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Core-shell structured lipidic nanoparticles (LNPs) were developed using lecithin sodium acetate (Lec-OAc) ionic
complex as a core unit and quaternized inulin (QIn) as the shell part. Inulin (In) was modified using glycidyl
trimethyl ammonium chloride (GTMAC) as a positively charged shell part and used for coating the negatively
surface charged Lec-OAc. The critical micelle concentration (CMC) of the core was determined as 1.047 x 1074
M, which is expected to provide high stability in blood circulation as a drug-carrying compartment. The amounts
of curcumin (Cur) and paclitaxel (Ptx) loaded to LNPs (CurPtx-LNPs), and quaternized inulin-coated LNPs (Cur-
Ptx-QIn-LNPs) were optimized to obtain mono-dispersed particles with maximum payload. The total amount of
2.0 mg of the drug mixture (1 mg Cur and 1 mg Ptx) was the optimized quantity for QIn-LNPs and CurPtx-QIn-
LNPs due to the favorable physicochemical properties determined by dynamic light scattering (DLS) studies. This
inference was confirmed by differential scanning calorimeter (DSC), and Fourier-transform infrared (FT-IR). SEM
and TEM images clearly revealed the spherical shapes of LNPs and QIn-LNPs, and QIn covered the LNPs
completely. The cumulative release measurements of Cur and Ptx from CurPtx-QIn-LNPs, along with the kinetic
studies, showed a significant decrease in the release period of drug molecules with the effect of the coating. At
the same time, Korsmeyer-Peppas was the best diffusion-controlled release model. Coating of the LNPs with QIn
increased the cell-internalization of NPs to the MDA-MB-231 breast cancer cell lines, resulting in a better toxicity
profile than the empty LNPs.

targets that include NF-kB, cyclooxygenase-2 (COX-2), tumor necrosis
factor-alpha (TNF-a), STAT-3, and cyclin D1 [1]. On the other hand,

1. Introduction

Curcumin (Cur), a yellow hydrophobic polyphenol compound, is an
active ingredient extracted from Curcuma longa rhizomes and classified
in class IV of the biopharmaceutics due to its poor water solubility and
intestinal permeation. It is known for its anti-inflammatory, antimicro-
bial, antioxidant, anticancer, antidiabetic, antidepressant, anti-
Alzheimer, and antitumor characteristics. Furthermore, Cur has been
used to treat cancer, cystic fibrosis, malaria, Parkinson's disease, mul-
tiple sclerosis, and hypertension. It is known to prevent the development
of cancerous cells by induction of cell cycle arrest and apoptosis, which
are important through pleiotropic modulation on different cancer

despite the several advantages of Cur, its poor solubility in aqueous
media, instability in living organisms, low tissue absorption, and poor
bioavailability have obstructed its clinical and drug applications. To
overcome these limitations, Cur and other phenolic anticancer com-
pounds were encapsulated in nano/micro drug delivery systems (NDDS)
such as liposomes, polymeric nanoparticles (NPs), hydrogels, etc. [2-8].

Paclitaxel (Ptx), one of the most effective chemotherapeutic agents in
pharmaceutical history, with a broad range of efficacy on different
cancer types, is also a poorly water-soluble compound, which was
commercialized in a formulation of Cremophor EL and dehydrated
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ethanol (50:50, v/v). These excipients cause considerable side effects,
which can be eliminated using NDDS [9]. NDDS can accumulate in
cancer tumors by taking advantage of the Enhanced Permeability and
Retention (EPR) effect [10]. Furthermore, the distribution of conven-
tional chemotherapeutic agents in the blood circulation system and their
elimination by macrophages reduce their accumulation ratio in tumor
cells. A lower dose of chemotherapy agents not only reduces the chance
of curing but also causes the development of chemo-resistant cancer
tumors, which is a widespread obstacle associated with Ptx adminis-
tration [11]. It has been shown that targeting transcription factor NF-xB
is one of the most efficient way to overcome the chemo-resistance [11].
Cur can inhibit transcription factor NF-xB and reduces the chemo-
resistance caused by Ptx [12]. However, in order to maximize the in-
hibition activity of Cur and the efficacy of Ptx, development of their
nano-formulations to target tumors using NDDS is crucial.

The most desired properties for drug delivery systems are admissible
stability, half-life, and good toxicity profile [13]. Nowadays, lipid
nanoparticles (LNPs), which are colloidal drug delivery systems con-
sisting of liposomes and polymeric molecules, have gained much
attention. They present better stability than similar solid matrixes, and
higher biocompatibility compared to other lipid-based structures.

In this study, Ptx and Cur are encapsulated in a novel NDDS pos-
sessing lecithin-acetate (Lec-OAc) core and quaternized inulin (QIn)
outer shell. Lecithin, which is a zwitterionic phospholipid molecule, has
an amphiphilic character. Although it is used for controlled drug release
[5], it has some important drawbacks, such as crystallization and
negative surface charges, which hinder the cell-internalization of LNPs
on the cancer tumor side. Thus, surface coatings with LNPs are accom-
plished using a polysaccharide polymer, inulin (In) [14]. It is a linear
fructan form of p-fructose, connected through f-(2,1)-glycosidic link-
ages. Inulin is abundant, and non-toxic material, the safety of which was
approved by the FDA [15]. In addition, the antitumor activity of inulin
was observed on Lewis pulmonary carcinoma implanted in mice [16].

