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ABSTRACT: This work aims to develop and optimize blended polylactide-co-
glycolide (PLGA) and poly(e-caprolactone, PCL) loaded with Boswellia sacra oil
(BO) to improve BO’s physicochemical properties and anti-breast cancer effects via

enhancing apoptosis. In this context, BO was extracted from B. sacra oleo gum resins P ~a
(BO) via hydrodistillation and chemically characterized by evaluating its essential v Nanoparticles v
s L. j a-Pinene (61%) Improved apoptotic effects against
oil's composition using gas chromatography—mass spectrometry. Then, BO/ D-Limonene (9%) MCF-7 breast cancer cells
PLGA—PCL NPs were formulated using the emulsion (O/W) solvent evaporation | 7| T i =

technique using a PLGA—PCL mixture at five different ratios (1:1, 2:1, 3:1, 1:2, and
1:3, respectively). The optimized NPs had a spherical morphology with no
agglomerations and the lowest hydrodynamic size (230.3 + 3.7 nm) and “[5% o L
polydispersity index (0.13 + 0.03) and the highest { potential (—20.36 + 4.89 ' | | . W o
mV), as compared to the rest of the formulas. PLGA—PCL NPs could entrap 80.59 [tlilii. | Wi ol =
+ 3.37% of the BO and exhibited a controlled, sustained release of BO (83.74 + ter e
3.34%) over 72 h. Encapsulating BO in the form of BO/PLGA—PCL NPs resulted in a lower ICs, value as assessed by the MTT
assay. Furthermore and upon assessing the apoptotic effect of both BO and BO/PLGA—PCL NPs, there was an increase in the
percentage of apoptotic and necrotic cell percentages compared to the control and free BO. Encapsulation of BO in PLGA—-PCL
NPs doubled the percentage of apoptotic and necrotic cells exerted by free BO. These findings support the potential use of BO/
PLGA—PCL NPs in treating breast cancer.

1. INTRODUCTION against colon cancer cells by suppressing cancer cell proliferation
by decreasing f-catenin signaling molecules.’ In addition, a case
study reported the effectiveness of B. sacra resin against
urothelial cancer when administrated via the oral route.” The
anticancer activity of BO is attributed to its high content of
volatile monoterpenes such as @-pinene, limonene, myrcene, a-
thujene, p-cymene, and boswellic acid.” Despite their promising
activities against various cancer cells, the clinical use of essential
oils extracted from B. sacra is hindered by their hydrophobicity,
poor bioavailability, and non-selective delivery to the tumor
cells.” Several carrier systems were studied to accommodate
numerous synthetic and natural compounds to increase their
hydrophilicity and biological activities, including macromole-

Frankincense is an aromatic oleo gum resin generated by
incising the tree trunks of the genus Boswellia sacra (family
Burseraceae) grown perennially in Somalia, Oman, and Yemen.!
Frankincense has been widely used in folk medicine in treating
rheumatoid arthritis, urinary tract infections, bronchial asthma,
pain, viral infections, and cancers."” Besides, the extracted oleo
gum resin has been used in several industries, including perfume,
food, beverage, cosmetics, and pharmaceuticals.” The broad
biomedical applications of the gum resin frankincense are
attributed to its high composition of hydrophobic mixtures of
non-volatile and volatile constituents, including essential oils
and boswellic acid monoterpenes.” Frankincense essential oils

8—10 : . 11,12 . .
produced from B. sacra gum resins (BO) via hydrodistillation cules, chitosan nanoparticles, """ nanovesicles (lipo-
are reported to possess significant antiproliferative and anti-
invasive activities against breast cancer and reduce neoplasm Received:  October 3, 2022 L,
hostility in chemotherapy-resistant and metastatic breast Accepted:  December 8, 2022 oo
cancer.” Another study reported the anticancer activity of Published: December 19, 2022 s
frankincense oils against human pancreatic cancer via < 9N
augmenting the caspase-dependent apoptotic pathway.* More-

over, frankincense oils were reported to have cytotoxic effects
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somes),"” and biodegradable synthetic polymeric nanopar-
ticles."*

