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Abstract: Recently, there has been a growing interest in using natural products as treatment alterna-
tives in several diseases. Nerolidol is a natural product which has been shown to have protective
effects in several conditions. The low water solubility of nerolidol and many other natural products
limits their delivery to the body. In this research, a drug delivery system composed of alginate and chi-
tosan was fabricated and loaded with nerolidol to enhance its water solubility. The chitosan—alginate
nanoparticles were fabricated using a new method including the tween 80 pre-gelation, followed
by poly-ionic crosslinking between chitosan negative and alginate positive groups. Several charac-
terization techniques were used to validate the fabricated nanoparticles. The molecular interactions
between the chitosan, alginate, and nerolidol molecules were confirmed using the Fourier transform
infrared spectroscopy. The ultraviolet spectroscopy showed an absorbance peak of the blank nanopar-
ticles at 200 nm and for the pure nerolidol at 280 nm. Using both scanning and transmission electron
microscopy, the nanoparticles were found to be spherical in shape with an average size of 12 nm
and 35 nm for the blank chitosan—alginate nanoparticles and the nerolidol-loaded chitosan-alginate
nanoparticles, respectively. The nanoparticles were also shown to have a loading capacity of 51.7%
and an encapsulation efficiency of 87%. A controlled release profile of the loaded drug for up to 28 h
using an in vitro model was also observed, which is more efficient than the free form of nerolidol. In
conclusion, chitosan-alginate nanoparticles and nerolidol loaded chitosan-alginate nanoparticles
were successfully fabricated and characterized to show potential encapsulation and delivery using
an in vitro model.

Keywords: chitosan; alginate; nanoparticles; nerolidol; hydrophobic

1. Introduction

The sesquiterpene alcohol nerolidol, also called peruviol, occurs naturally in the
essential oils of several plants with floral odors including Baccharis dracunculifolia [1-3].
Several reports showed that it has protective effects in different conditions and organs
such as the heart and kidney [4-6]. For instance, nerolidol has been shown to have anti-
ulcer [1], anti-tumor [7,8], and skin permeation enhancing effects [9,10]. In addition, it
has anti-inflammatory [11,12], anti-trypanosomal [13,14], anti-fungal [15,16], and anti-
malarial [17,18] effects.

Nerolidol (3,7,11-trimethyl-1, 6, 10-dodecatrien-3-ol), has methyl groups at the carbon
positions 3, 7, and 11 and a hydroxy group at position 3 (Figure 1). Chemically, two geomet-
ric isomers of nerolidol are available: trans and cis forms. It is a farnesane sesquiterpenoid,
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a tertiary allylic alcohol, and a volatile organic compound [2,3]. Similar to other sesquiter-
penes, nerolidol has a high hydrophobicity which results in a poor oral bioavailability, a
lack of dose proportionality, and failure to achieve steady-state plasma concentration [19].
Therefore, using nanoparticles to facilitate the delivery and to increase the bioavailability
of such agents might be a promising strategy [20,21].
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Figure 1. The chemical structure and the functional groups of trans-nerolidol.

Sodium alginate is a biodegradable, non-toxic polymer that has been used widely in
drug delivery [22]. It is a plant-originated polysaccharide which consists of D-mannuronic
and -L-guluronic acid residues linked by [1-4] glycosidic bonds. The use of alginate in a
controlled release formulation was shown to produce less vertical mobility of the active
ingredient in comparison with the pure product [23]. However, alginate nanoparticles are
not stable at room temperature [24] and the encapsulated hydrophobic active compounds
leak easily from the nanoparticles. These limitations can be avoided by ionic crosslinking
of the anionic alginate nanoparticles with a cationic polymer such as chitosan, which is a
cationic, animal-originated polysaccharide produced by the deacetylation of chitin [24,25].
Alginate-chitosan nanoparticles were previously used to encapsulate and efficiently deliver
nifedipine [20], doxorubicin [26], and many other agents. The use of alginate and chitosan
as a drug delivery system for nerolidol has not been investigated previously. In the current
research, both sodium alginate and chitosan were used in fabricating nerolidol-loaded
polymeric nanoparticles.

