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Solid-liquid nanocarriers (SLNs) are at the front of the rapidly emerging field of medicinal applications with
a potential role in the delivery of bioactive agents. Here, we report a new SLN of natural deep eutectic
solvent (NADES) and biotin-conjugated lysine—polyethylene glycol copolymer. The SLN system was
analyzed for its functional groups, thermal stability, crystalline nature, particle size, and surface
morphology through the instrumental analysis of FT-IR, TGA, XRD, DLS, SEM, and TEM. Encapsulation of
PTX (paclitaxel) and 7-HC (7-hydroxycoumarin) with the SLN was carried out by dialysis, and UV-visible
spectra evidenced the drug loading capacity and higher encapsulation efficiency obtained. The
enhanced anticancer potential of PTX- and 7-HC-loaded SLN was assessed in vitro, and the system
reduces the cell viability of MDA-MB-231 cells. The PTX- and 7-HC-loaded SLN system was investigated
in a breast cancer-induced rat model via in vivo studies. It shows decreased lysosomal enzymes and
increased levels of caspase to cure breast tumors. It very well may be reasoned that the designed PTX-
and 7-HC-loaded SLN system has strong anticancer properties and exhibits potential for delivery of drug
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Introduction

Recent research development in medicinal applications has
advanced through the improvement of new methods and
materials that are more biodegradable, biocompatible, and less
toxic.”* There is an enormous attempt to explore the role/
function of synthetic biomaterials used in drug delivery appli-
cations.®* Currently, synthetic and natural polymers, metal
complexes, peptides, proteins, and hydrogels are used for the
development of anticancer drug delivery systems,*® which
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reduce some disadvantages over conventional anticancer
treatments such as poor solubility, low biodegradability, toxic
nature, and poor intracellular penetration, retention time and
sustainable release of encapsulated drugs.” A significant
number of nanoparticles such as inorganic nanoparticles or
other polymeric/liquid nanoparticles have also been used in
developing drug carrier systems. The drug carrier leads to the
fabrication of a nanocarrier, and most of these are made up of
synthetic polymers and not liquid-based carriers.'®
Researchers have paid more attention to the advancement
of new carrier systems by using ILs (ionic liquids) and DESs
(deep eutectic solvents)."* Unfortunately, ILs and DESs have
exhibited thermal instability, low drug loading levels, low drug
release and solubility, and have a very weak interaction with
and a toxic nature in biological systems. This issue can be
overcome by the utilization of natural deep eutectic solvents
(NADES). A NADES is a highly biocompatible material
designed to serve as a carrier molecule that transports drugs to
a specific site without any side effects; it is a non-toxic solvent
prepared by secondary metabolites and does not affect the

drug release mechanism."” Secondary metabolites like
phenolics, terpenoids, flavonoids, and other natural
compounds are crucial for medicinal applications."***

Compared to organic solvents, the use of NADES has gained
attention in the synthesis of carrier systems.*>**
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Citrus limon peels are rich in bioactive compounds, including
antioxidants, flavonoids, vitamins, and prolinebetaine (PB). PB is
a natural bioactive compound, which has numerous biological
properties, including antifungal, antibacterial, and anticancer
activities.'>** Anticancer activity is an essential property of PB and
is due to the presence of amine which is a highly reactive
compound that can readily react with biological compound
moieties such as hydroxyl groups. In this study, PB is isolated and
used for the synthesis of NADES in combination with lactic acid
(LA), which is an excellent electron donor/acceptor. The self-
assembled drug carrier system with PB is reported to target
tumor cells.** However, there is the need for an extra efficient and
active targeting ligand to achieve better cellular uptake of drug-
loaded carriers. Different ligands such as polysaccharides, folic
acid, peptides, and biotin are involved in targeting drug carrier
synthesis.”> Among these, biotin is predominantly utilized as
a tumor-focusing group for numerous cancer chemotherapy
applications.”® Tumor cells need vitamins for their survival, and
speedily growing cancer cells overexpress the receptors for this
vitamin on their cell surface.

This paper reports for the first time on the preparation of
NADES using secondary metabolites, and it is used as a biotin-
conjugated solid-liquid nanocarrier (SLN) for the encapsulation
of the anticancer drugs paclitaxel (PTX) and 7-hydroxycoumarin
(7-HC). The advantage of SLNs is the ability to incorporate
hydrophobic anticancer drugs in the inner core and hydrophilic
anticancer drugs on the outer core. The incorporation of PTX
and 7-HC in the SLN system will reduce side effects and improve
bioavailability. The anticancer activity of the synthesized PTX-
and 7-HC-loaded SLN system was investigated in vitro in a MDA-
MB-231 breast cancer cell line, and in vivo in a DMBA-induced
breast cancer rat model.