Poly(e-caprolactone) (PCL) is one of the most frequently
used synthetic polymers in drug delivery because of its many
advantages compared to other polymeric systems.'> PCL is
biodegradable and biocompatible and has a semicrystalline
structure (resulting from its low glass transition temperature and
high melting point), which increases its half-life in the systemic
circulation. PCL also undergoes moderate degradation, leading
to slow drug release. Additionally, PCL is relatively safe because
its degradation does not generate acidic byproducts, unlike other
polymers.">'® On the other hand, when used solely for drug
delivery, PCL suffers a number of drawbacks, such as high
hydrophobicity, poor stability in an aqueous solution, and rapid
clearance by the reticuloendothelial system.'>'® Thus, to
overcome these drawbacks, PCL is usually modified with
other hydrophilic polymers such as polylactide-co-glycolide
(PLGA)." PLGA is another biocompatible and biodegradable
synthetic 7polymer used to deliver various natural and synthetic
drugs.'®'” The use of PLGA as a carrier for biologically active
drugs has several advantages, such as safety, complete and rapid
drug release via the hydrolysis of its ester linkage, and improved
bioavailability. In this context, PLGA and PCL were used to
design nanocarriers that combine the advantages of both
polymers to achieve the controlled release of loaded drugs.'®"”

In this study, we formulated BO-loaded PLGA—PCL NPs
(BO/PLGA—PCL NPs) and evaluated their potential effect on
the breast cancer cell line MCF-7 cells. The essential oils were
extracted from B. sacra oleo gum resins (BO) and chemically
characterized by estimating the volatile oil content utilizing gas
chromatography—mass spectrometry (GC—MS). BO/PLGA—
PCL NPs were then designed using the emulsion (O/W)
solvent evaporation technique employing PLGA—PCL mixtures
at five different ratios (1:1, 2:1, 3:1, 1:2, and 1:3). The optimal
formula, which exhibited the best hydrodynamic size,
polydispersity index (PDI), { potential, and entrapment
efficiency (EE %), was further characterized in terms of
morphology, chemical composition, and release %. Further-
more, the effects of BO and BO/PLGA—PCL NPs on MCF-7
viability were compared. Additionally, the apoptotic effect of
BO/PLGA—-PCL NPs on MCEF-7 cells was also investigated, in
addition to their effect on cell cycle phases for possible use as an
anticancer treatment.

2. MATERIALS AND METHODS

2.1. Materials. Poly(p,L-lactide-co-glycolide) (PLGA;
50:50) and PCL (molecular weight 40,000) were purchased
from Sigma-Aldrich (St. Louis, MO). Polyvinyl alcohol (PVA;
98% hydrolyzed, MW ~ 13,000) was purchased from Acros
Organics (Geel, Belgium). Dimethylformamide and dichloro-
methane (DCM) were purchased from Fisher Chemicals (Fair
Lawn, NJ). Dulbecco’s modified Eagle’s medium (DMEM) with
4.5 g/L glucose, 0.05% trypsin, and phosphate-buffered saline
(PBS, pH 7.4) and DMEM without L-glutamine or phenol red
and Trypan blue with 0.85% NaCl were purchased from Lonza
Bioscience (Walkersville, MD). Dimethyl sulfoxide was
obtained from Serva (Heidelberg, Germany). Annexin V-
fluorescein isothiocyanate (FITC)/propidium iodide (PI)
apoptosis detection kit was purchased from Elabscience
(Wuhan, China). Ethanol and 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) were obtained from
Thermo Fisher Scientific (Waltham, MA). Fetal bovine serum
(FBS) was obtained from Gibco (Waltham, MA). MCF-7 cell
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lines (cat no. HTB-22) were purchased from ATCC (Manassas,
VA). Other chemicals were obtained from Sigma-Aldrich (St.
Louis, MO).

2.2. Extraction of Essential Oils from B. sacra Oleo
Gum Resin (BO). Oleo gum resins were obtained from B. sacra
plants grown in Oman and assembled in one lot. Briefly,
hydrodistillation was carried out in a Milestone ETHOS X oven
(Milestone, Italy) equipped with two 950 W magnetrons and an
infrared temperature sensor. B. sacra resins were placed in
distilled water at 100 °C in a ratio of 1:5 (w/v) and blended with
an electromechanical agitator. The cooling system used was the
Smart H150-2100 chiller (LabTech, MA), where the temper-
ature and pressure of cooling water were set to 8 °C and 2.3 bar,
respectively. The condenser was connected to the chiller,
ensuring that the cooling water was at a constant temperature of
8 °C, and the extraction cycle was set to 45 min. The extracted
liquid was collected in a 1 L bottle, and the volumes were
recorded in a log for every cycle.

