in

1.5 mL of complete DMEM per well. After 24 h, drugs (CBD or sol-
id@poly-4VP-co-CBD) were added at IC50 concentrations for both drugs
and IC70 for solid@poly-4VP-co-CBD and incubated for 72 h at 5 % CO2
and 37 ◦C. The surviving pre-treated cells were detached with a trypsin:
PBS-EDTA solution (1:2) at 37 ◦C. Once the cells have been detached,
they were incubated in 12-well plates at a cell density of 2 x 102 / well in
1 mL of DMEM and incubated for approximately 7 days at 5 % CO2 and
37 ◦C. Then, the cells were fixed for 20 min at 4 ◦C with 10 % tri-
chloroacetic acid (TCA) and subsequently stained with 0.08 % sulfo-
rhodamine B solution (Sigma-Aldrich) diluted in 1 % glacial acetic acid
(PanReac AppliChem). The results have been represented as number of
colonies observed and as percentage of colony formation following the
formula (2):

Colonyformation(%) =
Numberofcoloniesformed

Numberofcellsseededinawell
(2)

2.3. 1H NMR data

δH CBD (DMSO‑d6) ppm: 8.65 (brs, 2H, 2 x OH), 6.02 (s, 2H, H-3′, H-
6′), 5.09 (s, 1H, H-2), 4.51 (s, 1H, =CHH), 4.42 (s, 1H, =CHH), 3.83 (m,
1H, H-1), 3.03 (m, 1H, H-6), 2.30 (m, 2H), 2.08 (m, 1H), 1.91 (m, 1H),

1.65–1.52 (m, 2H), 1.52 and 1.53 (2 x s, 2 x 3H, CH3-7 and CH3-9), 1.48
(m, 2H) 1.27 (m, 4H), 0.87 (t, 3H, J = 7.0 Hz, CH3-5′’).

δH BIS (DMSO‑d6) ppm: 8.75 (sa, 2 x NH, 2H), 6.26 (dd, J = 17.1,
10.1 Hz, 2H, H-2), 6.14 (dd, J = 17.1, 2.3 Hz, 2H, H-3), 5.62 (dd, J =

10.1, 2.2 Hz, 2H, H-4), 4.55 (t, J = 6.0 Hz, 2H, CH2).
δH 4VP (DMSO‑d6) ppm: 8.68–8.30 (m, 2H, H-2), 7.47–7.28 (m, 2H,

H-3), 6.68 (dd, J = 17.7, 10.9 Hz, 1H, H-5), 6.06 (d, J = 17.6 Hz, 1H, H-
7), 5.46 (d, J = 10.9 Hz, 1H, H-6).

δH solid@poly-4VP-co-CBD (DMSO‑d6) ppm: 8.27 (brs, 104H, PyH,
OH, NH), 6.70 (brs, 104H, PyH, ArH), 5.17 (brs, 1H, C = CH), 4.43 (brs,
3H, NCH2N), 3.4–0.9 (m, aliphatic protons), 0.87 (t, 3H, terminal CH3).

3. Results

3.1. Synthesis of CBD co-polymeric nanoparticles (solid@poly-4VP-co-
CBD)

poly-4VP is a pH-responsive and biocompatible microgel, which has
been extensively used as drug delivery system, and as coating shell for
nanosized cores such as metal or magnetic nanoparticles, providing
numerous advantages, for example, in sensing and catalysis applications
[23,25,26]. In aqueous media, poly-4VP is normally prepared by free
radical polymerization of 4VP monomers in presence of a cross-linker
(N,N’-methylenebisacrylamide, divinylbenzene, or ethylene glycol
dimethacrylate) and using 2,2′-azobis(2-methylpropionamidene) or
ammonium or potassium persulfate as radical initiator agents [27,28].
In case of co-polymeric systems, the polymerization of 4VP has been
carried out over colloidal particles of gold, SiO2, or polycaprolactone, all
of them acting as a core for the polymer shell. For example, co-polymeric
nanoparticles of 4VP and poly(methacrylic acid) (PMA) have been pre-
pared. In this case, hollow@poly-4VP-co-PMA systems were obtained by
using SiO2 nanoparticles as polymerization core [29]. A poly-styrene
core has also been used for the preparation of hollow nanoparticles [30].