2. Materials and Methods

The following materials and chemicals were used in the synthesis of the blank and
nerolidol-loaded nanoparticles: nerolidol (98% purity, 870,000 ug in 1 mL), chitosan
(deacetylated chitin, low molecular weight), sodium alginate (high molecular weight
with a ratio of mannuronic acid to guluronic acid of 1.56), tween 80 (polyoxyethylene
sorbitan monooleate), acetic acid, sodium hydroxide. and hydrochloric acid. All materials
were purchased from Sigma-Aldrich.

2.1. Fabrication of Blank Chitosan—Alginate Nanoparticles

Chitosan—alginate nanoparticles were prepared by the new pre-gelation of sodium
alginate with tween 80 followed by the crosslinking with chitosan. Initially, 40 mg of sodium
alginate was dissolved in 40 mL of distilled water, 0.02% w/v tween 80 was added to the
sodium alginate and stirred overnight, and the pH was adjusted to 4.8 using hydrochloric
acid. Chitosan (80 mg) was then dissolved in 40 mL of 1% v/v acetic acid, the solution’s
temperature was maintained at 60 °C while stirring for 2 h at high-speed using a magnetic
rod and stirrer, and the pH of the solution was adjusted to 5 using sodium hydroxide. Using
a syringe and a syringe pump, the chitosan solution was added to the alginate solution in a
dropwise manner while stirring at a high speed for 1 h. The formed solution was kept in
the fridge overnight to facilitate the formation of nanoparticles with a uniform size and
shape. The formed pellet was centrifuged and washed three times with distilled water
before any characterization.
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2.2. Fabrication of Nerolidol-Loaded Chitosan—Alginate Nanoparticles

A nano emulsion using tween 80 as a surface-active agent was formed before the
formation of the loaded nanoparticles. Briefly, 200 uL of tween 80 was added to 5 mL of
Milli-Q water and stirred for 5 min; while stirring, 200 uL of nerolidol was added drop by
drop to the solution and stirred for another 10 min. The emulsion was sonicated (Branson,
MO, USA) for 40 min. Chitosan—-alginate nanoparticles were prepared by the pre-gelation
of sodium alginate with tween 80 followed by the crosslinking with chitosan. First, 40 mg
of sodium alginate was dissolved in 40 mL of distilled water; the solution was stirred for
5 min and the pH was adjusted to 4.8 using hydrochloric acid. The nano emulsion was
added to the alginate solution drop by drop and stirred for 1 h. Chitosan (80 mg) was
then dissolved in 40 mL of 1% acetic acid, the solution’s temperature was maintained at
60 °C while stirring for 2 h at a high speed using a magnetic rod and stirrer, and the pH
of the solution was adjusted to 5 using sodium hydroxide. Using a syringe and a syringe
pump, the chitosan solution was added to the alginate solution in a dropwise manner while
stirring at high speed for 1 h. The formed solution was kept in the fridge overnight to
facilitate the formation of uniform size and shape nanoparticles. The formed pellet was
centrifuged and washed three times with distilled water before any characterization.

2.3. Characterization Techniques
2.3.1. Fourier Transform Infrared Spectrometry

A Fourier transform infrared (FTIR) spectrometer (Shimadzu Fourier Transform In-
frared Spectrophotometer, IRPrestige-21, Shimadzu, Kyoto, Japan) was employed to char-
acterize the potential interactions of the polymers in the nanoparticles and the polymers
with the drug. The sample was dried to form a thin film before characterization. The FTIR
bands were collected between 4000 and 650 cm~! with a resolution of 2 cm~! using an
FTIR spectrometer.

2.3.2. Ultraviolet-Visible Spectroscopy

The ultraviolet-visible (UV-Vis) (NanoDrop 2000/ c) absorption spectra of the chitosan,
alginate, nerolidol-loaded nanoparticles, and blank nanoparticles were recorded. Each
sample was dissolved in distilled water at room temperature. The solutions were scanned
from 450 to 190 nm to obtain the UV-Vis absorption spectra.

2.3.3. Scanning Electron Microscopy

The nanoparticles were observed using a scanning electron microscope (SEM) (FESEM
Quatro S, Thermo Fisher Scientific, Brno s.r.o., Czech Republic). After centrifuging the
nanoparticles suspension and removing the supernatant, the pellet was redispersed in
distilled water and sonicated for 10 min. Using the drop-by-drop method, the sample was
dried to form a thin film. The film was then deposited on the aluminum wafer and coated
with carbon for examination.