2.3. Analysis of the Chemical Composition of BO
Utilizing GC—MS. GC—MS analysis was performed using
Agilent Technologies gas chromatography (7890B) and a mass
spectrometer detector (5977B). The GC was equipped with
Agilent 19091S-433 UI and HP-SMS UI column (30 m X 0.25
mm internal diameter and 0.25 ym film thickness). Analyses
were carried out using helium as the carrier gas at a flow rate of
1.0 mL/min in a split ratio of 30:1, injection volume of 1 yL, and
the following temperature program: 40 °C for 1 min; raising at 4
°C/min to 150 °C and holding for 6 min; raising at 4 °C/min to
210 °C and holding for 1 min. The injector and detector were
maintained at 280 and 220 °C, respectively. Mass spectra were
obtained by electron ionization at 70 eV, using a spectral range
of m/z 50—450 and solvent delay of 6 min. The sample run time
was 50.5 min. Different constituents were identified by
comparing the spectrum fragmentation pattern with those
stored in the Wiley and NIST Mass Spectral Data Library.

2.4. Preparation and Optimization of PLGA—PCL NPs
Loaded with BO (BO/PLGA—PCL NPs). BO/PLGA—-PCL
NPs were formulated using the emulsion (O/W) solvent
evaporation technique, as described elsewhere, with some
modifications.'” A total weight of 30 mg of PLGA and PCL was
used in five different ratios (1:1, 1:2, 1:3, 2:1, and 3:1,
respectively). Briefly, 6 mg BO, PLGA, and PCL (30 mg) were
dissolved in 1.2 mL of DCM at room temperature. Then, the
obtained organic phase was added dropwise to 20 mL of 1.5%
aqueous solution of the PVA while homogenizing at 11,000 rpm
for 8 min in an ice bath. The resulting O/W emulsion was stirred
with a magnetic stirrer for 5 h at room temperature to allow
solvent evaporation and particle hardening. Afterward, the
nanoparticle colloid was lyophilized for 72 h using a freeze dryer
(TOPTION TOPT-10C freeze dryer, Toption Group Co.,
Limited, Xi'an, China). The dried NPs extract was stored in a
desiccator at room temperature for further experiments.

2.5. Characterization of BO/PLGA—PCL NPs. 2.5.1. Par-
ticle Size, PDI, and { Potential Measurements. The average
particle size and { potential of NPs were determined using
dynamic light scattering and laser Doppler velocimetry by using
Zetasizer Nano ZS (Malvern Instruments, Worcestershire, UK),
respectively.”’ All measurements took place at 25 °C in
triplicate, and the results are expressed as mean + standard
deviation.

2.5.2. Entrapment Efficiency (EE %) of the BO/PLGA—PCL
NPs. The EE % of the loaded BO into the PLGA—PCL NPs was
determined via the direct method as described elsewhere with
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some modifications.'’ Briefly, BO/PLGA—PCL NPs were
centrifuged at 15,000 rpm and 4 °C for 3 h (Hermle Z 326 K,
Labortechnik GmbH, Wehingen, Germany). Then, the pellet
(containing the NPs) was separated and completely dissolved in
a 1:1 DCM/dimethylformamide (DMF) mixture by vigorous
vortex stirring. The amount of loaded BO was quantified, in the
obtained clear solution, utilizing a FLUOstar Omega microplate
reader (BMG Labtech, Offenburg, Germany) by measuring
absorbance at 265 nm. The calibration curve was constructed
using different concentrations (between 0.1 and 1.9 pg/mL) of
the BO prepared by serial dilution using the solvent mixture (1
DCM/1 DMF). The resulting correlation coefficient (R*) of the
callz)bration curve was 0.9976. The EE % was computed using eq
1.

total amount of loaded BO

initial amount of BO

EE % = X 100

(1)

2.5.3. Characteristics of the BO/PLGA—PCL NPs. The
morphological structures of the BO/PLGA—PCL NPs were
studied employing transmission electron microscopy (TEM,
JEOL-JEM 2100 electron microscope, Musashino, Akishima,
Tokyo, Japan) operating at 160 kV. A histogram demonstrating
the average particle size of BO/PLGA—PCL NPs was
constructed utilizing the image processing program Image]
(NIH, Bethesda, MD).