Following the reported procedures, we prepared the 4VP and CBD
co-polymer (solid@poly-4VP-co-CBD) by radical polymerization using
2,2′-azobis(2-methylpropionamidene)dihydrochloride (V50) as reaction
initiator and N,N’-dimethylenebisacrylamide (BIS) as cross-linker. Re-
action was carried out by refluxing during 2 h the monomer 4VP and co-
monomer CBD in presence of BIS and V50 in ethanol (Scheme 1). BIS
was used in 5 mol% with respect to 4VP, while CBD in 2.5 mol% with
respect to 4VP. Water was also tested as solvent, however, there was not
a complete dissolution of reagents at 70 ◦C and, even when polymeri-
zation was observed, only amorphous polymer was obtained by pre-
cipitation. When AIBNwas used as radical initiator, similar results to the
use of V50 were obtained. Lyophilized solid@poly-4VP-co-CBD nano-
particles were characterized by Raman, TEM and NMR.

Morphology of the co-polymeric NPs was studied by TEM. Fig. 1
shows two representative TEM images of the isolated solid@poly-4VP-
co-CBD systems and the corresponding histogram. Initial analysis of
selected images (ImageJ software) showed a high degree of
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polydispersity for the prepared samples. However, a deeper study of the
sizes of the NPs, showed a good fit into a binomial distribution, where
two main average values for the external diameters were found, 275± 5
nm for the bigger NPs and 85± 2 nm for smaller ones, being in a ratio of
about 1.7 big/small, and with SPAN polydispersity indices of 0.55 and
0.75 respectively (see formula in Fig. 1).

Qualitative chemical composition of the nanoparticles has been
studied by comparison among the Raman spectra of neat poly-4VP and
CBD with the corresponding co-polymeric system (Fig. 2). Raman
spectroscopy has been recently reported as a rapid and worthwhile
technique for the in situ detection of cannabinoids in Cannabis sativa L
[31]. CBD presents two intense and characteristics vibrational absorp-
tion bands at 1663 and 1440 cm− 1, assigned to the bending vibration of
the aliphatic chain and δ(CH2) and δ(CH3) also of the aliphatic chain,
respectively. In the high wave number region, the symmetric and
asymmetric stretching vibrations of methylene groups σ(CH2) are
detected at 2870 and 2970 cm− 1. All these vibrational modes are
observed in the Raman spectra of the co-polymeric systems incorpo-
rating CBD. Fig. 2 shows the Raman spectra for neat poly-4VP (Fig. 2A)
[25], solid@poly-4VP-co-CBD (Fig. 2B), and neat CBD (Fig. 2C), recor-
ded over lyophilized samples. It can be seen the presence of the char-
acteristics bands of CBD, marked with red arrows, and these of poly-4VP
(green arrows) in the Raman spectra of solid@poly-4VP-co-CBD
(Fig. 2B). It is important to note that characteristics bands of CBD at
1440, 1663, 2870 and 2970 cm− 1 are now shifted to 1450, 1700, 2850
and 3110 cm− 1, thus confirming the covalent bond formation during
polymerization, and the incorporation of the drug to the poly-4VP ma-
trix. This effect also can be observed in the poly-4VP bands, mainly these
intense bands at 620, 750 and 1070 cm− 1 (Fig. 2A, green arrows), the
last assigned to CH in plane bending [30], now appearing in the co-
polymer at about 720 cm− 1, as a new band, and 1125 cm− 1 (Fig. 2B,
green arrows).

The possibility of using this technique for the study of nanoparticle
structure and composition should be pointed out since only few publi-
cations have been reported to date.

Chemical composition of solid@poly-4VP-co-CBD and poly-4VP was
also studied by High-Angle Annular Dark-Field TEM (HAADF-TEM) and
EDX elemental mapping analysis (Fig. 3). Nanoparticles structure can be
clearly distinguished for solid@poly-4VP-co-CBD (Fig. 3A-D) and poly-
4VP (Fig. 3E-H) systems.