Experimental section

Materials

EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide), LA
(lactic acid), NHS (N-hydroxysuccinimide), p-TsOH (p-toluene-
sulfonic acid), tin(u) 2-ethylhexanoate (Sn(Oct),), and 7,12-
dimethylbenz[a] anthracene (DMBA) were procured from
Sigma-Aldrich, Mumbai, India. Lysine, polyethylene glycol-
6000, biotin, PTX, and 7-HC were purchased from Merck,
Mumbeai, India. Petroleum ether (PE), dichloromethane (DCM),
ethyl acetate (EA), diethyl ether (DE), methanol, acetone,
acetonitrile (AN) and dimethyl sulfoxide (DMSO) were received
from Himedia Laboratories Pvt. Ltd, Mumbai, India (HPLC
grade). A human breast adenocarcinoma (MDA-MB-231) cell
line and normal mouse fibroblast cell line (L929) obtained from
the National Center for Cell Science, Pune, India were used for
this work. Caspase colorimetric assay kit was from R and D
Systems Inc., USA. The chemicals and solvents used were of
analytical grade and main clarity. In all the experiments,
double-distilled (DD) water was used as a solvent and washing
solution. The other chemicals were purchased from the
different companies like BDH Division (Mumbai, India), Glaxo
Laboratories, Sisco Research Laboratories, Sarabhai Chemicals
(Vadodara, India), and SD Fine Chemicals (Mumbai, India).
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Isolation of prolinebetaine from Citrus limon peels

Citrus fruits (Citrus limon peels) were acquired from a nearby
market at Madurai, Tamil Nadu, India.>* The fruits were cleaned
with DD water and acetone. The fruit peels were chopped into
little pieces and dried at room temperature (27 °C). Dried
samples were powdered into fine particles utilizing a blender.
Ground samples were then dissolved in various solvents such as
petroleum ether, chloroform, ethyl acetate, methanol, acetoni-
trile, and water for solubility optimization. Samples were loaded
onto a silica gel packed column (100-200 mesh). Pet ether was
used for initial elution. Fractions were removed for primary
compounds such as oils, fats, fatty acids, resin, and chlorophyll
compounds. Solvents were recovered through vacuum rotary
evaporation (Rotavapor® R-300).

Fractions were collected and used for further analysis.
Optimized and stabilized ethyl acetate and methanol in ratios of
70 :30 and 50:50 were used for the collection of 4-hydrox-
yprolinebetaine and PB. The solvents from the collected
samples were evaporated at room temperature (27 °C). The
derived compounds were identified by HPLC, "H- and ">C-NMR,
and FT-IR analysis.

Synthesis of NADESs

NADESs were prepared according to a previously reported
method.?® Isolated and purified PB and LA were mixed in molar
ratios of 1:1, 1:2, 1:3, and 2:1 at 40 °C. Mixtures were
magnetically stirred until a transparent homogenous liquid was
obtained. Afterward, the eutectic mixture was chilled to room
temperature. Ratios of 1:2 and 1: 3 formed a clear solution,
while proportions of 1:1 and 2 : 1 did not create a clear solu-
tion, as is shown in ESI Fig. 1.1 The formation of NADESs and
the chemical structures were identified through 'H and '*C
NMR and FT-IR spectroscopy, as shown in ESI Fig. 3 and 4.t

Synthesis of biotin-g-lysine

Biotin grafted lysine was prepared by the condensation method
and carried out in the presence of EDC-HCI and NHS as per
previous literature.”® In general, biotin (0.2 g, 0.00136 mmol)
and lysine (0.33 g, 0.00136 mmol) were solubilized in DCM (15
mL). To this mixture, EDC-HCI (0.168 mL, 0.00136 mmol) and
NHS (0.15 g, 0.00136 mmol) were added drop-wise. The pH of
the reaction mixture was adjusted to pH 7.4 using 1 N NaOH
and stirred for 2 h at 45 °C. Then, the reaction mixture was
precipitated using an organic solvent (acetone). The precipitate
was filtered using Whatman (0.2 pm) filter paper and dried in
avacuum chamber. The obtained precipitate was dialyzed using
a dialysis membrane (MWCO-12000) in DD water for 22 h to
eliminate unreacted constituents.

Synthesis of biotin-g-lysine-co-polyethylene glycol (biotin-g-
lysine-co-PEG)

Typically, biotin-g-lysine (1 g, 0.00268 mmol), p-TsOH (0.4 g,
0.00268 mmol), and polyethylene glycol-6000 (1 g) in 50 mL
toluene were placed in a double neck round reaction flask with
a Dean-Stark apparatus.”” Then, Sn(Oct), (0.8 mL, 1.0857 mmol)

This journal is © The Royal Society of Chemistry 2020
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was added drop-wise, and heated at 125 °C for 24 h to reflux the
mixture with continuous stirring and elimination of water. The
reaction mixture was cooled to room temperature (27 °C);
subsequently, the reaction solution was dissolved in ether and
filtered to remove by-products. A Soxhlet apparatus was used for
polymer extraction for 24 h with an organic solvent (ethyl
acetate). Then, the obtained crude product was dried in
a vacuum and the chemical structure of biotin-g-lysine-co-PEG
was confirmed through FT-IR spectroscopy.