The FTIR spectra of BO, PLGA—PCL, and BO/PLGA—-PCL
NPs were recorded and evaluated using attenuated total
reflection Fourier-transformed infrared spectroscopy (ATR-
FTIR) using an FTIR Nicolet 380 spectrometer (Thermo
Scientific, Waltham, MA), equipped with a ZnSe flat c1rys.tal.21
The spectra were determined by recording 64 transmission
scans in the range of 4000 and 650 cm™ with a resolution of 4
em™

2.5.4. In Vitro Release Study of BO from BO/PLGA—PCL
NPs. The in vitro release rate of BO from BO/PLGA—PCL NPs
was evaluated utilizing the dialysis bag method. Briefly, a known
amount of the NPs was inserted into a dialysis bag (cutoff
molecular weight, 12—14 kD). The dialysis bag was placed in 25
mL of phosphate buffer saline (PBS, pH 7.4) supplemented with
1.5% Tween 80 and 0.5% FBS in a shaking incubator (Jeio Tech
SI-300, Seoul, Korea), rotating at 300 rpm at 37 °C. At specific
time intervals, a 1 mL aliquot of the sample was withdrawn and
immediately replaced with an equivalent volume of warmed
buffer solution. The amount of the released BO was quantified in
the withdrawn sample using a FLUOstar Omega microplate
reader at 265 nm. The release percentage (%) was calculated
using eq 2.

amount of released BO

Release % = X 100

(2)

2.5.5. Cell Viability Assay. 2.5.5.1. Cell Culture. Human
breast adenocarcinoma (MCF-7) cells (HTB-22; ATCC,
Manassas, VA) were maintained in DMEM supplemented
with 5% penicillin—streptomycin and 10% FBS and incubated at
37 °Cand 5% CO,. Cells were stained with Trypan blue, and the
viable cell count was determined using a hemocytometer. For
the MTT assay, MCF-7 cells were seeded in 96-well plates at a
seeding density of 1 X 10* cells/well.

2.5.5.2. MTT Assay. MCF-7 cells were cultured in DMEM
supplemented with 10% FBS and 1% penicillin—streptomycin
and maintained at 37 °C in a humidified atmosphere with 5%
CO,.

initial amount of loaded BO
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The viability of MCF-7 cells was assessed by using the MTT
assay. The cells were seeded in 96-well plates at a density of 1 X
10* cells/well and incubated for 24 h at 37 °C under 5% CO,.
Then, cells were washed with PBS and co-incubated with BO or
BO/PLGA—PCL NPs for 24 h at concentrations of 0.19, 0.39,
0.78, 1.56, 3.12, and 6.25 ug/mL. After that, S0 uL of MTT
solution was added to each well and incubated for 4 h. Then, 150
uL of SDS solution was added and incubated further for 2 h.
After the blue formazan crystals were dissolved, the absorbance
of each well was measured at 570 nm using a microplate reader
(Bio-Tek 800TS). Untreated cells were used as control.

2.5.6. Flow Cytometry and Cell Cycle Analysis. After the
confluency of the MCF-7 cells reached 80%, cells were harvested
and re-seeded in a 6-well plate. Once the confluency reached
60%, cells were treated for 24 h with ICy, concentrations of
tested formulas, as indicated in Table 3. The plates were then
washed 3 times with washing buffer, assessed for viability using
Trypan blue exclusion dye, and finally stained with PI and
Annexin V-PE according to the manufacturer’s instructions and
analyzed using a flow cytometer (Attune NxT, Thermo Fisher
Scientific, Waltham, MA).

PI reading was deducted from FITC-negative and FITC-
positive cells, to determine viable and early apoptotic cells
sequentially. Cell cycle analysis was performed after staining
cells with PI. The DNA content of cells was measured by flow
cytometry and then processed by FlowJo software Version
10.6.2. A singlet gate was used to exclude doublets and
aggregates that might have formed during the staining processes.
The analysis for all flow cytometry data was performed using
Flow]o software Version 10.6.2 (Treestar, OR).

2.5.7. Statistical Analysis. All experiments were conducted in
triplicate, and the results are expressed as mean + standard
deviations. Statistical analysis was performed by GraphPad
Prism software version 8.0 (GraphPad, San Diego, CA) using a
one-way ANOVA test, considering the difference statistically
significant when the p-value was <0.0S.