The EDX spectrum extracted from the TEM images of Fig. 3C (sol-
id@poly-4VP-co-CBD) showed a percentage of C, N and O of 92.3, 4.2
and 3.5 %, respectively, while spectrum extracted form Fig. 3G (poly-
4VP) showed a percentage of C, N and O of 92.5, 4.9 and 2.6 %,
respectively. As expected, solid@poly-4VP-co-CBD samples showed a
minor N percentage, about 14 % less, due to the presence of CBD in the
polymer structure. These results are in concordance with the ratio of
monomer, co-monomer and crosslinker used during the synthesis (see
Experimental for details).

1H NMR was used as a technique to confirm the chemical composi-
tion of solid@poly-4VP-co-CBD, providing direct evidence of the suc-
cessful co-polymerization. Moreover, integrals have been used to
calculate the 4VP:CBD ratio in the co-polymer. Fig. 4 shows the 1H NMR
spectra recorded in DMSO‑d6 of samples of co-polymer, neat CBD, BIS
and 4VP. The spectrum of the co-polymer solid@poly-4VP-co-CBD
shows its characteristic peaks, including a triplet at 0.87 ppm, assigned
to the terminal methyl group of the five carbons aliphatic chain (H-5′’
protons) and a signal at about 5.17 ppm, corresponding to the cyclic
vinyl proton (H-2, integral 1.0), both of the CBD moiety, together with
three broad signals centered at 8.27, 6.70 and 1.53 ppm, corresponding
to the heterocyclic moiety, and methylene groups, presents in the BIS
crosslinked poly-4VP structure. As it can be seen, in the 1H NMR of
solid@poly-4VP-co-CBD, the doublet signals at 4.51 and 4.42 ppm cor-
responding to the exocyclic double bond of CBD, are not observed,
meaning a successful covalent linkage through this bond during poly-
merization. A more hindered intracyclic double bond can explain the
observed regioselectivity. From the comparison of the integrals of co-
polymer H-2 signal, which clearly appears without overlapping signals
(1H, 5.17 ppm) and the signals of pyridine protons (2H, 6.70 ppm,

Fig. 1. A and B) TEM images of solid@poly-4VP-co-CBD; C) sizes histogram, which shows mean values obtained from the analysis of two representative images; and
D) SPAN formula, where Dv(90), Dv(50) and Dv(10) are the diameters below which 90 %, 50 % and 10 %, respectively, of the NPs is contained.
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integral 104) the ratio CBD:4VP was estimated in 1:52, which is
concordance with the quantities used during polymerization.

In order to obtain detailed information about the chemical structure,
co-polymer mass was analyzed by MALDI-TOF/TOF spectrometry, using
DHB or CHCA as matrixes, obtaining similar results in both cases. Fig. 5
includes the spectra recorded using DHB as matrix. The species observed
are consistent with the monomer ratios used for synthesis. Fig. 5A shows
the MALDI spectrum of poly-4VP, where it can be seen and maximum
molecular mass of 767 Da, and the recurrent loss of 105 Da, consistent
with the molecular mass of 4VP. Fig. 5B shows the spectrum for sol-
id@poly-4VP-co-CBD, with a mass of 871 Da and the loss of fragment
315 Da associated to CBD.

3.2. Solubility

CBD has very low water solubility (12.6 mg/L) and high lip-
ophilicity, with a value 6.3 for the log P, being log P the logarithm of a
drug’s partition coefficient between n-octanol and water. Since solubi-
lity in water and hydrophilic solvents is necessary for biological

applications of active compounds, many efforts have been carried out to
develop CBD formulations with an improved solubility, including
polymeric micelles and nanoparticles (PLGA and zein/whey protein),
hybrid nanoparticles jelled in cross-linked chitosan, and lipid formula-
tions, such as nanostructured lipid carriers, vesicles, or nano- and
microemulsions [32].

We carried out a preliminary study on the solubility of the co-
polymeric systems by conducting an equilibrium solubility test. Sam-
ples of the nanosystem, in the range of 2 to 10 mg, were added to 5 mL of
water, and then stirred during 7 days at 21 ◦C to reach a solubility
equilibrium. We have found that solid@poly-4VP-co-CBD forms stable
emulsions in quantities up to 7.8 mg in 5 mL of water, while at con-
centrations of 8.9 mg/mL and higher it was always observed a precipi-
tated solid (see images in Supporting Information, Figure SI.3), which
can be removed by filtration. Moreover, a clear solution was obtained
when concentrations are less or equal to 2.3 mg in 5 mL of water. It
means that the solubility in water for this polymeric drug is about 37
times higher than that for the free CBD. The improved water solubility
can be explained by the interaction of pyridine nitrogen atomwith water
hydrogens, allowing the solubilization of hydrophobic drugs. Moreover,
it was observed that the nanoemulsions were stable during a period of
four weeks of storage at room temperature (21 ◦C) and protected from
light.