NADES-based biotin-conjugated solid-liquid polymer in
solvent emulsion method

NADES-based biotin-conjugated polymeric SLN was prepared by
the method mentioned in our previous report.”® Initially, 1 g of
biotin-g-lysine-co-PEG was dissolved in 1 mL of NADES. This
reaction mixture was kept under continuous stirring for 1 h at
room temperature until the mixture became a homogeneous
solution and attained a viscous consistency. Nanocarriers were
formed using dialysis in aqueous solution, following a previous
report.* Briefly, 100 mg of NADES-biotin-g-lysine-co-PEG system
was dispersed in 1 mL DMSO solution and the solution was
placed into a dialysis bag and dialyzed against 250 mL of DD
water for 24 h to eliminate the DMSO solvent. The separated
SLN was used for further processing.

Determination of self-assembly of carrier formation

The critical nanocarrier concentration (CMC) value of NADES-
based biotin-conjugated solid-liquid polymer nanocarrier was
studied by fluorescence spectroscopy through pyrene as a fluo-
rescent moiety.*® In brief, various concentrations of NADES-
based biotin-conjugated solid-liquid polymer nanocarrier
(0.1 mL to 1.0 mL) were dissolved in 10 mL of DMSO solution.
Then, pyrene (0.1 mg) was solubilized in 5 mg mL ™' methanol
and added to each test container of NADES-based biotin-
conjugated solid-liquid polymer nanocarrier solution. The
reaction solution was magnetically stirred at 27 °C for 1 day, and
solvents vaporized. Afterwards, 5 mL of distilled water was
added individually in a sample tube. The fluorescence of every
pyrene-containing NADES-based biotin-conjugated solid-liquid
polymer nanocarrier solution was determined by emission
spectra (spectrofluorometer, Shimadzu F-4500, Japan) at
a wavelength of 472 nm at 21 £ 1 °C.

Encapsulation efficiency (EE)

The NADES-based biotin-conjugated solid-liquid polymer
nanocarrier (100 mg) was taken in a 25 mL beaker and PTX
(20 mg mL™") and 7-HC (20 mg mL~") dispersed in ethanol were
added to the SLN and stirred for 1 h with a magnetic stirrer. For
determining the drug encapsulation efficiency, the supernatant
solution was collected at 10 min intervals and analyzed by UV-
visible spectroscopy at Apax values of 270 nm and 320 nm
(Shimadzu UV 1800)." EE was calculated with the following
equation:*

This journal is © The Royal Society of Chemistry 2020
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Encapsulation efficiency (%)

__ total amount of drug — free amount of drug « 100
- total amount of drug
(1)

Drug release study

The discharge of PTX and 7-HC from the nanocarrier was
transferred to the dialysis system and a physiological buffer
solution at pH values of 2.8, 5.5, and 7.4 was used at 27 °C.
Briefly, PTX- and 7-HC-loaded nanocarrier samples (30 mg) were
added to 5 mL of fresh PBS (pH 2.8, 5.5, and 7.4) in the dialysis
bag at room temperature. The dialysis membrane was incu-
bated in 50 mL PBS. PTX- and 7-HC-loaded SLN samples were
stirred using a magnetic stirrer at a constant rate (100 rpm), and
3 mL of the supernatant solution was extracted at standard time
intervals and supplemented with 3 mL of new buffer solution.
Drugs released into the medium were quantified by a UV-visible
spectrometer at A, values of 270 nm and 320 nm (Shimadzu
1600, Japan).

Swelling studies

The swelling behavior of PTX- and 7-HC-loaded SLN (30 mg) was
analyzed in various buffer solutions at pH 2.8, 5.5, and 7.4 at
room temperature (27 °C). At standard time intervals, samples
were removed and weighed. A stable weight was achieved and
the following equation was used to determine the swelling
behavior:

We — Wy

Swelling (%) = W
fi

(2)
where W, and Wy are the weights of swollen polymer and dried
nanocarriers, respectively.

Biological characterizations

Cell culture. A human breast adenocarcinoma cell line
(MDA-MB-231) and a mouse fibroblast cell line (L929) were
purchased from the NCCS (National Center for Cell Science,
Pune, India). Cells were maintained in Dulbecco's modified
Eagle's medium supplemented with 10% fetal bovine serum,
and 1 unit per mL penicillin and 1 mg mL ™" streptomycin, and
incubated at 37 °C with 5% CO, in a humidified chamber. Cells
were passaged every 3 to 4 days using trypsin/
ethylenediaminetetraacetic acid (EDTA) for detachment.

