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The objective of these in vitro studies was to investigate the impact of the encapsulation of three cannabis-based
terpenes, namely B-myrcene (MC), B-caryophyllene (CPh), and nerolidol (NL), on their potential efficacy in pain
management. Terpene-encapsulated poly(ethylene glycol)-poly(lactic-co-glycolic acid) nanoparticles (PEG-PLGA
NPs) were prepared by an emulsion-solvent evaporation method. The terpene-loaded NPs were examined in
HEK293 cells that express the nociceptive transient receptor potential vanilloid-1 (TRPV1), an ion channel
involved in pain perception. TRPV1 activation was assessed by monitoring calcium influx kinetics over 1 h in
cells pre-treated with the fluorescent indicator Fluo-4. In addition, the fluorescence intensity changes induced by
the NPs in living cells were also explored by a fluorescence microscope. Furthermore, the cytotoxicity of the
terpene-loaded NPs was evaluated by the 3-(4,5-dimethylthiazol-2-y1)-3,5-diphenyl tetrazolium bromide (MTT)
proliferation assay. The terpene-loaded NPs had a diameter in the range of 250-350 nm and a zeta potential of
approximately —20 mV. The encapsulation efficiency was 18.5%, 51.3%, and 60.3% for MC, NL, and CPh NPs,
respectively. The nano-formulations significantly increased the fluorescence intensity in comparison with free
terpenes. Furthermore, combinations of terpene-loaded NPs produced significantly higher calcium responses
when compared to combinations of free terpenes. Similar findings were shown by the fluorescence images. In
conclusion, the terpene-PLGA NPs can be promising therapeutics for more effective pain management.

1. Introduction

management (Maharajan et al., 2020). However, the clinical use of
herbal cannabis is opposed by several limitations including the psy-

Cannabis has been employed in medicine for millennia, particularly
in pain management. In the last two decades and owing to serious
adverse effects associated with the use of opiate medications and non-
steroidal anti-inflammatory drugs (NSAIDs), the two major pharmaco-
logical groups used in pain management, more attention has been paid
to cannabis-based extracts and cannabinoid-based products to fill the
gap left by analgesics currently available in the clinic (Romero-Sandoval
et al., 2018). Increasing evidence from human clinical trials has
demonstrated that cannabis-based therapeutics can minimize neuro-
pathic pain intensity and provide effective remedies for chronic pain

choactive adverse effects (related to A9-tetrahydrocannabinol, THC)
and associated harm to individuals and the public health, the complex
and variable chemical content with the associated lack of consistency
and standardization, possible microbial and pesticidal contamination, as
well as the lack of solid evidence of effectiveness. Therefore, there is a
critical need for robust research on herbal cannabis and its ingredients to
evaluate the medical potential of the active ingredients alone and in
complex mixtures (Bridgeman and Abazia, 2017; Brunetti et al., 2020).
Potentially bioactive cannabis-derived compounds not only include
cannabinoids but also terpenes, which comprise more than 150
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compounds out of the 500 plus constituents of Cannabis Sativa, the most
commonly used cannabis species (Booth and Bohlmann, 2019). Based on
the fact that different cannabis varieties are able to induce various
physiological effects, as has been observed among cannabis users, the so-
called “entourage effect” has been proposed to refer to the additive or
synergistic contribution of terpenes to the pharmacological effects
shown by cannabinoids (Russo, 2011).

In a recent study that investigated the ability of terpenes found in
C. Sativa to activate TRPV1 in HEK cells, a mixture of terpenes was found
to remarkably promote intracellular calcium influxes. In addition, beta-
myrcene (MC) and, to a lesser extent, nerolidol (NL) were identified as
the major contributors to the calcium influx activity. MC activity was
completely dependent upon the presence of TRPV1 protein and thus the
TRPV1 antagonist capsazeine could effectively bloke MC-induced cal-
cium influx. Furthermore, based on molecular docking data, MC binds to
TRPV1 to via a hydrophobic, non-covalent interaction (Jansen et al.,
2019).