2.3.4. Transmission Electron Microscopy

The nanoparticles were also observed using a transmission electron microscope (TEM)
(PhilipsCM10, Amsterdam, The Netherlands). After centrifuging the nanoparticles sus-
pension and removing the supernatant, the pellet was redispersed in distilled water and
sonicated for 10 min. One drop of the nanoparticles suspension was deposited on the grid
and examined using TEM.

2.3.5. In Vitro Release for Oral Absorption

The drug release study was performed using the dialysis method apparatus. In
short, the total volume of the prepared sample was 85 mL containing 200 pL (174,000 pg) of
nerolidol, 3.27 mL (6700 pg) of the prepared nerolidol-loaded nanoparticles was centrifuged,
and the pellet was re-dispersed in 1 mL phosphate buffer saline (PBS) solution (pH 7.4).
This suspension was filled in a dialysis bag (Cutoff 2000 KD) and the bag was placed
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in 100 mL PBS solution (pH 7.4). The time-dependent release study was conducted at
time intervals of O, 2, 4, 8, 12, 16, 20, 24, 28, 32, 36, and 48 h. The set up was kept at
37 °C under gentle stirring (100 rpm). As nerolidol has no data about the UV-spectroscopy
absorbance, a standard calibration curve of nerolidol concentrations was determined using
Equation (1). At the periodic intervals, samples of the release medium were taken out and
spectrophotometrically assayed for nerolidol released, and the volume was replaced with
fresh dissolution medium.
The concentration of nerolidol was calculated using Equation (1):

y = 4.5788x + 0.0279 )

where y is the concentration of nerolidol and x is the absorbance found for each aliquot.
The encapsulation efficiency was calculated using the following equation:

Maximum Conc. Released
Total Concentration

EE % = ( ) «100% )

The release percentage for each assayed sample was calculated using Equation (3):

Conc. Released
Total Concentration

% Release = ( ) x 100% 3)
The loading capacity of the nanoparticles with nerolidol was calculated using

Equation (4):

wieght of released drug

total wieght of sample

LC% = ( ) +100% (4)

3. Results and Discussion
3.1. Fourier Transform Infrared Spectrometry

The FTIR spectra of the blank chitosan-alginate nanoparticles (unloaded), the nerolidol-
loaded chitosan—alginate nanoparticles, and the reference chitosan-alginate nanoparticles
are shown in Figure 2. The main characteristic peaks of the synthesized blank chitosan—
alginate nanoparticles were observed at 1099, 1413, 1612, and 3373 cm~! for the amino
group (C-N), carboxylate group (COO™), secondary amine (NH;), and the amine and
hydroxyl groups stretch (N-H and O-H), respectively. Furthermore, in the synthesized
nerolidol-loaded chitosan—alginate nanoparticles, the main characteristic peaks were ob-
served at 1097, 1410, 1637, and 3373 cm ™! for the amino group (C-N) and the CH; bend,
carboxylate group (COO™), the secondary amine group (NH3), and the amine and hydroxyl
(N-H and O-H) stretch, respectively. Regarding the nerolidol hydrocarbon chain and the al-
coholic hydroxyl (O-H) stretch, the peak was observed at 2860 and 3278 cm ™!, respectively.
In comparison with the starting materials” FTIR spectra (Figure 2A), the characteristic peaks
of chitosan were observed at 1081, 1398, 1656, and 3380 cm ! for the amino group (C-N),
carboxylate group (COO™), secondary amine (NH;), and the amine and hydroxyl groups
stretch (N-H and O-H) [27], respectively. The characteristic peaks of alginate were observed
at 1099, 1434, 1614, and 3425 cm ! for the amino group (C-N), carboxylate group (COO™),
secondary amine (NH;), and the amine and hydroxyl groups stretch (N-H and O-H) [27],
respectively. Finally, regarding the nerolidol CH; bend, the hydrocarbon chain, and the
hydroxyl stretch (O-H), the peaks were observed at 1450, 2967, and 3405 cm ™!, respectively.