QIn is a synthetic derivative of In, which was synthesized by the
reaction of free hydroxymethyl groups of inulin with epoxide parts of
glycidyl trimethyl ammonium chloride (GTMAC). It is a cationic poly-
mer with positive pendant charges that can electrostatically interact
with anionic cell surfaces and mucosa. In this study, QIn-coated phos-
pholipid nanoparticles (QIn-LNPs) have been developed for better drug
delivery systems, preventing agglomeration and oxidation of LNPs
[17,18].

2. Materials and methods
2.1. Materials

Inulin was purchased from Cosucra (Belgium) and used without
further purification. Analytical grade dichloromethane (DCM) was ob-
tained from Merck (Germany), and glycidyltrimethylammonium chlo-
ride (GTMAC), acetone, pyrene, curcumin, and polyoxyethylene
sorbitan monooleate (Tween 80) from Sigma Aldrich. Soybean lecithin
powder GPR Rectapur was purchased from VWR Chemicals. Sodium
acetate (NaOAc) was obtained from Carlo Erba Reagents. Dialysis tubing
Amicon® Ultra-15 Centrifugal Filter Unit, MWCO 3000, was used in
release studies and purchased from Merck-Millipore. Ultra-pure water
(UPW) was used in all experimental stages. MDA-MB-231 (HTB-26),
breast mammary gland adenocarcinoma cells, and all cell culture ma-
terials were purchased from ATCC.

2.2. Preparation of lecithin-sodium acetate (Lec-OAc) complex

Lec-OAc (1 mol:1 mol) complex was prepared according to the
method described in the literature [19]. Initially, 0.2 M lecithin solution
in 15 mL of UPW was prepared at 80 °C under vigorous stirring for 3 h.
0.2 M sodium acetate solution in 15 mL UPW was prepared and added to
the 0.2 M lecithin solution at 80 °C to form the Lec-OAc complex. The
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obtained solution was kept at —60 °C and then lyophilized to establish a
cation exchange between lecithin and sodium acetate. The dried com-
plex was extracted at room temperature with DCM and kept in a vacuum
oven at 30 °C for 24 h to remove DCM. The formed complex was kept in a
refrigerator at 4 °C until use.

2.3. Synthesis of quaternized inulin (QIn)

QIn was synthesized according to the method reported in the liter-
ature [20]. 2.0 g of inulin (9.2 mmol of fructose groups) was dissolved in
a 75 mL alkaline aqueous solution (2 % NaOH). To this solution, 1.5 mL
(11.0 mmol) of GTMAC was added dropwise under vigorous stirring.
The mixture was heated to 71 °C with a stirring at 300 rpm for 24 h. The
reaction mixture was cooled to room temperature, and added to cold
acetone (4 °C) dropwise to precipitate the QIn. The cloudy dispersion
was kept in a refrigerator for three days to complete the precipitation
and the precipitant was decanted, washed with acetone to remove any
remaining impurity and filtered. Finally, the product was vacuum dried
at 30 °C for one day, which yielded 2.4 g of QIn as a white solid. The
degree of quaternization was determined as 35 % based on fructose units
of In using 'H NMR spectroscopy. The synthesis of QIn is outlined in
Scheme 1.

2.4. Nuclear magnetic resonance spectroscopy (NMR) characterization

'H NMR spectra of native inulin, quaternized inulin, lecithin, and the
Lec-ONa complex were monitored using a Varian 600 MHz NMR. While
D,0 was used as a solvent for In, QIn, and lecithin, CDCl3 was used for
Lec-OAc complex.

2.5. Preparation of Cur and Ptx loaded Lec-OAc NPs

Optimization of the drug delivery system was conducted in two
successive steps. Before loading Ptx, Cur was uploaded to Lec-OAc LNPs,
and characterization and optimization of Cur-Lec-OAc were performed.
Thus, in a round bottom flask (RBF), 10 mg of Lec-OAc complex was
dissolved in 10 mL of DCM and the solution was vortexed. Three Cur
samples of 0.5 mg, 1.0 mg, and 2.0 mg were dissolved in 5.0 mL of DCM
separately and added into a Lec-OAc-containing RBF, and vortexed.
DCM was removed under reduced pressure to obtain a thin film inside
RBF. The obtained film was dried in a vacuum oven at room temperature
overnight, and 30 mL of deionized water was added and emulsified
using a homogenizer (Wisd, Daihan Scientific HG-15D model) at 500
rpm for 15 min. The product Cur-Lec-OAc NPs were lyophilized and kept
for further use. The experiment indicated that 2 mg curcumin was the
best-fitted drug into the core part of the synthesized drug delivery sys-
tem, giving the monodispersed particles the best release period. Thus, 0,
5, 1, and 2 mg of Ptx samples dissolved in DCM were uploaded to the
NDDS along with Cur so that the total drug load was 2.0 mg. The
following steps were conducted by using the same procedure above to
obtain Cur and Ptx loaded, and surface-coated LNPs (CurPtx-QIn-LNPs).