MC (Fig. 1-A), a monoterpene and the most abundant terpene in
cannabis, and NL (Fig. 1-C,D), a sesquiterpene, have both demonstrated
anti-nociceptive and anti-inflammatory effects (Burcu et al., 2016; Chan
et al., 2016; Ciftci et al., 2014). In addition to these two terpenes, beta-
caryophyllene (CPh) (Fig. 1-B), a bicyclic sesquiterpene found in
cannabis, has been reported to act as a specific agonist against canna-
binoid receptor 2 (CB2), which presents in peripheral organs, outside the
CNS (Chicca et al., 2014). This interesting activity, beside other mech-
anisms of action, make CPh a potential therapeutic candidate in the
management of neuropathic pain (Sharma et al., 2016). However, the
volatile and hydrophobic nature of these terpenes result in poor solu-
bility and low bioavailability, limiting their in vivo pharmacological
efficacy. To address these limitations, we have recently developed
polymeric nanoparticles (NP) that successfully encapsulated these three
terpenes (El-Hammadi et al., 2021; Small-Howard et al., 2019). The new
nanosystems were fabricated using poly(ethylene glycol)-poly(lactide-
co-glycolide) (PEG-PLGA), a block co-polymer of a hydrophilic chain
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Fig. 1. Structural formulas of (A) p-myrcene, (B) p-caryophyllene, (C) trans-
nerolidol, and (D) cis-nerolidol.
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of PEG linked to PLGA a biocompatible, biodegradable, Food and Drug
Administration (FDA)-approved co-polymer based (Berrocoso et al.,
2017; El-Hammadi and Arias, 2015). It is anticipated that the encap-
sulation of the cannabis-derived terpenes in PLGA NPs will equip them
with a wide range of qualities such as enhanced solubility and stability,
promoted absorption by biological membranes, sustained release, and
ultimately improved therapeutic efficacy (Han et al., 2012; Iannitelli
et al., 2011; Marongiu et al., 2014).

In this work we sought to study the impact of the of MC, CPh, and NL
encapsulation on their potential effectiveness in pain management. To
this end, we tested the terpene-loaded PEG-PLGA NPs in HEK293 cells
(Human Embryonic Kidney cells) that express the nociceptive transient
receptor potential vanilloid- 1 ion channel (TRPV1), a non-selective
ligand-gated cation channel that is involved in the sensation of
scalding heat and pain (Bujak et al., 2019). This ion channel is a member
of the TRPV subfamily of the transient receptor potential (TRP) chan-
nels, a family of membrane calcium channels that are activated by a
variety of exogenous and endogenous physical and chemical stimuli
(Huang et al., 2020; So et al., 2020). TRPV1 is identified by its respon-
siveness to capsaicin and its analogues (like resiniferatoxin), but TRPV1
also responds to noxious temperatures (greater than42 °C), low pH
(<5.2), and to some endogenous compounds; in particular, the endo-
cannabinoids (e.g anandamide) (Yang and Zheng, 2017; Zheng and
Wen, 2019). TRPV1 antagonists include capsazepine and ruthenium red
(Bautista and Julius, 2008; Zhai et al., 2020). TRPV1 is expressed in both
peripheral and central nervous systems, predominantly in primary
sensory neurons involved in pain perception, in addition to several non-
neuronal cells such as immune cells and smooth muscle cells (Molinas
et al., 2019). Both antagonism and agonism of TRPV1, and other TRP
channels, can induce analgesia, via inactivation and chronic desensiti-
zation of this nociceptive ion channel making it a target for pain treat-
ment (Jara-Oseguera et al., 2008). The activation of TRPV1 leads to an
influx of Ca®" via the plasma membrane, thus generating changes in
intracellular Ca®* concentration. It was also found that TRP channels are
present in intracellular organelles and control the release of intracellular
Ca®* (Zhai et al., 2020). Influxes of Ca®>" were monitored by the fluo-
rescent indicator Fluo-4 acetoxymethyl (AM) (Gee et al., 2000). We used
similar experimental conditions to acquire fluorescence images of cells
treated with the terpenes-loaded NPs. Additionally, the cytotoxicity of
the free and encapsulated terpenes was assessed.

2. Materials

MC, CPh, and NL (a mixture of cis- and trans-isomers) were provided
by Gb Sciences (NV, USA). Polyvinyl alcohol (PVA) 72,000 and the
solvents were obtained Panreac Quimica (Spain). PEG-PLGA (PEG
average Mn 2,000, PLGA average Mn 11,500; lactide:glycolide 50:50),
and all other chemicals were purchased from Merck (Germany), and
were of analytical quality. Water used in the experiments was deionized
and filtered (Milli-Q Advantage A10, Millipore, Spain).

3. Methods
3.1. Preparation of nanoparticles

Terpene-encapsulated PEG-PLGA NPs were prepared by an
emulsion-solvent evaporation method, as previously described (El-
Hammadi et al., 2021). Briefly, an organic phase containing 10 mg of
MC, CPh, or NL and 40 mg of PEG-PLGA dissolved in 1 mL ethyl acetate
(EA), was added dropwise to 5 mL of PVA aqueous solution (0.5% w/v)
under vigorous mixing using a high-speed homogenizer (Polytron® PT
2500 E, Kinematica AG, Switzerland) for 60 sec. The organic solvent was
then removed using a rotary evaporator, and NPs were collected by
ultra-filtration (Amicon® tubes Ultracel-100 kDa regenerated cellulose
membrane, 15 mL sample volume) at 4,000 x g at 12 °C. Finally, NPs
dispersed in 5% (w/v) trehalose, were lyophilized (-80 °C, <0.100 mbar;
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TELSTAR Cryodos, Spain) and collected as white cotton-like material.