Cell viability. MDA-MB-231 human breast adenocarcinoma
and L929 normal mouse fibroblast cells were used to interrogate
the cytotoxic effect of PTX- and 7-HC-loaded and unloaded SLN
system. Cells were seeded into 96-well plates at a seeding
density of 1 x 10° cells per well and incubated for 24 h at 37 °C
in 5% CO,. Various concentrations of PTX- and 7-HC-loaded
SLN system (10, 25, 50, 75, and 100 pg mL ") were added to
wells and cells were cultured for 24 h. Afterwards, 25 uL of MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
assay solution was added to each well and incubated for 5 h at

RSC Adv, 2020, 10, 36989-37004 | 36991
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37 °C. The cell culture medium was measured at an absorption
wavelength of 570 nm using a microplate reader (SpectraMax
M3, Molecular Devices, USA). The corresponding cell viability
(%) was correlated to normal cells. The following equation for
cell viability was used for ICs, calculation:

OD of the treated cells
N
Cell viability (%) = OD of the untreated cells (control)

x 100 3)

Mean OD of the untreated cells (control), is the mean of the
untreated cells used as the control.

Cellular uptake analysis by confocal microscope. MDA-MB-
231 cells were cultured in 96-well plates and incubated with
PTX- and 7-HC-loaded SLN for 24 h. Cells were washed three
times with PBS, fixed with 5% paraformaldehyde for 30 min,
and stained with 4,6-diamidino-2-phenylindole (DAPI; 1 pg
mL ™" in PBS) for 10 min. Cells were examined by confocal laser
scanning microscopy (Olympus IX 81 under DU897 mode,
Japan).

Animals and experimental design. Female Sprague-Dawley
rats (eight weeks old) were separated into four groups, with
each group having six animals. The regimen dose is shown in
Table 1. All groups of animals had taken food and water, which
was monitored daily for 14 days. A permanent amount of rat
chow and fluid was given to every rat and refilled after that day.
After treatment periods of 6 weeks, the rats were fasted for two
nights, anesthetized and sacrificed by cervical decapitation.
Whole blood samples were collected from both separations like
plasma/serum, respectively. The mammary tissue was cut and
washed in ice-cold saline and weighed. Tissue was cut up and
homogenized with 0.1 M Tris-HCl buffer (pH 7.4, and 10%) and
centrifuged (3000 x g for 10 min). The finally obtained super-
natant solution was used for enzyme assays. The bodyweights of
the whole animals were recorded before and after the treatment
and sacrifice.

The experimental work was performed with ethical norms
approved by committee members of the Animals (CPCSEA),
Ministry of Environment and Forests (Animal Welfare Division),

Table 1 Experimental animal groups and treatment conditions”
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Government of India, and Institutional Animal Ethics
Committee (IEAC) Guidelines.

Gross observations and tumor volume. The change in the
body weight and tumor of animals was measured and recorded
in grams. The following formula was used to calculate tumor

volume:

v = 4/31tr o1, (radius r; < rp; r = tumor diameter in mm/2)

Estimation of lysosomal marker enzymes. The enzymatic
activity of acid phosphatase and cathepsin-D was evaluated as
reported previously,*** and values were expressed as phenol/
protein min per mg and tyrosine/protein min per mg, respec-
tively. B-p-Glucuronidase was assayed by the method of Kawai
and Anno,* and the activity was expressed as p-nitrophenol (n
per moles) formed per min per mg protein.

Measurement of caspase-3, -8, and -9 activities. Caspase
activation is a common apoptotic mechanism by which anti-
cancer agents induce apoptosis. Hence, the level of caspase
activation was determined for PTX- and 7-HC-loaded SLN
system. The activities of caspase-3, -8, and -9 were determined
using a caspase colorimetric assay kit according to the manu-
facturer's recommended protocol (R and D Systems Inc., USA).
Spectrophotometric detection by the chromophore p-nitro-
anilide (pNA) assay was used for the cleavage from the labeled
substrate that recognizes an optimal tetrapeptide sequence of
the individual activation sites. Briefly, tissue homogenates were
washed with ice-cold PBS, lysed with 50 pL of cold lysis buffer
and incubated on ice for 10 min. Protein concentrations of the
homogenates were assessed by the Bradford method, and 200
ng of protein was diluted in 50 pL lysis buffer solution. In
addition to that, 50 pL of 2x reaction buffer (containing 10 mM
DTT) and 4 mM DEVD-pNA substrate were added to each
sample well. After incubation at 27 °C for 2 h, samples were read
at 405 nm using a microplate reader (BioTek, USA). Changes in
caspase activity were determined by comparing these results
with the level of control.