2.6. Preparation of quaternized inulin coated LNPs (QIn-Lec-OAc)

10 mg of QIn was vortexed in 1 mL of deionized water. Similarly,
Cur-Lec-OAc and Cur-PTX-QIn-LNPs were vortexed in 30 ml of UPW.
Then, QIn solutions were added to the Cur-Lec-OAc solutions. Subse-
quently, the final mixtures were emulsified with a homogenizer. The
obtained dispersions were lyophilized and kept in the refrigerator for
further use. The preparation method of QIn-coated Cur-Ptx loaded NPs is
given in Fig. 1.

2.7. Critical micelle concentration (CMC) of Lec-OAc

Critical micelle concentration is a crucial parameter in developing
drug delivery systems and surfactants. Surfactant molecules, also known
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Fig. 1. Preparation method of QIn-coated Cur-Ptx-Lec-OAc NPs.

as surface-active agents, are amphiphilic molecules composed of hy-
drophobic and hydrophilic pars. When a surfactant molecule is added to
an aqueous medium, the surface tension of the solution is reduced due to
the alignment of the surfactant molecules at the air-water interface.
Once the surface is sufficiently saturated with monomers, the monomers
aggregate into spherical clusters called micelles.

The CMC of the core part of NDDS consisting of the Lec-OAc complex
was determined by fluorescence spectroscopy in aqueous media using an
FS2 model fluorescence spectrophotometer and (Scinco) with a Floro-
Master FS-2 software. 6.7 x 10”7 M Pyrene solution in acetone and 9
mM of Lec-OAc complex in 100 mL of UPW were prepared. A thin film of
pyrene was obtained by evaporating the solvent acetone. 9 mM Lec-OAc
solution was diluted and vortexed with 6.7 x 10~ M pyrene solution for

at least 5 min to obtain different Lec-OAc concentrations (7 mM, 5 mM,
3mM, 2mM, 1 mM, 10~' mM, 10°* mM, 1072 mM, 10> mM, 103
mM, 10> mM and 10~* mM). Pyrene-carrying Lec-OAc micelles were
incubated at room temperature for an hour, and the steady-state fluo-
rescence spectra were recorded exciting at 343 nm. The peak intensities
at 360 nm (I;) and 386 nm (I3) were determined. The CMC of the
complex was determined as the concentration corresponding to the
sharp increase in the I3/I; emission intensity ratio [21].

2.8. The drug release studies of Cur and Cur-Ptx

Regarding the release studies of Cur and Cur-Ptx mixture, QIn-coated
NPs carrying a total amount of 2 mg drug were incubated in Millipore-
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Amicon® Ultra-15 Centrifugal Filter Unit at 37 °C with a constant
shaking at 150 rpm. A solution of 50 % Tween 80 was placed into the
basolateral compartment of the dialysis tube, and centrifuged for 5 min
at 6000 rpm. The centrifuge was continued at 0.5, 1, 2, 3,4, 5,6, 7, 8, 9,
10, and 24 h of incubation. The sample volume at the apical compart-
ment was kept constant by adding UPW after each centrifuge. The
amount of Cur in release media was determined using an Elisa reader
spectrophotometer at the specific peak intensity of Aepy = 520 nm (Aex =
425 nm), and the amount of Ptx was determined using an HPLC method.
Two Hewlett-Packard 1100 (Boeblingen, Germany) HPLC instrument
equipped with PDA detector was used. The Supelco type chromatog-
raphy column (Taufkirchen, Germany) Supelcosil LC-F (stationary
phase: pentafluorophenyl), 5 pm, 25 cm x 4.6 mm with column tem-
perature at 25 °C was used. The detection was achieved at A = 227 + 2
nm. The mobile phase consisted of water and acetonitrile in a gradient
elution according to the following program; (i) from start to 18 min, 40
% acetonitrile; (ii) from 18 to 20 min, 45 % acetonitrile; and (iii) from 20
to 35 min, 100 % acetonitrile. The injection volume was 10 pL, and the
mobile phase flow rate was kept constant at 1 mL min~'. The drug
release ratio was plotted as a function of time [22].

2.9. Particle size and zeta potential measurements

Particle size distribution and zeta potential values of QIn-coated and
uncoated LNPs were determined at 25 °C using Zetasizer Nano-ZSP
(Malvern Instruments). Before the measurements, the solutions of the
NPs were kept at room temperature for 20 min. The measurements were
performed using ordinary disposable cuvettes and zeta cuvettes.

2.10. Differential scanning calorimetry (DSC)

Lec-OAc complexes, drug-loaded NPs, and QIn-coated NPs were
characterized using Perkin Elmer Jade DSC at a heating range of 10 °C/
min under an argon atmosphere (200 ml/min). The samples were heated
from 30 °C to 290 °C. DSC thermograms were recorded and evaluated
using Pyris software.