3.1.1. Nps characterization

Mean diameter and zeta potential of the produced NPs were deter-
mined by dynamic light scattering and laser Doppler electrophoresis
(Nanosizer ZS, Malvern Instruments Ltd., UK), respectively. NPs were
diluted with MQ water to around 1 mg/ml before measurements.

3.1.2. Measurement of terpene load capacity

The encapsulated terpene in the resulting NPs were measured using a
GC-MS method, as previously described (El-Hammadi et al., 2021).
Briefly, encapsulated terpenes extracted from the lyophilized NPs and
dissolved in dichloromethane (DCM) were analyzed using a trace gas
chromatography system in tandem with a mass spectrometer (DELTA
V™ [sotope Ratio Mass Spectrometer, Thermo Scientific, USA). Data
acquisition and analyses were performed using Xcalibur 2.0.7 (Thermo
Scientific, USA). A SPB-1 capillary GC column (30 m x 0.25 mm x 1.5
um, Sigma-Aldrich, USA) was employed. Analyses were run for 15 min
and the peaks of MC, CPh, cis-NL, and trans-NL were observed at a
retention time of 6.92, 5.73, 6.77, and 7.16 min, respectively. For mass
spectrometry detection, ionization was carried out by electronic impact
(EI) with a full scan mode in the m/z range of 20-300 and an ion source
temperature of 250 °C in positive ion mode. For quantification purposes,
the characteristic ions for terpenes at m/z 69, 93 and 133 were moni-
tored by selected ion monitoring (SIM) mode.

3.1.3. Terpene loading and entrapment efficiency
Terpene content is expressed as entrapment efficiency (EE, %) and
drug loading (DL, %) following the equations 1 and 2, respectively:

mass of terpene incorporated (mg)

100 1
initial mass of terpene (mg) x M

EE (%) =

mass of terpene incorporated (mg)
DL (%) = 100 2
(%) initial mass of nanocarrier (mg) x 2

3.2. In vitro experiments

3.2.1. Cell maintenance

HEK TRPV1 cells were provided by Dr. Helen Turner’s lab at Cha-
minade University in Honolulu, Hawai’i (USA). Cells were maintained in
MEM essential medium (Corning, NY, USA) supplemented with 10%
FBS, 50 units/ml-50 ug/ml penicillin-streptomycin (Sigma-Aldrich
(USA), and 0.6 mg/ml geneticin (Gibco AG, Basel, Switzerland), in a
humidified atmosphere with 5% CO; at 37°C.

3.2.2. Inyvitro cytotoxicity

The cytotoxicity of the terpene-loaded NPs was evaluated by the 3-
(4,5-dimethylthiazol-2-yl)-3,5-diphenyl tetrazolium bromide (MTT)
proliferation assay, determining mitochondrial dehydrogenase activity.
Cells were seeded in monolayer culture into 96-well plates (3 x 10*
cells/well) and incubated overnight at 37 °C in air with 5% CO,. Various
concentrations of free terpenes, terpene-loaded NPs, and blank NPs
(dilutions like that of the terpene-loaded particles used in these tests)
were added to the cells in the culture medium. After 24 h of incubation
at 37.0 £+ 0.5 °C, the culture medium was removed and replaced with
200 pl of MTT solution (0.5 mg/mL in cell culture medium). The me-
dium was removed after incubation for 4 h at this temperature, and 200
pl of DMSO was added to each well to dissolve the resultant formazan
crystals. Untreated cells and cells treated with Triton x 1% served as
controls. Finally, the optical density (OD) at 570 nm was determined
using a microplate reader (Synergy HT, BioTek Instruments, Inc., Ver-
mont USA). The relative cell viability (%) was calculated as [(OD treated
cells/OD control (untreated) cells) x 100].
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3.2.3. Calcium signaling assay

This method can be employed to evaluate the cytosolic concentration
of calcium ions, in which the non-fluorescent Fluo 4-acetoxymethyl ester
(Fluo-4 AM; Thermos Fisher Scientific) is cleaved by intracellular
esterase to form the free green fluorescent Fluo 4, which is a calcium
indicator. When it forms a complex with calcium, excitation by light at a
wavelength of 488 nm produces marked green fluorescence inside the
cell.