Nanomaterials 2022, 12,1183

50f11

A

cm -

Amino C-N 1099

Amino C-N 1081
cm

—Alginate ——Chitosan —Nerolidol
COO - stretching
1434 cm -1

1 Secondary amine

N-H 1614 cm !

N-Hand O-H
3425 cm !

COO - stretching
1398 cm 1

N-H and O-H
3380 cm !

Secondary amine
1 N-H 1656 cm 1

O-H stretch 3405 cm -!

CH; bend 1450 Hydrocarhons
em 1 2967 cm -1
650 “mse ws0 mse s0 ms0 3650
Wavenumber cm!
C00- stnetching —Blank NPs Loaded NPs
B and CH; bend N-Hand 0-H
1410l em- 3278 om 1
Amino C-N 1097
cm L
S darv ami Hydrocarbons
econdary amine 2860 cm

em !

Amino C-N 1099

N-H 1637 em !

N-Hand O-H
3373 cm !

COO - stretching
1413 em 1

Secondary amine
N-H 1612 em !

I | s s : \ | | | . .\ I N s \ ' | |
T t t + + t + + + + +

650

1150 1650 2150 1650 3150 3650

Wavenumber cm-

Figure 2. (A) The Fourier transform infrared spectrometry (FTIR) of the starting materials and (B) the
band shifts in the blank and nerolidol-loaded chitosan-alginate nanoparticles.

Correspondingly, in the chitosan—alginate nanoparticles and the nerolidol-loaded
chitosan-alginate nanoparticles, the peak absorbance of the amino groups, carboxyl groups,
secondary amine groups, and the amine and hydroxyl stretching vibrations showed a
minor shift following complexation. These results indicate that the carboxylate group of
the alginate successfully interacted with the protonated chitosan amino group by electro-
static attraction. Additionally, in the nerolidol-loaded chitosan-alginate nanoparticles, the
alcoholic hydroxyl stretch and the symmetric hydrocarbons band showed a minor shift.
These band shifts confirm the presence of an interaction between the nanoparticles complex
and the nerolidol.
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3.2. Ultraviolet-Visible Spectroscopy

The absorption peak of the chitosan, alginate, and blank chitosan—alginate nanopar-
ticles were observed at 220, 230, and 200 nm, respectively, as shown in Figure 3. The
absorption peak of nerolidol-loaded chitosan—alginate nanoparticles was observed as a
broad peak between 230 and 280 nm, in addition to the nanoparticles peak at 200 nm as
shown in Figure 3. Furthermore, when the pure nerolidol sample was diluted with ethanol,
its absorption peak was observed at 280 nm as shown in Figure 4. In the current study,
nerolidol was always analyzed in a diluted form. The wavelength value of 280 nm was
used to construct the calibration curve of nerolidol and to obtain Equation (1), which is
shown in Figure 4.

Comparing the wavelength of the chitosan and alginate to the nanoparticles” wave-
length in the current study (Figure 3), the shift in the absorption wavelength peak was
due to the binding between alginate and chitosan in both the blank nanoparticles and the
nerolidol-loaded nanoparticles. In the nerolidol-loaded nanoparticles, the low-intensity
peak that belongs to the presence of nerolidol in the sample was observed following its
dilution with water. This peak is most probably due to the slight release of the drug from
the nanoparticles as some drug particles are weakly bonded on the nanoparticles” surface.

e Pure Cs-ALG NPs

3.5
== N erolidol loaded CS-

3 f\ ALG NPs
Chitosan

— Alginate

Absorbance (A)
= Mo
(0] N [, ]

—

0.5

180 230 280 330 380 430
Wavelength (nm)

Figure 3. The UV-spectroscopy graphs for chitosan, alginate, blank, and nerolidol-loaded chitosan-
alginate nanoparticles.
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Figure 4. The absorbance peak of diluted nerolidol.