3. RESULTS AND DISCUSSION

3.1. Analysis of the Chemical Composition of BO
Utilizing GC—MS. The GC—MS chromatogram analysis of BO
indicated the presence of 32 compounds (Figure 1). Comparing
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Figure 1. GC—MS chromatogram of BO extracted from B. sacra oleo
gum resin.

the mass spectra of the constituents with the NIST library,
essential oil compositions were identified, characterized, and
then recognized, as presented in Table 1. The GC—MS analysis
revealed that the most abundant compound in the BO is a-
pinene (61.05%), while the second most abundant compound is
p-limonene (9%). The chemical structures and mass spectra of

https://doi.org/10.1021/acsomega.2c06390
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Table 1. Chemical Composition of Volatile Oil Extracted
from BO

peak
no. RT compound name %
Monoterpenes
1 8.024 tricyclene 0.11
2 8229  a-thujene 0.13
3 8.447  a-pinene 61.05
4 8.908  camphene 3.67
S 9.118  verbenene 0.43
6 9.69  p-cymene 0.25
7 9.798  sabinene 0.09
8 9.877  f-pinene 2.83
9 10454  p-myrcene 0.94
10 10.873  a-phellandrene 0.16
11 11.073  5-3-carene 422
12 11.189  p-cymenene 0.06
13 11.32 a-terpinene 0.19
14 11.608  o-cymene 3.57
18 11.743  p-limonene 9
17 12.856  y-terpinene 0.35
24 17.586  alloocimene 1.35
29 21.52  R(+)-limonen 0.11
total 88.51
Oxygenated Monoterpenes
16 11.827  eucalyptol 1.7
18 13.922  trans-p-dihydrocarveol 0.22
20 15286  6-camphenol 0.19
21 15.50S  2,3-epoxycarane, (E)- 4.86
22 16.506  verbenol 0.24
23 16.585  pinocarvone 0.33
25 18.238  verbenone 1.18
26 19.453  carvone 0.06
total 8.78
Esters
27 20.905  bornyl acetate 0.66
28 21.026  bicyclo[2.2.1]heptane-3-methylene-2,2- 1.44
dimethyl-5-ol acetate
total 2.1
Sesquiterpenes
30 24.169  f-bourbonene 0.17
31 24401  f-elemene 0.11
32 25267  caryophyllene 0.07
total 0.35
Others
19 14.658  6-isopropenyl-3-methoxymethoxy-3-methyl- 0.25
cyclohexene

a-pinene and
respectively.

Also, the GC—MS analysis of BO showed the presence of
monoterpenes (88.51%), oxygenated monoterpenes (8.78%),
esters (2.1%), and sesquiterpenes (0.35%), as presented in
Figure 1 and Table 1.

3.2. Characterization of the BO/PLGA—PCL NPs.
3.2.1. Hydrodynamic Particle Size, PDI, { Potential, and
Entrapment Efficiency (EE %). Different ratios of PLGA and
PCL (1:1, 2:1, 3:1, 1:2, and 1:3) were assessed to design the
BO/PLGA—-PCL NPs. The best-optimized formulation with
respect to hydrodynamic size, PDI, { potential, and EE % was
selected for further experiments. The average hydrodynamic
sizes, PD], { potential, and EE % of the BO/PLGA—PCL NP
formulations prepared using different PLGA—PCL ratios are

D-limonene are illustrated in Figure 2A,B,
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presented in Table 2. The BO/PLGA—PCL NPs formulated
using PLGA/PCL in a ratio of 1:1 (P1 formula) had the lowest
hydrodynamic size (230.3 + 3.7 nm) and PDI (0.13 + 0.03) and
the highest { potential (—20.36 & 4.89 mV), as compared to the
rest of the formulas (P2, P3, P4, and PS). The small size of P1
would facilitate the passive accumulation of NPs in tumor tissues
with permeable vasculature and deprived lymphatic drainage.''
Moreover, the small PDI value of the P1 formula indicates the
unimodal and narrow particle size distribution where the NPs
are homogeneously and uniformly distributed.** Additionally,
the high negative surface charge of the P1 formula would prevent
NP clumping and improve their stability for an extended
period.”’