3.2.3.1. Assay procedure. HEK TRPV1 cells were harvested with trypsin,
deactivated with media, centrifuged at 1000 rpm, for 5 min, at room
temperature, and counted. Next, cells were washed twice with 1 mM Ca
Assay Buffer (Na Ringers [140 mM NaCl, 2.8 mM KCl, 2 mM MgCl,, 11
mM glucose, 10 mM HEPES], 2 mM Probenecid, 1 mM CaCly; pH 7.4),
and collected by centrifugation at 1000 rpm, for 5 min, at room tem-
perature. Cells were re-suspended in 1 pM Fluo-4 AM (1 pl of 5 mM Fluo-
4 AM was mixed with 1 pl of 20% Pluronic F-127 in DMSO, then 5 mL of
1 mM Ca Assay Buffer was added and the mixture incubated for 10 min
at 37 °C in the dark). Next, suspended cells were incubated for 30 min at
37 °C in the dark. Cells were then washed twice with 1 mM Ca Assay
Buffer, then re-suspended in the assay buffer and pipetted to opaque-
walled 96-well plates at a density of 15 x 10* cells/180 pl/well. Fluo-
rescence was measured using a plate reader (Synergy HTX, BioTek,
USA), at an excitation/emission wavelengths of 485 nm and of 528 nm,
respectively. Once a baseline was established (3 measurements), 20 pl of
the stimulant (free terpenes, terpene-loaded NPs, and controls) solution
was added to each well and measurement was continued for 1 h at a rate
of one read every 40 sec.

3.2.3.2. Preparation of stimulant solutions/dispersions. All solutions/
dispersions were prepared in 1 mM Ca Assay Buffer. Free terpenes were
first dissolved in DMSO, then a specific volume was diluted with the
assay buffer to produce the required concentration. The use of ethanol to
dissolve the terpenes was avoided as it can potentiate the response of
TRPV1 to stimulants (Moriello and De Petrocellis, 2016). Terpene-
loaded PEG-PLGA NPs were diluted directly using the assay buffer.
Negative controls of assay buffer containing DMSO and blank NPs were
also prepared. Ionomycin 4 pM was used as a positive control. Ion-
omycin is a calcium ionophore that increases the intracellular concen-
tration of Ca2", [Ca%"]i, by facilitating its transport across the plasma
membrane. Free and encapsulated terpenes were prepared at a con-
centration of 400 pg/ml (to give a final concentration of 40 pg/ml after
addition to the cells) either as individual terpenes, or in combinations
with other terpenes (MC/NL, NC/CPh, NL/CPh, or MC/NL/CPh). Re-
sponses of negative controls were deducted, and averages were
computed and used to plot the calcium responses profiles.

3.2.4. Fluorescence imaging — Image acquiring and analysis

3.2.4.1. Assay procedure. The ability of terpenes loaded PEG-PLGA NPs
to modulate calcium flux in HEK TRPV1 cells was also examined by
evaluating intercellular fluorescence intensity, using Fluo-4 AM, under a
fluorescence microscope. In this experiment, HEK TRPV1 cells were
seeded in 96-well cell culture plates (3 x 10* cells/well; each well
received 200 pl of cell suspension). The plates were incubated for 48 h at
37 °C in air with 5% COs. On treatment day, cells were washed twice
with 1 mM Ca Assay Buffer. To each well, 100 pl of the green-fluorescent
calcium indicator Fluo-4 (1 pM; 1 pl of 5 mM Fluo-4, mixed with 1 pl of
20% Pluronic F-127 in DMSO, then 5 mL of 1 mM Ca Assay Buffer was
added and the mixture incubated at 37 °C for 10 min in the dark) was
pipetted and plates were incubated for 30 min at 37 °C in the dark. Cells
were washed twice with 1 mM Ca Assay Buffer, then 180 pl of 1 mM Ca
Assay Buffer was added to each well prior to treatment.

stimulant

3.2.4.2. Preparation of solutions/dispersions. Stimulant
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solutions/dispersions were prepared using the same procedure under
Calcium Signaling Assay. Free and encapsulated terpenes were prepared
at a concentration of 400 pg/ml (in 1 mM Ca Assay Buffer) of each
terpene either as single terpenes or in combinations.

3.2.4.3. Treatment and imaging. Volumes of 20 pl of previously pre-
pared simulants and controls were added to wells (a total volume of 200
pl per well; 20 pl stimulant/control + 180 pl buffer). The final concen-
tration of each terpene in all treatments was 40 pg/ml, thus a total
concentration of 40, 80 or 120 pg/ml of terpenes was used in single (MC,
CPh, and NL), double (MC/NL, MC/CPh, NL/CPh) and triple (MC/CPh/
NL) preparations, respectively.