2.11. Fourier transform infrared spectroscopy (FT-IR) characterizations

FT-IR spectra of soy lecithin, Lec-OAc, In, and QIn were recorded
using Thermo Nicolet 6700 FT-IR spectrophotometer between 400 and
4000 cm™!. The obtained data were collected and evaluated using
OMNIC software.

2.12. SEM and TEM

Scanning electron microscopy (SEM) images of the samples were
obtained using HITACHI SU 5000 FEG-SEM-TEM&EDS having Schottky
Gun and DEBEN-TEM detector. Before recording the SEM images,
creamy lyophilized samples were applied on a conductive carbon ribbon
and left for 30 min at room temperature. Then, SEM images were ob-
tained under high vacuum mode with an acceleration voltage of 25 kV at
50 K and 90 K magnifications. Transmission electron microscopy (TEM)
images were obtained using HITACHI HT7800 model TEM instrument
with an acceleration voltage of 100 kV at 60 K and 100 K magnifications.

2.13. In vitro cytotoxicity assay

The cytotoxicity of empty QIn-LNP and CurPtx-QIn-LNP was studied
on the breast cancer cell line MDA-MB-231 in vitro. The MTT assay was
used to study the cell death mechanism. MDA-MB-231 cells were seeded
to 96 well plates at 1 x 10* cells/well density. Cur and Ptx were dis-
solved in 0.1 % DMSO and used as control. Each formulation (10 pL) was
added to the 90 pL of media. After diluting the formulations, the same
concentrations of controls were used. Empty NDDS (QIn-LNP) at its
highest tested concentration was applied in the same volume to study
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the toxicology of NPs without carrying drugs. After 24, 48, and 72 h of
incubations, the cell death mechanism was investigated using MTT assay
(Sigma, USA). Briefly, 5 mg/mL MTT solution was added to the culture
plates to a final concentration of 0.5 mg/mL. The plates were incubated
for 3.5 h at 37 °C, and the formazan residue was then dissolved in 200 pL
of DMSO. The absorbance was recorded at 490 nm (Elisa reader (Syn-
ergy-H1)).

2.14. Statistical analysis

Cell viability outcomes were evaluated statistically, and the final
results were expressed as Mean + SD. The results are presented as three
replicates. Data in the experiments were analyzed using analyses of
variance (One-Way ANOVA). Efficacy comparison was made between
the cytotoxic efficacy of Cur-Ptx-QIn-LNPs, and other groups (bare Cur,
Ptx, CurPtx-LNPs) were analyzed using the one-way analysis of variance.
The p-value < 0.05 was considered statistically significant. The com-
parison between other groups was not carried out since it was out of the
aim of the research and to keep the results understandable. All statistical
analyzes were done by using the SPSS package program for Windows
(Version 11.5).

3. Results and discussion
3.1. NMR of inulin and quaternized inulin

Quaternized inulin was synthesized through the reaction of inulin
with glycidyltrimethylammonium chloride (GTMAC) in basic medium.
In 'H NMR spectrum of native In (Fig. 2A), hydrogen peaks of fructose
rings at (ppm) H1(3.57, 3.73), H3(4.12), H4 (3.97), H5(3.79) and H6
(3.64, 3.71). In the NMR spectrum of QIn (Fig. 2B), new peaks appeared
at (ppm) H7(4.31), H9(3.38), H11(3.11) are due to the GTMAC. The
degree of quaternization was calculated to be 35 % from the integration
of the peaks of H8 at 3.11 ppm, corresponding to methyl groups of the
quaternary ammonium salt (-N(CHs)s), and the fructose H3 peak at
4.13 ppm (Fig. 2B). This evidenced the quaternization of inulin with
GTMAC [23].

3.2. NMR of soy-lecithin and Lec-OAc ionic complex

'H NMR spectra of soy-lecithin and Lec-OAc complex in CDCl; are
given in Fig. 3A and B, respectively. In the 'H NMR spectrum of Soy-Lec,
the characteristic chemical proton shifts were determined at (ppm) 0.90
(-CH3), 1.25 (-CHy), 1.58 (CHy), 2.1 (CH»-C=), 2.30 (C—=0-CH>-), 3.30
(N-CH3s) [trimethyl ammonium] and 5.3 (-CH—CH-) [24-28] (Fig. 3A).

Regarding 'H NMR spectrum of the Lec-OAc complex in CDCls
(Fig. 3B), a characteristic acetate methyl proton peak of OAc at 1.92 ppm
was observed, which was reported to be at between 2.4 and 1.92 ppm in
the literature [29,30]. Thus, the presence of required NMR peaks along
with the presence of acetate methyl peak and insolubility of OAc™ in
DCM, Lec-OAc complex was considered to be formed through the cation
exchange reaction. This result was confirmed by the integration of the
peaks at 0.90 ppm (-CH3 groups of lecithin) and 1.92 ppm (-CHs group
of OAc™) as well.