Furthermore, the P1 formula exhibited a higher EE % (80.59
+ 3.37%) as compared to other formulas, which is possibly
credited to its smaller particle size (230 = 3.7 nm). The greater
surface area-to-volume ratio of the P1 formula enabled higher
entrapment of BO containing the two major monoterpenes (a-
pinene and D-limonene), which have been reported to have
strong anticancer activities.”

3.2.2. Morphological and Chemical Characteristics of BO/
PLGA—PCL NPs. TEM was used to study the morphology and
average size of the BO/PLGA—PCL NPs (prepared using a 1:1
ratio of PLGA—PCL). As demonstrated in Figure 3A, the NPs
exhibited a spherical morphology with no observed agglomer-
ation. The average size of the optimal BO/PLGA—PCL NP
formula was computed using an image processing program
(Image]J, NIH, Bethesda, MD) and was found to be 88.67 +
20.68 nm (Figure 3B).

The ATR-FTIR spectrum of BO (Figure 4A) demonstrated
three distinctive peaks at 2919 cm™ (C—H stretching), 1440
cm™! (C—H bending), and 1361 cm™" (C—O stretching).”* On
the other hand, the spectrum of the PLGA—PCL NP blank
formula (Figure 4B) exhibited four peaks at 3305 cm™ (OH
stretching), 2931 cm™' (C—H bending), 1727 cm™ (C=0
stretching), and 1094 cm™ (C—O stretching).”® The principal
peaks of BO and blank PLGA—PCL NPs existed in the spectrum
of BO/PLGA—PCL NPs (Figure 4C), with negligible apparent
shifts, proposing the physical loading of BO within the
polymeric matrix.”®

3.2.3. In Vitro Release Study. Figure 5 demonstrates the
release % of unloaded BO and BO from the BO/PLGA—PCL
NPs into the PBS medium at 37 °C. BO exhibits almost
complete diffusion (96.9 + 1.90%) from the dialysis membrane
within 6 h. On the other hand, BO showed a sustained release
behavior over 72 h, where 40.86 + 2.86 and 83.74 + 3.34% were
diffused from the dialysis bag after 6 and 72 h at pH 7.4,
respectively. At the pH of the cancer cells’ extracellular fluid (pH
of 5.5), BO showed a rapid release behavior over 72 h, where
59.16 + 2.35 and 92.49 =+ 3.70% were diffused from the dialysis
bag after 6 and 72 h, respectively. Blending PLGA with PCL has
achieved a controlled, sustained manner where a balance
between release rates occurs. Using PLGA leads to rapid
diffusion of the loaded BO from the polymeric matrix via
polymer swelling after exposure to the PBS, resulting in erosion
of the polymeric matrix.”” Additionally, the cleavage of the ester
linkage in the PLGA leads to the rapid release of the BO.”” On
the other hand, using PCL results in slow diffusion rates out of
the polymeric matrix due to its semicrystalline and hydrophobic
nature, leading to the slow hydrolysis of the polymer and
prolonged release of the loaded drug.”® In this regard, designing
polymeric NPs by blending PLGA—PCL polymers leads to
moderate release rates of the loaded drug.
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Figure 2. Chemical structure and mass spectrum of (A) a-pinene and (B) p-limonene.

Table 2. Average Particle Sizes, PDI, ¢ Potential, and EE % of Different BO/PLGA—PCL NP Formulas

ratio
formula code PLGA PCL hydrodynamic size (nm)
P1 1 1 230.3 £ 3.7
P2 2 1 567.5 £ 35.55
P3 3 1 1463.7 + 159.6
P4 1 2 1174.0 + 148.9
PS 1 3 1025.4 + 120.4

PDI ¢ potential (mV) EE %
0.13 + 0.03 —20.36 + 4.89 80.59 + 3.37
0.96 + 0.08 —5.69 +2.79 73.17 + 4.20
0.56 + 0.004 —5.66 +2.02 36.34 + 4.21
0.66 + 0.3 —2.84 + 1.11 27.04 + 1.08
0.76 + 0.2 —1.89 + 0.57 43.15 + 3.90
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Figure 3. (A) TEM images of the optimal BO/PLGA—PCL NPs. (B) the particle size (nm) histogram of the optimal BO/PLGA—PCL NPs was

generated employing the Image] program.