The intensity of intracellular green fluorescence was observed using
Nikon inverted microscope Eclipse Ti (Japan). Images of live cells were
acquired 30 min and 60 min post treatment (exposure settings: exposure
1 s, gain 7.6 x; emission wavelength: 470 nm /FITC filter).

3.2.4.4. Analysis of images. The acquired images were analyzed using
ImageJ software (Version 1.52r; NIH, USA). The fluorescence intensity
was computed using the following equation:

Ir — (A—TAE’B)

Cellfluorescence = -~ (@]

Where: I, total intensity of the image; At: total area of the image; I,
background intensity; A, background area; and N, number of cells.

Next, the relative fluorescence intensity was expressed as percentage
using the following equation:

Irrear — Ine
[% — —Ireat — “NesC o 100 2
Ilmm = INegC
Where: [%, relative intensity percentage; Itreqt, fluorescence intensity
of terpene-treated cells; Ijono, fluorescence intensity of cells treated with
ionomycin; and Iyeg ¢, fluorescence intensity of negative control.

3.3. Statistical analysis

Results are expressed as mean + standard deviation (SD). All ex-
periments were performed at least in 3 independent assays. Means were
compared by One-Way ANOVA followed by the LSD test for post hoc
multiple range comparisons. The SPSS Statistics 17.0 statistical package
was used for the analyses.

4. Results
4.1. Characterization of terpene-loaded PEG-PLGA NPs

The characteristics of terpene-loaded PEG-PLGA NPs are presented in
Table 1. The mean diameter was 218, 262, 354, and 326 nm for blank,
MC, CPh and NL NPs, respectively, with a relatively narrow size distri-
bution (PdI < 0.3) for all NPs. A clear correlation could be established
between the increase in particle size and the encapsulation efficiency,

Table 1
Characteristics of the terpene-loaded nanoparticles (values are the mean +
standard deviation).

Loaded terpene Mean PdI Zeta EE (%) DL (%)
diameter Potential
(nm) (mV)
Blank 217.2+5.6  0.155 -20.7 + - -
+ 0.023 1.0
f-Myrcene 261.5 +4.3 0.253 -20.8 + 18.46 4.78 +
+0.019 21 +0.61 0.28
f—Caryophyllene 3549 + 0.244 —19.0 + 60.30 14.32
17.3 +0.009 0.7 +2.19 +0.39
Nerolidol 326.7 + 0.235 -19.9 + 51.31 12.54
14.1 + 0.028 1.5 + 2.41 + 0.54

International Journal of Pharmaceutics 616 (2022) 121524

where the highest EE% was achieved by CPh NPs (60.3%) followed by
NL (51.3%) and MC (18.5%) particles. This data emphasizes the effect of
terpene properties on loading capacity, since significantly higher
loading capacities were achieved with CPh and NL, which have higher
molecular weight and are less volatile, compared with MC. The zeta
potential of all NPs was within a similar range and around —20 mV.

4.2. In vitro cytotoxicity

Fig. 2 displays the in vitro cytotoxic profiles of free terpenes, blank
(drug-unloaded) NPs and terpene-loaded NPs after 24 h incubation with
HEK TRPV1 cells. The half maximal inhibitory concentration (ICsg)
values of all terpene-loaded NPs were approximately 4-5-fold less than
that of the corresponding free terpene (p < 0.001 for all terpenes).
Whereas, when terpenes are compared together, the ICs( values of either
free or encapsulated terpenes were relatively close and no statistically
significant difference was found among the different terpenes. Further-
more, blank PEG-PLGA NPs exhibited negligible cytotoxicity in this cell
line at the dilutions corresponding to that of MC-loaded NPs (particles
with the lowest EE%). This finding signifies that the cytotoxicity of the
terpene-loaded NPs is mainly caused by the encapsulated terpenes, with
minimal or no effect from other formulation components.

4.3. Calcium signaling assay

The calcium response of HEK TRPV1 cells against free terpenes,
terpenes-loaded PEG-PLGA NPs, and combinations of either free or
encapsulated terpenes was explored using a calcium signaling assay. The
mean diameter of different NPs dispersed in the assay buffer was similar
to that measured in MQ water (blank: 223.4 + 3.4 nm; MC NPs: 269.7 +
8.6 nm; CPh NPs: 351.5 + 4.6, and NL NPs: 334.2 + 6.3 nm).