3.3. The FT-IR characterization of soy lecithin, Lec-OAc, In, and QIn

FT-IR is an easy and fast technique to detect structural trans-
formations occurred in a reaction. Therefore, formation of the Lec-OAc
ionic complex was also analyzed by FT-IR (Fig. 4). In FT-IR spectrum of
soy lecithin, a broad absorption peak between 3200 and 3600 cm ™! is
due to the ~OH stretching peak of absorbed water. The strong absorption
bands at 2921 cm ™! and 2852 cm™! are from the CH, asymmetric and
symmetric stretching modes, respectively. A band at 1376 cm™! was
assigned to the symmetric bending absorption of (CH3)sN™ groups. A
strong characteristic peak at 1735 cm ™! is due to the carbonyl stretching
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Fig. 2. H NMR spectra of inulin (A); quaternized inulin (B).

band (-C=0—0-) of ester groups. The etheric CO—0—C and C—O—P
symmetric stretching absorption peaks of lecithin were observed at
1070 cm™! and 1047 ecm ™Y, respectively. In the FT-IR spectrum of Lec-
OAc complex, in addition to the characteristic peaks of lecithin, the
carbonyl stretching band of acetate groups (-C—=0—O0-) appeared at
1561 cm ™!, which was good indication of the formation of the Lec-OAc
ionic complex. As the complex was formed in water, it was removed by
lyophilization and the Lec-OAc ionic complex was extracted with
dichlorometane (DCM). Considering the insolubility of OAc in DCM, the
presence of characteristic acetate and lecithin peaks at the FT-IR spec-
trum was considered to be evidence for the formation of stable Lec-OAc
complex. [31-40].

3.4. Critical micelle concentration (CMC) of Lec-OAc

Critical micelle concentration (CMC) is an important parameter

indicating a minimum amphiphilic molecule concentration to form
stable micelles in aqueous media. The CMC of the Lec-OAc complex was
determined using fluorescence spectroscopy with pyrene as a fluo-
rophore probe [21]. Pyrene is insoluble in water but it has limited sol-
ubility in hydrophobic parts of amphiphilic molecules. Under CMC,
pyrene has no solubility and does not show any emission peak. However,
over CMC, while the amphiphilic molecule turns into micelle in water,
pyrene gains solubility and shows three distinct emission peaks. The first
and third peak intensities ratio of pyrene (I3/11) is a significant char-
acteristic of CMC. When the amphiphilic molecule concentration rea-
ches a critical concentration, micelles form and a profound increase in
the emission intensities ratio of pyrene (I3/11) is observed. In this study,
at different concentrations of Lec-OAc ionic complex, pyrene was
excited at 343 nm and the peak intensities at 386 nm (I3) and 360 nm
(I1) were determined. CMC of the ionic complex was determined from
the concentration corresponding to the sharp increase in the intensity
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ratio of (I3/11) to be 1.047 x 10~ M (Fig. 5) [20].

The CMC value of lecithin was reported to vary between 0.2 x 10>
and 0.15 x 10~! mM depending on the type of lecithin utilized (i.e., egg
yolk, soy lecithin, etc.) [41,42]. Thus, the calculated CMC value for Lec-
OAc was quite favorable compared to the literature. Generally, as chain
length (alkyl group) increases, the CMC decreases, and the ability to
form micelles rises. It is notable that the lower CMC value of the Lec-OAc
complex than soy-lecithin was considered to be the result of neutrali-
zation of the positive charges with OAc™, which is another proof of the
formation of stable Lec-OAc LNPs [43].

3.5. Particle size and zeta potential analyses of the synthesized LNPs

Particle size and zeta potential of Lec-OAc LNPs, QIn-Lec-OAc, Cur-
Lec-OAc, and NPs indicated that Cur-loaded LNPs have a smaller
average particle size than empty Lec-OAc LNPs. The average particle
size of Cur-loaded LNPs decreased from 329 to 160 nm. This evidence
demonstrated that Cur and Lec have strong molecular interactions with
each other and the lipidic tile of lecithin is in the core. Thus, it could be
hypothesized that the produced core structure of the LNPs gains density
by Cur loading. After coating with QIn, the average particle size of NP
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1.35 Table 1
: Particle size and zeta analysis of complex, Cur-loaded complexes, and CurPtx-
1 QIn-Lec-OAc NPs.
1.30 1
1 Sample name Size distribution (nm) by: Zeta value
V):
1.254 A Number  Volume Intensity  PDI (mV)
o
© 1 / AK Lec-OAc (LNPs) 329 351 365 0.672 —26
= 1.20 1 0.5 mg Cur loaded 160 178 173 0724 -183
> 1 1.0 mg Cur loaded 133 157 150 0.623 -16.1
- 1.154 2.0 mg Cur loaded 167 178 171 0.387 —18.6
’ ] QIn-Lec-OAc 398 398 396 0.598 —5.38
A 0.5 mg Cur loaded 675 734 708 0.458 —6.68
110 _ "_v__:,_/_A_K_ SEPY—— i 1.0 mg Cur loaded 447 455 454 0.680  —6.91
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Fig. 5. The variation of the intensity ratio of pyrene emission peaks (I3/I;) with l'gi;;fxcur +1.00 514 534 523 ! -180

log concentration (Log C).

did not show any significant change compared to Lec-OAc. However, by
loading Cur to the Lec-OAc-QIn coated particles, an increase in particle
sizes observed, which could be related to the incorporation of Cur and
the shell layer formed by QIn [44,45].