3.3. Solid@poly-4VP-co-CBD maintains CBD cytotoxic properties against
A549

Cytotoxic tendency at increasing concentrations of the different
drugs was represented in Fig. 6. The cytotoxic capacity of CBD was
greater in the free form, although the IC50 of CBD (Fig. 6A) and sol-
id@poly-4VP-co-CBD (Fig. 6B) were very close, with values of 15.99 ±

0.41 and 16.99 ± 8.09, respectively. Moreover, the toxicity of the sol-
id@poly-4VP-co-CBD systems remain reduced despite slight growth at
higher concentrations, confirming the safety of the nanoformulation
(Fig. 6C). Since the solid@poly-4VP does not exert a toxic effect, it can be
stated that the observed cell death is mostly due to the ability of CBD to
activate apoptosis, even being covalently attached to the polymer ma-
trix. In fact, it has been demonstrated that CBD is able to increase
mitochondrial Ca2+ because of interaction with mitochondrial ion
channels, allowing the release of cytochrome C into the cytoplasm and
triggering caspase-9-mediated apoptosis [9]. This drug can also trigger
an apoptotic response via direct activation of cytoplasmatic caspase 8
[9]. In A549 cells, an activation of the PPAR-γ apoptotic pathway has
also been observed as a consequence of cyclooxygenase 2 (COX2) acti-
vation [33]. In addition to the apoptotic response, cells experience
increased oxidative stress by interacting with membrane proteins NOX4
and p22phox and by inhibiting some antioxidant enzymes such as su-
peroxide dismutase or catalase [9]. Because the solvent of the drugs was
DMSO, its effect alone was tested, being the highest dose tested in drugs
a maximum DMSO percentage of 1.32 %, present in the 50 µM sol-
id@poly-4VP-co-CBD treatment (Fig. 6). In all three cases, a certain
toxicity of DMSO can be observed, although was more important in the
case of solid@poly-4VP-co-CBD because it was the solution with the
lowest concentration. Despite this, the toxicity of DMSO at concentra-
tions close to the IC50 of solid@poly-4VP-co-CBD was low, so the
toxicity observed in the Fig. 6A is mostly due to the activity of the drug.

3.4. Solid@poly-4VP-co-CBD is not able to inhibit cell migration

As shown in Fig. 7, a 58 % reduction was observed in cell migration
capacity after free CBD exposure at a IC5 concentration. This effect was
previously demonstrated in vitro and in vivo using with A549 cells
[34,35]. In addition, the migration did not significantly modify between
the doses of IC5 and IC10. However, this effect on migration was not
observable when the cells were exposed to co-polymeric CBD. Interest-
ingly, the effect of CBD depends on its interaction with TRPV1, CB1 and

Fig. 2. Raman spectra (785 nm laser line) of A) poly-4VP; B) solid@poly-4VP-
co-CBD co-polymer, and C) neat CBD.
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Fig. 3. HAADF-TEM mapping images of solid@poly-4VP-co-CBD system (A-D), and for neat poly-4VP (E-H).
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Fig. 4. 1H NMR of A) neat CBD (DMSO‑d6), B) solid@poly-4VP-co-CBD (DMSO‑d6), C) BIS (DMSO‑d6) and D) 4VP (DMSO‑d6).
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CB2 A549 membrane receptors, which increase the levels of ICAM-1
(intercellular adhesion molecule 1) by activating signaling pathways.
In fact, this increase in ICAM-1 levels allows an increase in the levels of
TIMP-1 (tissue inhibitor of MMPs), a protein involved in the reduction of
invasiveness [9,36,37]. Then, the exclusive localization of A549 re-
ceptors in cell membrane could justify the inability of CBD to exert a
negative effect on migration when it is covalently bonded to poly-4VP
matrix.