3.2.4. Cytotoxicity Assay. The cytotoxic effects of BO and
BO/PLGA—-PCL NPs were examined using MTT assay.
PLGA—PCL NPs alone had no significant cytotoxicity on
MCF-7 up to 200 ug/mL (Figure S1), eliminating the

1021

probability that the reduced cell survival in the BO/PLGA—
PCL NP treatments is due to the void NPs. BO/PLGA—PCL
NPs showed enhanced cytotoxicity against MCF-7 cells
compared to the free BO (Figure 6 and Table 3). In particular,

https://doi.org/10.1021/acsomega.2c06390
ACS Omega 2023, 8, 1017—-1025


https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06390/suppl_file/ao2c06390_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06390?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06390?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06390?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06390?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06390?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06390?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06390?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06390?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06390?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
A
e A
-
1361 cm
B - -
2919 cm 1440 cm

-1
l 2931 cm

-1
3305 cm

-1
1727 cm

-1
1094 cm

Relative Transmittance

-1
2931 cm

-1
3305cm
" 1

-1
1727 cm 1
1094 cm
1

4000 3000

2000 1000

Wavenumber (cm™)

Figure 4. FTIR spectra of (A) B. sacra resin oil (BO), (B) blank PLGA—PCL NPs, and (C) BO/PLGA—PCL NPs.
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Figure 5. Time-dependent release % of unloaded BO and BO from BO/PLGA—PCL NPs at 37 °C, into phosphate buffer (pH 7.4 and 5.5).

BO showed increased cytotoxicity of 3.54 + 1.4, 7.2 + 0.06,
13.37 £ 4.1, 32.8 &+ 2.4, 24.01 £ 2.7, 59.29 + 5.1, and 36.48 +
5.2%, at 0.19, 0.39, 0.78, 1.56, 3.12, and 6.25 ug/mlL,
respectively, compared to control (Figure 6). Interestingly,
when cells were treated with BO/PLGA—PCL NPs at the same
concentrations, the cytotoxicity increased to 33.59 + 3.3,35.4 +
0.5, 44.81 + 2.6, 54.40 + 2.1, and 64.17 + 0.2%, respectively,
compared to control (Figure 6). It was evident that
encapsulation of BO in PLGA—PCL NPs significantly increased
cellular cytotoxicity when compared to the corresponding
concentration of free BO. It was previously demonstrated that
BO significantly reduced the cellular viability of MCF-7, MDA-

1022

MB-23, and T47D human breast cancer cell lines due to its high
content of monoterpenes (such as a-pinene and p-limonene).””
This effect was not limited to the breast cancer cells, as BO had a
similar effect on reducing the cellular viability of other cancer
cell lines, such as human bladder cancer J82 cells.”” Interestingly,
when these cytotoxic effects were tested on non-cancer cell lines
such as the human embryonic kidney cells HEK-293, normal
breast cells MCF10-2A, and normal bladder urothelial cells
UROtsa, there was no significant effect on the cellular viability,
suggesting that this effect is sustained only in the presence of
cancer cells but not normal cells.*’ While on its own, it was
evident that BO had a significant impact on the cellular viability
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Figure 6. Cytotoxicity of BO and BO/PLGA—PCL NPs on MCF-7
cells treated with BO and BO/PLGA—PCL NPs at 24 h incubation
time. Data are presented as mean + SD from three independent
experiments. *P < 0.05, ¥*P < 0.01, ***P < 0.001. Blank PLGA—PCL
NPs exhibited negligible cytotoxicity.

Table 3. IC,, Values for PLGA—PCL NPs, Free BO, and BO/
PLGA—-PCL NPs

formula ICs, (ug/mL)
PLGA—-PCL NPs >200
BO 9.55+0.7

BO/PLGA-PCL NPs  2.32 + 0.49(**P < 0.01 as compared to the BO)

of MCEF-7 cells, it was important to increase its potency by
encapsulation in PLGA—PCL NPs. Our results are in agreement
with previously published data that showed an increase in the
potency of other treatments upon encapsulating them in
PLGA-PCL NPs.”> a-Pinene has been reported to activate
natural killer lymphocytes which recognize and kill cancer cells
via activation of apoptosis.””> On the other hand, p-limonene has
been shown to directly exert multiple pharmacological activities
against cancer cells includin§ reduction of growth and
chemoresistance of cancer cells.”*