Zeta potential values of the samples changed from —26 to —5.38 mV
(Table 1) with the coating of LNPs with QIn, indicating the success of the
coating process. Despite the expected positive charges in the outer shell,
the surface charge of samples had a slight negative zeta potential, which
provided the formulation with good colloidal stability, caused by the
repulsion of the particles in aqueous system. Although the incorporation
of curcumin with QIn-LNP did not significantly change the zeta potential
of LNPs, paclitaxel caused an increase in this parameter, indicating the
settlement of paclitaxel in the QIn shell of the LNPs. Moreover, the in-
crease in the size of LNPs by loading paclitaxel confirmed this
hypothesis.

3.6. DSC analysis

Differential scanning calorimetry (DSC) is a powerful thermo-
analytical technique effectively used for measuring the amount of en-
ergy absorbed or released in the course of thermal transition of materials
as a function of time and temperature [46]. In DSC thermograms, the
peak areas and their corresponding temperature values provide valuable
information on the morphology of materials.

The DSC curves of Cur, Ptx, and Cur-Ptx loaded QIn-Lec-OAc LNPs
with different concentrations are shown in Fig. 6. Ptx and Cur are
crystalline organic compounds with melting points of 219 °C and 178 °C,
respectively, which are due to the crystalline structure of free Cur and
Ptx. However, these characteristic peaks disappeared by incorporating
Cur and Ptx into Lec-OAc-QIn LNPs (Fig. 6¢, d, and e), suggesting that
the drug materials entirely dissolved into the lipidic core of the LNPs. It
could also be concluded that the Cur and Ptx molecules disturbed their
crystalline domains and become amorphous in the core. The conversion
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Fig. 6. DSC curves of (a) Ptx, (b) Cur, (c) 0.25 mg Cur and 0.25 mg Ptx, (d) 0.5 mg Cur and 0.5 mg Ptx, and (e) 1.0 mg Cur loaded and 1.0 mg Ptx loaded Lec-
OAc-QIn.
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Fig. 7. The FTIR spectra of (a) Cur, (b) Ptx, (c) Lec-OAc-QIn (blank), (d) 0.5 mg cur and Ptx loaded Lec-OAc-QIn, (e) 1.0 mg cur and Ptx loaded Lec-OAc-QIn and (f)
2.0 mg cur and Ptx loaded Lec-OAc-QIn.



O. Vatansever et al.

from a crystalline structure to an amorphous state enhances drug satu-
ration and solubility [25,47]. Previously, it was shown that in the DSC
thermogram of inulin, the endothermic peaks between 110 and 140 °C
are due to water elimination and inulin melting peak, respectively [48].
With the increasing the amounts of Cur and Ptx, these two peaks shifted
to higher temperatures, confirming the incorporation of drug molecules
with inulin. Interaction of drug molecules with inulin makes it difficult
for water molecules to evaporate by exposure to heat. They also cover
the surrounding of inulin and allow it to melt at a higher temperature.

3.7. FTIR characterization
In the spectrum of Cur (Fig. 7a), the peaks at 3508 cm™! corre-

sponded to the stretching vibrations of the O—H and 1625 cm ™! was
attributed to the C=C frequencies. The C—O—C band was observed at
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1024 cm ™. The spectrum of Ptx consisted of C=0 stretching of pacli-
taxel at 1736 cm™’, the characteristic C—C stretching at 1645 cm ™},
C—N stretching at 1243 cm ™!, and C—O stretching at 1069 cm™!
(Fig. 7b) [49]. In the spectrum of QIn-coated Lec-OAc (Fig. 7c), the peak
at 3301 cm ™! was assigned to the O—H group. The peaks at 2925 cm ™!
and the shoulder at 2851 cm™! were attributed to C—H bonds in the
fatty acid structure. These two peaks were identical for the total 0.5 mg,
1.0 mg, and 2.0 mg Cur and Ptx loaded QIn LNPs (with slight shifts in
wavenumber). Moreover, the peak at 3301 em ™}, assigned to the O—H
group of curcumin disappeared indicating a successful encapsulation.
The peak at 1031 ecm™! was attributed to stretching frequency of
C—O0—=C of In. The presence of this peak (with a slight shift) in all
CurPtx-QIn-LNP formulations indicated the presence of inulin in the
outer shell of the synthesized NPs. In the spectrum of 0.5 mg Cur and Ptx
loaded QIn coated LNPs (Fig. 7d), the band at 1737 cm ! is due to the
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Fig. 8. Release profile of the QIn-LNP containing 2 mg Cur, R? values are: zero order: 0.0078, Hixson-Crowell: 0.0078, First order: 0.0065, and Korsmeyer-
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—C=O0 moieties in Lec-OAc, which shifted to a higher wavenumber due
to the incorporation of the drug molecules with these functional groups
[50]. Furthermore, the C—O—C band became stronger after the drug
loading, resulting from inulin and drug interaction (Fig. 7c). Moreover,
the O—H group peak of blank LNPs at 3301 cm™! shifted to lower fre-
quencies for drug-loaded LNPs, confirming strong electrostatic in-
teractions between the phenolic moiety of Cur and polymeric LNPs
[51,52]. Along with all these evidences, the FTIR peaks of Ptx between
1730 em ! and 2400 cm ™! were observed in all CurPtx-QIn-LNP for-
mulations. Considering that the FTIR spectrum of free QIn-coated LNPs
showed no peak in this region, it could be concluded that some pacli-
taxel molecules incorporated with the outer Inulin shell of NP, which
confirms our observations in DLS and DSC assays.