4.3.1. Free terpenes vs encapsulated terpenes

Calcium responses of HEK TRPV1 cells to treatment with free ter-
penes and terpene-loaded NPs are shown in Fig. 3. All free terpenes
induced a calcium response, as detected by an increase in the florescence
intensity after terpene’s addition, and the intensity of response was in
the following order: MC > NL > CPh (Fig. 3-A). Furthermore, all
nanoparticle formulations significantly increased the intensity of fluo-
rescence in comparison with free terpenes (means of area under the
curve [AUC] of MC: p = 0.013 [Fig. 3-B]; NL: p < 0,001 [Fig. 3-C]; and,
CPh: p = 0.006 [Fig. 3-D]). While CPh displayed the lowest calcium
response (both free and NPs) (Fig. 3-D), NL demonstrated an outstand-
ingly remarkable, though delayed, rise in calcium influx when formu-
lated as nanoparticles (Fig. 3-C).

120
100 MC NPs
T s0- CPh NPs
- NL NPs
- 60 Formulation | ICso (ug/ml)
-3 MC NPs 9.4+14 Blank NPs
S 40 CPh NPs 12305 Free MC
> NL NPs 8.5+2.4
Free MC 426+52 Free CPh
20+ Free CPh 46518 Free NL
Free NL 403+638
0 T T T ]
0.01 0.1 1 10 100 1000

Concentration (ug/ml)

Fig. 2. In vitro cytotoxicity of free terpenes, blank (drug-unloaded) NPs, and
terpene-loaded NPs in HEK TRPV1 human cells, after 24 h of exposure to a wide
range of terpene concentrations (up to 1000 pg/ml). The values are the mean +
SD of triplicate cultures. Cells without treatment were used as control to
compute the relative cell viability (%). Insets: ICso values of the terpene-based
formulations.
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Fig. 3. Fluorescence changes measured using a calcium signaling assay. HEK TRPV1 cells, 15 x 10* cells/well (180 pl), were pre-treated with 1 uM Fluo-4 AM and re-
suspended in 1 mM Ca Assay Buffer before the stimulant (free terpenes or terpene-loaded NPs) was added, at a final concentration of 40 pg/ml (20 pl). Ionomycin 4
pM was used as a positive control. Fluorescence was measured over 1 h (one read every 40 sec), at an excitation/emission wavelengths of 485/528 nm. (A) Calcium
responses using free and encapsulated terpenes. Calcium responses (left) and corresponding AUCs (right) of: (B) free and encapsulated MC; (C) free and encapsulated
NL; and, (D) free and encapsulated CPh. Experiment was performed in triplicate (n = 3). Results of calcium responses and AUCs are presented as mean and mean +
SD, respectively. Statistically significant differences are recorded as follows: single asterisk, p < 0.05; double asterisk, p < 0.01; triple asterisk, p < 0.001.

4.3.2. Combinations of free and encapsulated terpenes

Calcium response of HEK TRPV1 cells to combinations of free and
encapsulated terpenes was also investigated (Fig. 4). As shown in Fig. 4
(A, B, C and D), in general, all combinations of free terpenes improved
the calcium influx in comparison with individual terpenes, and this ef-
fect was significant in the combination of MC/NL (Fig. 4-B) and the three

terpenes together (MC/NL/CPh; Fig. 4-D). However, no significant
enhancement in calcium response was observed when encapsulated
terpenes were mixed together (Fig. 4: E, F, G and H). Impressively, it was
found that all combinations of NP formulations produced remarkably
higher calcium responses when compared to combinations of their
respective free terpenes (Fig. 4: I, J, K and L).
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Fig. 4. Calcium responses of individual free terpenes in comparison to their corresponding combinations. Cells, 15 x 10* cells/well (180 pl), were pre-treated with 1
pM Fluo-4 AM and re-suspended in 1 mM Ca Assay Buffer before the stimulant (free terpenes or terpene-loaded NPs) was added, at a final concentration of 40 pg/ml

of each terpene (20 pl). Fluorescence was measured over 1 h (one read every 40

sec), at an excitation/emission wavelengths of 485/528 nm. Calcium responses (left)

and corresponding AUCs (right) of: (A) Free MC, free NL, and their combination; (B) Free MC, free CPh, and their combination; (C) Free CPh, free NL, and their

combination; (D) The three terpenes (free), and their combination. (E) MC NPs,

NL NPs, and their combination; (F) MC NPs, CPh NPs, and their combination; (G) NL