Group Group name Treatment condition

Group I Control Intraperitoneal injection of 1 mL saline per
week for four weeks

Group II Induced Mammary carcinoma induced by a single dose
of intraperitoneal injection of 25 mg per kg b.wt
of DMBA dissolved in saline

Group III SLN unloaded Mammary carcinoma induced same as group II
and treated with an intraperitoneal injection of
unloaded nanocarriers (5 mg per kg b.wt per
week for four-six weeks)

Group IV SLN loaded Mammary carcinoma induced same as group II

“ b.wt, body weight; DMBA, 7,12-dimethylbenz[a]anthracene.

36992 | RSC Adv, 2020, 10, 36989-37004

and treated with an intraperitoneal injection of
PTX- and 7-HC-loaded SLN (5 mg per kg b.wt per
week for six weeks)
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Histopathological analysis. The evaluation of mammary and
liver tissues preserved in formaldehyde (10%) and embedded in
paraffin was conducted through microscopic examination. The
tissues were separated at 4-5 pm thickness via a semi-
automated microtome and consequently stained with
hematoxylin/eosin. Sections were viewed under a microscope
(20x magnification).

Statistical analysis

The results were analyzed using a single way of variance, and
whole results were obtained as mean =+ standard deviation (SD).
All experimental work was performed in triplicate. Results with
*P < 0.05 were considered statistically significant.

Results

Synthesis of NADES-supported biotin-conjugated solid-liquid
polymer

For the formulation of the NADES, 4-hydroxyprolinebetaine and
PB were isolated from Citrus limon peels and identified by
HPLC, '"H-NMR, “C-NMR, and FT-IR spectroscopy and the
spectroscopic results were compared with those of previous

View Article Online
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reports.* The purity of 4-hydroxyprolinebetaine and PB was
identified by HPLC with 70:30 and 50:50 ratios of ethyl
acetate/methanol solvent, respectively. The HPLC trace of the
70 : 30 ratio fractions revealed two peaks, one major peak and
one minor peak. The major peak noted at a retention time (RT)
of 25.6 corresponds to PB, and the minor peak observed at a RT
of 23.6 corresponds to 4-hydroxyprolinebetaine (ESI Fig. 27).
These peaks were confirmed by standards and previously re-
ported literature.** Similarly, in the ethyl acetate/methanol
50 : 50 ratio fraction, the major peak was noted at a RT of
24.9, corresponding to PB.

The secondary metabolites PB and LA were used for the
synthesis of NADESs with various ratios of 1:1,1:2,1: 3, and
2 : 1. Ratios of 1: 2 and 1 : 3 formed as a transparent solution,
and the physicochemical properties were characterized,
including the melting point and density of the solvents. NADES
was created into exact molar ratios of the components to reach
the eutectic point (Scheme 1A). NADES-based solid-liquid
polymeric nanocarrier was synthesized by the interaction of free
amine groups of the biotin-g-lysine-co-PEG polymer and -OH
groups of the PB-LA solvent. The synthetic route of the NADES-
based biotin-g-lysine-co-PEG polymer is given in Scheme 1A.

o}
(6] CH; O
A 2 HyC,
e B, 80 2 2°%c CUN ) Bk
N _ o+ OH — o ° o
0o OH Stirrer, 1 h

(B) I i

Y;”&H\/\)L M

v

I. Proline betaine, II. Lactic acid

III. NADES, IV. Biotin, V. Lysine
VI. Biotin-g-lysine, VII. PEG

VIII. Biotin-g-lysine-co-PEG

IX. NADES-Biotin-g-lysine-co-PEG

HyC,, #55 O

3

OH
I

Stirrer, 1 h

I

EDC.HCI, NHS, YNH H
NaGH_ )é \/\)J\ /\/\/H(
H

&

Ho’l/\/O%H

Vil
Sn(Oct), 0
p-TsOH 125°C,24 h
YNH 3 \/\)?\ .y
HN A\ E/\/\/H(Om G
H S (0]

27%C

Scheme 1 Schematic representation of (A) NADES synthesis and (B) synthetic route of the biotin-conjugated solid—liquid polymer.
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Table 2 The density of the NADESs*

Temperature Density (g
Code Composition (°C) em ) Observation (RT)
1 PB:LA(1:1) 27 1.1571 Semisolid
2 PB:LA(1:2) 27 1.1425 Transparent liquid
3 PB:LA(1:3) 27 1.1713 Highly viscous
4 PB:LA(2:1) 27 1.1358 Semisolid

“ PB, prolinebetaine; LA, lactic acid; RT, room temperature.

Density analysis

Solvent density plays a critical role in chemical synthesis, and it
is an essential physical property. In drug carrier synthesis using
ILs, DES, and NADES, density plays a significant role in the
formation of drug delivery systems (DDSs).” The densities of
the NADES-1:1, NADES-1:2, NADES-1: 3, and NADES-2: 1
solvents are mentioned in Table 2. The NADES density values
ranged from 1.1571 to 1.1713 g em > at room temperature
(27 °C). NADES-1:3 had the maximum density (1.1713 g cm ™ *) at
27 °C. As the concentration of LA increased, simultaneously the
molecular kinetic energy also increased because of the vibration
of the atoms which were available in the NADES. It is seen that
since the mobility of the NADES improved, the densities of the
solvent decreased.