3.8. The Cur and Cur-PTX release profiles from QIn-LNPs and their
release mechanisms

Drug release profiles of 2 mg Cur-loaded QIn-LNPs are shown in
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Fig. 8. The drug release study was applied for 24 h. The cumulative
release of Cur increased as a function of time. The Cur, a highly hy-
drophobic drug, showed 25.63 % release at the end of 24 h. The cu-
mulative release took place gradually. This slow release may occur due
to the amorphization of some crystalline sections of the Cur and the
inulin polymer.

In a previous study, a similar release profile of Cur was reported by
Chehardoli et al. [53]. They prepared Inulin-Grafted Stearate-based
polymeric NPs, and betamethasone was used as a drug against rheu-
matoid arthritis. According to their study, owing to the molecular at-
tractions between inulin-grafted stearate NPs and hydrophobic drugs
(betamethasone), the core structure acted as a host. Thus, a slow drug
release was observed [53]. Then, the release kinetics of 2 mg of Cur from
QIn-coated NPs was studied using models including zero order, Hixson-
Crowell, first order, and Korsmeyer-Peppas (Fig. 8).

The release kinetics studies showed that the Korsmeyer-Peppas
model with the highest correlation coefficient R? = 0.557) is the best-
fitted mathematical model for the release of Curcumin. An “R%” value
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<0.82 was valid for the “Fickian Diffusion”. This observation demon-
strated that the release of Cur occurred via molecular diffusion through a
polymeric matrix [54-56]. Fig. 9 shows the release profile of 1.0 mg Ptx
and 1.0 mg Cur loaded to the QIn-LNP NPs.

Although the incorporation of Ptx into the drug delivery system
caused the settlement of the drug in the outer shell of LNPs (as shown in
DLS, DSC, and FTIR assays), interestingly, its release was not so fast.
Furthermore, the release of Cur was slowed down significantly while it is
associated with Ptx. It could be concluded that Ptx not only integrated
with the LNP constituents but also with Cur molecules, which caused a
decrease in the release period. Korsmeyer-Peppas, with “R%” values
higher than the other mathematical models, was the preferred model for
both paclitaxel and Curcumin. This evidence shows that Ptx loading
does not cause any change in the release mechanism of Cur, and the
release occurs via diffusion for both drug molecules.

3.9. SEM and TEM

SEM images of blank Lec-OAc LNPs and Cur-loaded QIn-coated LNPs
showed that the LNPs had spherical shapes and mostly homogenous
particle sizes. However, some portions of the LNPs were embedded into
the lipidic matrix and agglomerated, which was assumed to occur due to
the collisions of the molecules during the drying stage. Fig. 10b—c shows
TEM images of Cur-loaded and QIn coated LNPs, which demonstrate a
very homogenous spherical form, evidently covered with QIn. The Cur-
loaded core appeared darker in the TEM images, while a corona layer
formed by QIn appeared relatively lighter which is ideal for drug de-
livery systems.
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3.10. Invitro cytotoxicity assay results

CurPtx-QIn-LNP showed weaker cytotoxicity than both CurPtx-LNP
and Ptx (Fig. 11). However, as the time progressed, the toxicity of
CurPtx-QIn-LNP began to show a stronger effect than the uncoated
formulation (CurPtx-LNP) and even the free Ptx, which was attributed to
the importance of QIn a glucose-like macro-molecule in the cell inter-
nalization of the synthesized NPs.

The cytotoxic activities of Cur and Ptx are higher than Cur-Ptx-LNP
and Cur-Ptx-QIn-LNP. This is due to the period which is needed for
the cell internalization of NDDS. However, at the end of 72 h, Cur-Ptx-
QIn-LNP shows a stronger cytotoxic activity than Cur. The cytotoxic
activity of Cur-Ptx-QIn-LNPs was found not to be different in a statisti-
cally significant manner than that of Ptx. Considering the fast release of
Ptx from NP, this insignificant difference can become meaningful.
However, despite the very slow release of Cur from NP (10 % release at
24 h) the cytotoxicity of Cur-Ptx-QIn-LNP increases with time. This fact
shows that the cytotoxicity of NDDS is due to its successful cell inter-
nalization and the release of the drug inside of the cell by enzymatic
reactions. The very weak cytotoxic activity of bare Cur at the end of 72 h
confirms this fact. Furthermore, the cells treated with QIn-LNP show a
very high cell survival which confirms the cytotoxic activity of Cur-Ptx-
QIn-LNP is due to its successful cell internalization and the release of the
drugs inside of the cells.