3.2.5. Flow Cytometry. Based on our results of the MTT
assay on MCF-7 and in order to dissect the mode of cell death in
response to free BO and BO/PLGA—PCL NPs, MCF-7 cells
were treated with the ICy, concentration of both BO and BO/

PLGA—PCL NPs for 24 h. Thereafter, cells were stained with
Annexin V and PI to assess the percentages of the apoptotic and
necrotic cells. The analysis for all flow cytometry data was
performed using Flow]Jo software Version 10.6.2 (Treestar, OR)
and as described previously.” Our results indicate that BO alone
was able to increase the percentage of apoptotic cells by 12.7%
and the percentage of necrotic cells by 7.4% compared to the
control (Figure 7). Importantly, when cells were treated with the
ICs, concentration of BO/PLGA—PCL NPs, the percentage of
apoptotic cells increased to 24.5% and the percentage of necrotic
cells increased to 16.2% compared to the control (Figure 7).
While our results are in agreement with previously published
studies showing that BO induces apoptosis in different breast
cancer cell lines such as T47D, MCF7, and MDA-MB-231, the
previously published work assessed apoptosis using the DNA
fragmentation technique rather than the currently employed
flow cytometric method, which gives a better assessment of the
phases of apoptosis in addition to necrosis.”” Interestingly, and
to the best of our knowledge, there have been no previous
reports assessing the apoptotic effects of BO and comparing it to
a nano-formulation in which BO was specifically encapsulated in
PLGA—PCL NPs.

3.2.6. Cell Cycle Analysis. Although the apoptotic effects of
BO and BO/PLGA—PCL NPs were assessed, it was still
important to examine whether there has been any effect on
cellular proliferation. It was previously shown that BO affects
different cell cycle regulators. As can be seen from the cell cycle
analysis (Table 4), it is evident that both BO and BO/PLGA—

Table 4. Effects of BO and BO/PLGA—PCL NPs on MCF-7
Cell Cycle Arrest

DNA phase
sample G0—-G1 S G2/M
control 50.5 14.4 35.1
BO 62.6 222 15.1
BO/PLGA—PCL NPs 84.6 8.2 7.2

PCL NPs do exert a cell cycle arrest yet at a different stage, which
indicates a differential cell cycle arrest mechanism between the
two treatments. The BO/PLGA—PCL NPs arrested cells at the
GO0—G1 phase, as most of the cells accumulate at this stage

A. B C.
7 7
L e @2 0 3oy @ L e @2
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Figure 7. Apoptotic effects of BO and BO/PLGA—PCL NPs. MCF-7 cells were treated for 24 h with (A) vehicle (DMEM), or IC, concentrations of
(B) BO or (C) BO/PLGA—PCL NPs. Thereafter, the percentages of viable, early, and late apoptotic cells were detected via Annexin/PI staining that

was measured using the flow cytometric analysis.
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(84%). However, BO arrested the cells at the GO—G1 phase in
addition to the S phase as both had higher percentages of cells
compared to control cells. Similar to the previous findings,
previous reports have shown that BO affects cell cycle regulators
such as cdk4 and cyclin D1.”” However, it was not demonstrated
previously at which stage BO arrested the cells or what would be
the effect of encapsulating BO in PLGA—PCL NPs.

4. CONCLUSIONS

In this study, the essential oils were extracted from B. sacra oleo
gum resins (BO), chemically characterized by GC—MS analysis,
and loaded into polymeric nanoparticles comprising a mixture of
PLGA—PCL forming BO/PLGA—PCL NPs. Five different
ratios of PLGA and PCL (1:1, 2:1, 3:1, 1:2, and 1:3,
respectively) were evaluated in terms of hydrodynamic size,
PD], { potential, and EE % to select the best-optimized formula.
The optimal BO/PLGA—PCL NPs (1:1) had the smallest size
and PDI and the highest surface charge and EE %. Additionally,
they exhibited a controlled release of encapsulated BO over a
period of 72 h. With regard to their effect on MCF-7 cellular
apoptosis and cell cycle arrest, it is plausible to conclude that
although there is an increase in the apoptotic and necrotic cell
populations upon the treatment of MCF-7 cells with BO/
PLGA—PCL NPs in comparison to free BO, it is evident that
this increase was not only quantitatively different but also
qualitatively different as the effect on the cell cycle arrest was
different between the two treatments.
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