NMR analysis

The interaction of the PB:LA-based NADES formation was
examined by using 'H- and "*C-NMR to confirm the structure.
The HBA of PB characteristic signal of 'H values: 4.23 (t, CH),
3.05 (s, 2CH3), 3.00 (g, CH,), 2.01 (p, CH,), 1.83 (q, CH,) and **C
NMR values: 185, 93, 55, 43, and 28 (ESI Fig. 37). The HBD of LA
showed "H NMR values: 4.67 (s, OH), 4.11 (s, OH), 1.47 (d, 3H),
1.11 (1, 1H), and **C NMR values: 185, 70, 25 (ESI Fig. 47). After
the interaction of PB : LA (NADES-1:2) 'H values: 10.73 (s, 1H),
5.21 (q, CH,), 4.21 (q, CH,), 3.36 (s, 2CH,), 3.42 (q, CH,), 2.56 (s,
1H), 1.81 (p, CH,), 1.79 (p, CH,), 0.8 (s, CH,) and "*C NMR
values: 170, 89, 77, 75, 58, 28, and 26 (ESI Fig. 51). In ESI Fig. 6,1
the formation of NADES-1:3 characteristic signal of the "H NMR
values: 10.71 (s, 1H), 6.51 (q, CH,), 5.51 (q, CH,), 4.45 (s, 2CH,),
4.01 (q, CHy), 4.00 (s, 1H), 2.71 (p, CHy), 2.62 (p, CH,), 2.01 (s,
CH,) and *C NMR values: 173, 93, 79, 78, 56, 27, and 24. The
spectral results show that the hydrogen bonding of (O-H"---—0)
group is indicative of interaction with HBA and HBD in NADES
formation (Fig. S2Ct). The characteristic 'H signals of NADES
were shifted downfield when compared with free PB and LA,
which is a result of excellent hydrogen bond interaction of
NADES.*®

FT-IR analysis

PB, LA, NADES, biotin-g-lysine-co-PEG polymer, and PTX- and 7-
HC-loaded NADES-based biotin-conjugated solid-liquid poly-
mer nanocarrier were characterized by FT-IR spectroscopy. The
results are shown in Fig. 1. Fig. 1A shows the absorption bands
of PB functional groups at 1355 cm ™' (-CH stretching vibration)
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and 1612 cm ™! (carbonyl stretching vibrations). Fig. 1B shows
the LA moiety characteristic peaks at 3570, 1726, and 1081 cm ™
corresponding to the OH, C-O, and C-C group vibration peaks.
Fig. 1C and D present the typical spectra of NADES-1:2 and
NADES-1:3 solvents. The COO-, C-O, -CH and C-C bands were
observed at 1360 cm™*, 1635 cm ™, 1646 cm ™, 1638 cm™*, 755
and 752 cm "' Broad peaks were observed at 2934 and
3322 cm™ ', which indicates that the hydroxyl group (OH) was
involved in strong intramolecular hydrogen bonding during
NADES formation. Also, the new characteristic peaks of NADES
confirm the interaction of LA and PB moiety. As shown in
Fig. 1E, the peaks at 3295 cm ' (O-H), 2935 cm ™' (C-H),
1570 em™ ' (N-H), 1378 ecm™ ' (C-C), 1690 cm™ ' (C=0), and
1378 cm™ " (C-0) are revealed by biotin molecule. Fig. 1F shows
a strong peak at 1666 cm ™' corresponding to amide bonds and
represents the amide bond of the biotin grafted lysine (biotin-g-
lysine).”*® The FT-IR spectrum of biotin-g-lysine-co-PEG (biotin-
conjugated solid-liquid polymer) (Fig. 1G) demonstrates char-
acteristic peaks at 1596 and 1726 cm™ ', which represent the
amide and ester stretching vibration of PEG and biotin-g-lysine,
respectively.”” The characteristic peaks at 1095, 1241, 1513,
1560, 1651, 1734, 2940, and 3376 cm ™' show a strong hydro-
phobic interaction between nanocarriers and drugs (PTX and 7-
HC). All the characteristic peaks confirm the synthesis of PTX-
and 7-HC-loaded NADES-based biotin-conjugated solid-liquid
polymer nanocarrier (Fig. 1H).