NPs, CPh NPs, and their combination; (H) NPs of the three terpenes, and their combination; (I) Combinations of free and encapsulated MC and NL; (J) Combinations
of free and encapsulated MC and CPh; (K) Combinations of free and encapsulated NL and CPh; and, (L) Combinations of free and encapsulated MC, NL, and CPh.
Experiment was performed in triplicate (n = 3). Results of calcium responses and AUCs are presented as mean and mean =+ SD, respectively. Statistically significant

differences are recorded as follows: single asterisk, p < 0.05.
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4.4. Fluorescence imaging

Fig. 5 shows images of HEK TRPV1 cells 60 min after treatment with
assay buffer (A), blank NPs (B), ionomycin (C), free terpenes (D-J), and
terpene-loaded PEG-PLGA NPs (K-Q). Fluoresce intensity measured
using these images, at 30 and 60 min post treatment, was expressed as
relative intensity percentage by comparing all terpenes to the positive
control ionomycin (equation (2)). Results are demonstrated in Fig. 6.

In general, all terpenes, both free and encapsulated, promoted the
fluorescence intensity compared to non-treated or blank NP-treated
cells. In comparison with free terpenes, terpene-loaded NPs induced
significantly higher fluorescence intensity, including both single and in-
combination terpenes (Fig. 6-A). Based on the induced fluorescence in-
tensity and in accordance with the findings of calcium influx assay, free
terpenes showed the following order: MC > NL > CPh; with MC pro-
ducing a significantly higher intensity than the other two terpenes
(Fig. 6-B). However, encapsulated terpenes had a slightly different order
(NL > MC > CPh) (Fig. 6-C), where NL NPs produced the highest
response (p < 0.001) with intensity measuring up to approximately 4-
fold and 3-fold that of CPh- and MC-loaded NPs (at 60 min post-
treatment), respectively. In addition, MC NPs induced a significantly
higher fluorescence intensity in comparison with CPh NPs (p < 0.05)
(Fig. 6-C).

Additionally, the terpene combinations that produced the highest
fluorescence intensity were MC/NL and MC/CPh/NL. These two com-
binations were effective both in free and encapsulated terpenes and the
intensity enhancement was apparent at 60 min post-treatment (Fig. 6-D
and E). When images of 30 min and 60 min post-treatment with terpene
combinations were compared, only free MC/NL showed a significant
increase after 60 min (p < 0.05). However, in cells treated with terpene-
loaded NPs, all combinations, with an exception of MC/CPh NPs,
showed significant rise in intensity at 60 min post-treatment as
compared to 30 min post-treatment. Among encapsulated single terpene
formulations, a similar significantly increased response was only
observed with NL-loaded NPs (p < 0.001).

5. Discussion

The terpene-loaded PEG-PLGA NPs were synthesized and tested in
HEK cells that express TRPV1. The calcium signaling assay utilized in
this work enables the measurement of calcium influx, as a result of
TRPV1 activation. Fluorescence intensity changes were monitored using
Fluo-4, which was used to measure intra-cellular free Ca?"

Non-treated Blank NPs Ionomycin

Controls

MC

Free terpenes

Terpene-
loaded NPs

-.

NL
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concentrations (Moriello and De Petrocellis, 2016).

Our work was based on the findings of Jansen et al. who demon-
strated that cannabis-derived terpenes, predominantly MC, activate
TRPV1 channels inducing calcium fluxes (Jansen et al., 2019). We ob-
tained the HEK TRPV1 cells from the same research group. However, we
had to introduce some modifications to the calcium signaling assay
developed by Jansen et al. in which a more sophisticated and sensitive
instrument (Flexstation 3) was employed. Thus, a higher count of cells
(150,000 cell/well in place of 100,000) and higher concentrations of
terpenes (MC: 293.6 uM, CPh 195.7 uM, and NL 179.9 uM; compared to
up to 30 uM used by Jansen et al) were involved. Similar high concen-
trations of terpenes have previously been reported in the literature. For
example, linalool has been found to activate human TRPA1 at an EC50
of 117 pM (Riera et al., 2009). In addition, the experiment duration was
set to 1 h to provide enough time for drug release from NPs and drug
interaction with the receptors.