3.3. Scanning Electron Microscope

The surface morphology of the nanoparticles was examined using SEM. The images
of the SEM are shown in Figure 5A,B for the blank and nerolidol-loaded chitosan—alginate
nanoparticles, respectively. The images shows spherical-like particle morphology, which
relates well with previously fabricated chitosan-alginate nanoparticles [26].

mag ©| WD

{ 2000kV 1000x 37.5mm High vacuum 2 LO.0OKV | 1000x 374 mm High vacuum HiRes Gold on Carbon

Figure 5. (A) The scanning electron microscope (SEM) image of the blank chitosan—alginate nanopar-
ticles and (B) the SEM image of the nerolidol-loaded chitosan—alginate nanoparticles. The yellow
circle on both figures shows the sphere-like nanoparticles morphology.
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3.4. Transmission Electron Microscopy

The particles” morphology was detected using TEM and the results are shown in
Figure 6A,B for both blank and nerolidol-loaded chitosan—alginate nanoparticles, respec-
tively. The nanoparticles were observed to have an almost spherical shape with some ag-
glomerations, especially in the blank nanoparticles, and a size of approximately 30-40 nm
for the loaded nanoparticles and 10-15 nm for the blank nanoparticles. The difference
of size between the blank and loaded nanoparticles proves that the loading of the drug
was successful.

Figure 6. (A) The transmission electron microscope (TEM) image for blank chitosan—alginate nanopar-
ticles and (B) the TEM image of nerolidol-loaded chitosan-alginate nanoparticles. The yellow circle
on both figures shows the sphere-like nanoparticles.

The TEM analysis confirmed the presence of nanoparticles and provided morpho-
logical information for the blank chitosan—alginate nanoparticles and nerolidol-loaded
chitosan-alginate nanoparticles close to what was previously observed in chitosan—-alginate
nanoparticles [26]. The nanoparticle coating plays a predominant role in protecting the
incorporated active substance and in the release profile.

Currently, it is becoming more preferable to decide the size of nanoparticles using
TEM imaging in a manner similar to what we have done in our manuscript. This is also
based on the fact that the most accurate, precise, and high-resolution size measurement is
usually obtained using electron microscopy [28]. Moreover, Mehn et al. [29] commented
on this issue, stating that it is difficult to distinguish between the particle size distribution
of polydispersed samples made of two or three particle populations in similar size ranges
using dynamic light scattering; hence, it is difficult to distinguish between small aggregates
and larger particles and to reliably measure the particle size distribution [28].

3.5. In Vitro Release for Oral Absorption

The release of nerolidol from the chitosan—alginate nanoparticles was found to occur
in a controlled release manner over around 28 h (Figure 7) with a total release concentra-
tion and encapsulation efficiency of 87% calculated using Equation (2). This percentage
accounted for 5916 pg of the initially used amount of nerolidol. Due to the volatility
of nerolidol, some of the originally added drug evaporated during the preparation and
characterization, so the encapsulation efficiency did not reach 100%. Using Equation (4),
the nanoparticles showed a loading capacity of 51.4%. As shown in Figure 7, which was
constructed using Equation (3), in the first 8 h, less than 30% of the drug was released. This
initial burst was probably due to the weak forces which held some of the drug particles to
the nanoparticles. Most of the release occurred between 8 and 20 h, as the remaining drug
particles were probably encapsulated within the nanoparticle matrix and required extra
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Figure 7. The cumulative nerolidol release as a function of time (expressed as error of standard deviation).

In a mouse model, the maximum concentration of free nerolidol achieved was found
to be 0.35 ug/mL 6 h following a single oral dose of 1000 mg/kg [30], and this was twice
the concentration reached in the in vitro model [30]. In our study, the maximum in vitro
concentration reached was 5916 pug/mL. This rise in the released concentration compared
to the release of free nerolidol was probably due to the encapsulation of most of the drug
inside the nanoparticles. The encapsulation increases the water solubility of the system
and eases the delivery of nerolidol to the aqueous PBS medium. Therefore, the nerolidol-
loaded chitosan-alginate nanoparticles are more efficient in achieving a higher release
concentration compared to the pure nerolidol.

4. Conclusions

In this research, we have successfully fabricated and characterized chitosan-alginate
nanoparticles and loaded nerolidol into the nanoparticles. The nanoparticles were prepared
by a newly modified ionic gelation method followed by crosslinking and characterization.
This drug delivery system proved to be a potential carrier which caused a controlled release
of nerolidol. The small size of the nanoparticles, the decent encapsulation efficiency, and
the loading capacity make this system a potential carrier for other hydrophobic drugs
which results in a more efficient delivery into the body.
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