XRD, Raman spectroscopy and TGA

The XRD patterns and Raman spectra of biotin-g-lysine-co-PEG
polymer, NADES-based biotin-conjugated solid-liquid polymer,
and PTX- and 7-HC-loaded nanocarrier were studied. The XRD
pattern of biotin-conjugated solid-liquid polymer nanocarrier
exhibited peaks at 26 values of 23.11, 25.6, 26.5, 27.8, 29.9,
31.56, 43.90, 44, 49.32, 50.1, 53.5 and 56.0°, indicating the
grafted polymer is semi-crystalline (Fig. 2a(A)). As shown in
Fig. 2a(B), the intensity of the characteristic peaks was
decreased due to the interaction between NADES biotin-g-
lysine-co-PEG polymer in the formation of SLN, and the 26
values are 15.41, 22.47, 25.71, 31.70, and 45.31°. PTX shows
multiple peaks at 26 values of 23, 35, 39.01, 41.25, 44.56, 47.21,
and 66° due to its crystalline nature (Fig. 2a(C)).*® The XRD
pattern of 7-HC exhibited peaks appearing at 26 values of 28.15,
30.15, 31.39, 32.20, 33.83, 44.37, 46.00, 54.92, 62.23, 65.83,
67.52, and 69.97° (Fig. 2a(D)).** After encapsulation of both
drugs in the SLN system, the XRD pattern shows broad, less
intense peaks, with a minor shift. This indicates that the drug-
encapsulating SLN system has excellent interactions with
a semi-crystalline nature (Fig. 2a(E)). Generally, a semi-
crystalline system has a good interaction with biological
liquids, which may be fitting for penetration through tissue
layers and might provide an excellent diffusion property for the
nanocarriers with drug molecules. Since the nature of the PTX-
and 7-HC-loaded SLN system allows for interaction with the cell
membranes, these materials have been used.

Raman spectra were investigated to study the interaction
between PTX and 7-HC and SLN (Fig. 2b). The bands at

This journal is © The Royal Society of Chemistry 2020
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and (H) PTX- and 7-HC-loaded NADES-based biotin-conjugated solid—-liquid polymer (PTX- and 7-HC-loaded nanocarrier).

1126 cm ™" are assigned to the C-N stretching vibration mode of
PB, and the band at 865 cm ™ is attributed to the strong C-COO
bending mode.?* The bands at 1319 cm ™', 1371 cm™ ", and
1069 cm™ ' are attributed to the strong CH; stretching mode.
The band at 1680 cm™" was assigned to the ester vibration
mode.* The characteristic vibration bands at 1680 cm™" cor-
responded to the amide stretching vibration modes, as shown
in Fig. 2b(A). Fig. 2b(B) shows the Raman spectrum of PTX- and
7-HC-loaded nanocarrier and vibration bands appeared at 278,
293, 309, 340, 366, 392, 926, 952, and 1066 cm ™. This reveals
the durable hydrophobic nature and hydrophobic interaction
between nanocarrier and drugs.

The thermal stability and decomposition of the unloaded
and PTX- and 7-HC-loaded nanocarrier were characterized by
TGA. Fig. 2c reveals PTX- and 7-HC-loaded nanocarrier

This journal is © The Royal Society of Chemistry 2020

degradation occurs as a multistep process compared with the
nanocarrier alone. Thermal stability is a powerful force of
molecules for bond energy and interactions. The TGA curve
shows a slight decrease in the range of 25-35 °C and corre-
sponds to the elimination of moisture in the nanocarrier
(Fig. 2¢(A)). The 2nd stage of weight reduction is from 150 to
165 °C due to CO and CO,,** and the third stage of weight loss
from 320 to 350 °C is related to the decomposition of ester and
amide linkages. In contrast, from the weight loss of PTX- and 7-
HC-loaded nanocarrier, it was found to have a higher thermal
stability compared to the unloaded nanocarrier. At a tempera-
ture of 210 °C, the mass had reduced by 85% in the carrier,
followed by a gradual reduction of weight at 400-500 °C

(Fig. 2¢(B)).
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pyrene as a function of nanocarrier concentration, and (B) the CMC in an aqueous medium is determined to be about 0.6 mg mL™%.

Determination of self-assembly of carrier formation

The assistance of NADES enabled the synthesis of the NADES-
based biotin-conjugated solid-liquid polymer nanocarrier
through self-assembly. Here, the biotin-conjugated solid-liquid
polymer nanocarrier acted with hydrophilic character and
NADES with hydrophobic character, and it was a self-assembled
from a solid-liquid polymeric system by dialysis. The self-
assembling of the NADES-based biotin-conjugated solid-
liquid polymer system was confirmed through critical nano-
carrier concentration using pyrene as a fluorescent probe. The
first and third shift of the NADES-based biotin-conjugated
solid-liquid polymer nanocarrier (0.1 mg mL™") was found in
the range of I39¢/I44s, respectively. The final concentration of the
NADES-based biotin-conjugated solid-liquid polymer nano-
carrier (0.9 mg mL™") was observed at I5;,/I,4,. The shifting of
the higher region to lower one by changing the concentrations

36996 | RSC Adv, 2020, 10, 36989-37004

confirmed the amphiphilic polymer changes (Fig. 2d). The CMC
value of NADES-based biotin-conjugated solid-liquid polymer
nanocarrier was identified in the aqueous medium and
observed at 0.6 mg mL ™.