3.5. Solid@poly-4VP-co-CBD enables CBD to act as an inhibitor of
colony formation

As shown in Fig. 8A, colony formation of surviving pre-treated A549
cells after 72 h exposure to CBD is totally inhibited at an IC50 concen-
tration. On the other hand, treatment with solid@poly-4VP-co-CBD
causes an inhibition of colony formation but does not reach the values of
the free CBD. This result may be related to the inhibition that CBD exerts
in EGFR (epidermal growth factor receptor) and GPR55 (G protein-
coupled receptor 55) receptors. This fact was clearly observed in the
treatment of breast cancer with this drug [38,39]. This colony formation

inhibition effect has been demonstrated in some lung cancer cell lines
such as A549, H640 and H1792, as well as in other types of cancer such
as bone, prostate, or breast cancer [35]. Thus, the difficulty of the
polymeric drug to interact with membrane receptors may account for
this difference in colony formation, even when many of the CBD moi-
eties can be considered to be on the surface of the nanosystem. Even so,
CBD also presents the capacity to act in the cytoplasm increasing the
production of MTROC1 inhibitory factors (such as PPAR-γ and p53) or
influencing the activity of some molecules involved in proliferation
[9,33], which would explain the capacity of solid@poly-4VP-co-CBD to
exert this activity. Finally, the inhibition in colony-forming ability was
dose dependent, since IC70 concentrations of solid@poly-4VP-co-CBD
inhibited 3.5 times more than IC50 concentrations of solid@poly-4VP-
co-CBD (Fig. 8B).

4. Conclusions

We have synthesized 4VP co-polymeric CBD using N,N’-methyl-
enbisacrylamide as cross-linker, in which CBD is covalently incorpo-
rated to the polymeric structure (solid@poly-4VP-co-CBD). We

Fig. 5. MALDI-TOF/TOF spectra of A) neat poly-4VP, B) solid@poly-4VP-co-CBD (DHB matrix).
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Fig. 6. Relative inhibition (% RI) at increasing concentrations of A) CBD, B) solid@poly-4VP-co-CBD and C) poly-4VP in DMSO after72 h of incubation period.
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characterized the nanoparticle morphology by TEM, showing an average
diameter of 275 nm, while the chemical composition was confirmed by
1H NMR, Raman, and EDX spectroscopies, in which the ratio CBD:4VP
was estimated in 1:52. Mass spectrometry also confirmed the presence of
CBD in the co-polymer, which reach 871 Da. The synthesized polymeric
drug improves the solubility of free CBD in about 37 times.

Activity of superficial CBD has also been tested. Antitumor effect was
analyzed in human lung cell lines. The results of this biological study

showed that the polymeric drug retained the cytotoxic and anti-
proliferative effects of CBD on a smaller scale, maintaining the cytotoxic
properties against lung A549 cell lines, acting as an antiproliferative
agent, but superficial CBD did not inhibit cell migration. These results
demonstrated that the solid@poly-4VP-co-CBD system might have po-
tential as polymeric drug to be used as an alternative to the free CBD.

Fig. 7. A) Graphic representation of percentage of cell migration at IC5 and IC10 concentrations of CBD and solid@poly-4VP-co-CBD for 72 h. Evolution of cell
migration with B) CBD and C) solid@poly-4VP-co-CBD treatments.
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Water-Soluble Polymeric Bone-Targeted Drug Delivery Systems, Bioconjugate
Chem. 14 (2003) 853–859, https://doi.org/10.1021/bc034090j.

[19] J. Li, F. Yu, Y. Chen, D. Oupicky, Polymeric drugs: Advances in the development of
pharmacologically active polymers, Journal of Controlled Release 219 (2015)
369–382, https://doi.org/10.1016/j.jconrel.2015.09.043.

[20] J. Li, D. Oupicky, Effect of biodegradability on CXCR4 antagonism, transfection
efficacy and antimetastatic activity of polymeric plerixafor, Biomaterials 35 (2014)
5572–5579, https://doi.org/10.1016/j.biomaterials.2014.03.047.

[21] B. García-Pinel, A. Ortega-Rodríguez, C. Porras-Alcalá, L. Cabeza, R. Contreras-
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