Mutlu et al. [57] developed quaternized Halomonas levan-coated
lecithin-based NPs for efficiently delivering Ptx to human lung A549
cancer cells. They suggested that the coating process was effective due to
the zeta potential of the lecithin-based NPs changing from —75 mV to
—0.85 mV after the coating of the quaternized Halomonas levan.
Furthermore, they discovered that the quaternized Halomonas levan

Fig. 10. SEM and TEM images of NPs at different magnifications: a) 45,000, b) 40,000, c¢) 150,000 and d) 300,000.
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Fig. 11. Invitro cytotoxicity of CurPtx-QIn-LNP, CurPtx-LNP, Cur, and Ptx in A) 24 h, B) 48 h, C)72 h on MDA-MB-231, and D) of bare QIn-LNP at 24, 48, and 72 h.
Efficacy comparison was done between the cytotoxicity of Cur-Ptx-QIn-LNPs and other groups (namely bare Cur, Ptx, CurPtx-LNPs) were analyzed using ANOVA (p
< 0.05). *: significantly different cytotoxic activity between Cur-Ptx-QIn-LNP and CurPtx-LNP. e: significantly different cytotoxic activity between Cur-Ptx-QIn-LNP
and Ptx. y: significantly different cytotoxic activity between Cur-Ptx-QIn-LNP and Cur.

shell prevents fast release of PTX and offers a long period release of PTX.
In current study similar results are obtained using QIn as coating ma-
terial. Similar to the results obtained in our current study, the toxicity of
Ptx carrying Levan coated NPs increased with time and their anticancer
efficacy outbalanced the effect of other groups at the end of 72 h.
However, QIn shows superior toxic profile compared to that of Levan,
because the Levan coated NPs have caused 60 % cell death on A549 lung
cancer cells, while QIn coated NPs caused only 25 % cell death at the end
of 72 h. Therefore, they concluded that quaternized Halomonas levan-
coated lipid NPs have an excellent therapeutic effect [57].

4. Conclusion

To our best knowledge, quaternized inulin (QIn) has not been used as
a surface coating material for NDDSs in the literature. This research
aimed to investigate the possibility of increasing the efficacy of Lecithin-
based NDDS in terms of elucidating physicochemical properties and in-
vitro efficacy through surface coating with QIn. Furthermore, drug
release profiles and release kinetics were investigated to understand the
effects of QIn on the biological effects of the uploaded drug molecules
(Cur and Ptx).

The quaternized inulin (QIn) was successfully produced and used for
the surface coating of the LNPs. The coated LNPs showed fair zeta po-
tential values in cell internalization and ex-vivo stability. QIn-coated
LNPs exhibited spherical core-shell structures in TEM images. The
FTIR and DSC results showed that Cur was incorporated into the lipid
core of LNPs, while Ptx was partially settled on the QIn-shell. However,
the partial settlement of Ptx at the outer shell of the LNPs neither
affected the release rate nor changed the release mechanism of CurPtx-
QIn-LNPs. This was attributed to the interaction of Ptx with QIn on the
shell, and with Cur and lecithin in the core. The CMC value of the Lec-
OAc complex was determined to be 1.047 x 10-4 M, which is lower
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than the CMC value of lecithin alone. The cumulative release of Cur was
found to be 25.63 %, due to the interactions between the components of
the NDDS and the drug molecules. Korsmeyer-Peppas and the diffusion
of drug molecules from NDDS exhibited the best model in our LNPs for
drug release kinetics. Since the erosion of the components of NDDS in
blood circulation is not a favorable property, the obtained results can be
counted as an advantage of the newly synthesized LNPs as cancer
therapy agents. Cytotoxicity assays confirmed the role of QIn in the
internalization of CurPtx-QIn-LNPs by enhancing the efficacy of drug
molecules over time. Although no statistically significant different re-
sults were obtained from the cytotoxic activity of bare Ptx and Cur-Ptx-
QIn-LNPs at the end of 72 h the cytotoxicity of Cur-Ptx-QIn-LNPs was
found to be stronger than both bare Ptx and Cur molecules. The equal
cytotoxic activity of Ptx and Cur-Ptx-QIn-LNPs could be attributed to the
very fast release of Ptx from Cur-Ptx-QIn-LNPs (100 % release within 24
h). However, Cur shows a very slow release from Cur-Ptx-QIn-LNPs
(only 10 % at the end of 24 h) and the increase in the cytotoxicity of
Cur-Ptx-QIn-LNPs shows the internalization of particles to the cells and
efficacy of Cur inside of the cell.
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