Our results confirm the findings of Jansen et al. regarding free MC,
and the relatively small effect of free NL on TRPV1. Moreover, this work
demonstrates that the PLGA-based nano-formulations significantly
enhance the calcium influx induced by the three terpenes. In general,
this improved effect may be explained by the solubilization of the
lipophilic terpenes in the core of the nanocapsules, thus improving their
ability to interact with the TRPV1 channels. Furthermore, the likely slow
drug release, as generally observed for lipophilic substances encapsu-
lated in PEG-PLGA NPs (Rafiei and Haddadi, 2017; Samkange et al.,
2019), may explain the time-dependent enhancement of fluorescence
intensity shown by the terpene-loaded NPs. Interestingly, NL-loaded NPs
demonstrated a two-phase response characterized by a small peak fol-
lowed by a drastic logistic phase pattern (S curve) reaching a calcium
signal similar to that exhibited by ionomycin. In fact, the two-phase
response suggests that the generation of calcium signal by the encap-
sulated NL may be provided by a more complex mechanism. The first
small peak may result from the terpene that is released immediately by
the nanoparticle formulation followed by a slower but extended release
of the terpene. However, as this pattern was not observed by the other
two terpenes, it is also possible that the high intercellular concentration
of NL achieved by the nano-formulation induces other mechanisms for
increasing calcium concentration in the cytosol. One possible mecha-
nism is the mobilization of calcium from endoplasmic reticulum in
which functional TRPV1 channels are located and serve as intracellular
Ca®" release channels (Gallego-Sandin et al., 2009; Turner et al., 2003).
A more in-depth investigation is needed to clarify the mechanism(s)
underlying effect induced by NL-loaded NPs, which is not within the

MC/CPh MC/NL CPh/NL  MC/CPh/NL

.
..

Fig. 5. Fluorescence images of HEK TRPV1 cells acquired using Nikon inverted microscope Eclipse Ti. Cells were pre-incubated with Fluo-4 for 30 min followed by
the addition of the stimulant. Images were acquired 60 min after the addition of controls: (A) no treatment, (B) blank NPs, (C) ionomycin; free terpenes: (D) MC, (E)
CPh, (F) NL, (G) MC/CPh, (H) MC/NL, (I) CPh/NL, and (J) MC/CPh/NL; and terpene-loaded NPs: (K) MC, (L) CPh, (M) NL, (N) MC/CPh, (O) MC/NL, (P) CPh/NL, and
(Q) MC/CPh/NL. Terpenes were used at a concentration of 40 pg/ml. Images are representative of three experiments. Scale bar: 50 pm.
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Fig. 6. Relative fluorescence intensity of HEK TRPV1 cells’ images acquired 30 and 60 min after treatment with free and encapsulated terpenes. (A) all formulation;
(B) individual free terpenes; (C) individual terpene NPs; (D) combinations of free terpenes; and, (E) combinations of terpene NPs. Relative fluorescence intensity was
calculated by normalizing the fluorescence intensity of images of terpene-treated cells to that of ionomycin-treated cells. Statistically significant differences are
recorded as follows: single asterisk, p < 0.05; double asterisk, p < 0.01; triple asterisk, p < 0.001.

scope of the current work. Moreover, the high-level responses seen by
the combinations of the three terpenes may provide an evidence of a
synergistic effect.

It is noteworthy that shifts in intracellular Ca%* have been found to
promote cell death, through apoptotic or necrotic pathways (Zhai et al.,
2020). Therefore, the increased cytotoxicity observed by the encapsu-
lated terpenes in the MTT assay may be explained by the potentially
promoted calcium-mediated cell death resulted from the increased
intracellular Ca®* concentrations.

In disagreement with our findings, a recent report that tested
different terpenoids, including MC (with a concentration up to 30 pM),
found that these terpenoids had no activation effect on human TRPV1
(Heblinski et al., 2020). Nevertheless, the discrepant findings may be
explained by many variations in the assay conditions, which may
include differences in TRPV1expression levels, and variations in the
assay method, buffer composition, and experimental temperature used.

Our findings suggest that the newly developed PLGA-based nano-
systems can remarkably increase the ability of the tested cannabis-based
terpenes to enhance the fluorescence intensity driven by the intercel-
lular calcium ion influx. This effect is correlated with the activation of
TPRV1 channels which indicates that the terpene NPs may have great
potential for application in pain management.

6. Conclusion

The calcium response of HEK TRPV1 cells against free terpenes,
terpene-loaded PLGA-PEG NPs, and combinations of free and encapsu-
lated terpenes was explored using a calcium signaling assay. Whether
used individually or in combinations, encapsulated terpenes were found
to be superior in improving calcium cellular influx, when compared to
free terpenes. The improved activity of the terpenes is believed to be
mainly stemmed from solubilization of the terpenes in the core of the
nanocapsule and the slow terpene release from the nanosystem. As
previously demonstrated by Berrocoso et al. (Berrocoso et al., 2017), itis
expected to attain an extended and controlled pain relief after oral
administration of these terpene-loaded PLGA-PEG NPs. Further in vivo
experiments are essential to test the effectiveness of the terpene nano-
formulations for pain management, as well as their ability to enhance
the bioavailability of the terpenes via oral delivery.
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