Surface morphological analysis

The size determination and morphological characterization of
the nanocarrier were conducted by SEM and TEM instru-
mental techniques (Fig. 3a). The surface feature of the carrier
system can enhance the bio-distribution and pharmacoki-
netics of drugs in biological systems, and it has a vital role in
the treatment of the diseases.”” Fig. 3a(A) shows that the
nanocarrier is spherical, its size is increased with the incor-
poration of drugs and it is semi-crystalline. The SLN particle
observed in the SEM image showed that the NADES liquid was
covering to stabilize of the solid particle, and the solid portion

This journal is © The Royal Society of Chemistry 2020
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nanocarrier.
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was highly dense in the drug-loaded SLN system (Fig. 3a(B)).
Furthermore, the PTX- and 7-HC-loaded nanocarrier was
spherical, and the size of the particle increased due to the
charged drug molecules. Fig. 3a(C and D) show representative
TEM images of the nanocarrier, the particles of which are
spherical with a mean particle size of 200-300 nm; this
correlates well with the SEM images.

Particle size analysis and zeta potential determinations

The surface charge and particle size of the unloaded and PTX-
and 7-HC-loaded SLN system were tested using DLS, and the
results are presented in Fig. 3b. The zeta potential was observed
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at —3 + 0.5 mV and —0.2 £ 0.5 mV for unloaded and PTX- and 7-
HC-loaded SLN systems, respectively. From these observations,
drug-loaded SLN had enhanced stability over the unloaded
carrier, due to the interaction of the drugs and carrier mole-
cules. The observed zeta potential was nearly zero (Fig. 3b(A and
B)). The surface charge of the nanocarrier has a meaningful
relevance for biological applications for stability, interaction
with cells, and also tissues.** The size distribution of the
nanocarrier was observed in the range of =240 nm for the
unloaded and =290 nm for the loaded carrier. This indicated
that molecule size expanded as PTX and 7-HC were incorpo-
rated in the nanocarrier (Fig. 3b(C and D)).
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Fig. 4 UV-visible spectroscopy showing (A) encapsulation efficiency and (B) percentage encapsulation efficiency of PTX- and 7-HC-loaded
nanocarrier. In vitro drug discharge status of PTX- and 7-HC-loaded nanocarrier at (C) pH 2.8, (D) pH 5.5, and (E) pH 7.4. (F) Cumulative drug

release pattern over 320 min.
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In vitro release

The in vitro drug release profiles of anticancer drugs discharged
from the nanocarrier were investigated for solutions at different
pH by UV-visible spectroscopy (Fig. 4). The variation of drug
release at different pH indicates that the carrier has pH-
dependent drug release. At an acidic pH, a burst in drug
release was observed when compared with other pH values. At
PH 2.8, 27.47% drug release was observed in the first 30 min. On
the other hand, at pH 7.4, only 8.79% was released from the
carrier. The drug was released from the nanocarrier for up to
320 min, with a maximum drug release at an acidic pH of 2.8
(97.0%) compared with a pH of 7.4 (89%) and pH 5.5 (92%)
within 320 min. Burst releases followed by the increasing drug
discharge pattern of the drugs from the carrier in a strongly
acidic solution could be due to the amine group and ester easily
protonating the nanocarrier in a strongly acidic environment
compared with a nearly neutral pH solution.

100 pm

In vitro cell cytotoxicity

The cytotoxic effect of SLN systems was estimated using
a normal fibroblast cell line (L929) and a breast cancer cell line
(MDA-MB-231) through the MTT assay for 24 h with various
concentrations. The treatment of unloaded SLN and PTX- and 7-
HC-loaded SLN system retains cell viability in the normal
fibroblast cell line (ESI Fig. 8At), with quantitative cell viability
being shown in Fig. 5A. ESI Fig. 8Bf shows the viability of MDA-
MB-231 cells treated with unloaded and PTX- and 7-HC-loaded
SLN. Viability decreased at a concentration of 100 pg mL ™", i.e.,
increased cell death was noticed when compared with the
nanocarrier at lower concentrations; the cell cytotoxicity value
of various concentrations is presented in Fig. 5B.

Cellular uptake studies

MDA-MB-231 breast cancer cells were cultured and treated with
the PTX- and 7-HC-loaded SLN system for 24 h (Fig. 6).

Fig. 6 Confocalimages of MDA-MB-231 cancer cells incubated with PTX- and 7-HC-loaded SLN system at 27 °C for (A) 1 h, (B) 5 h, (C) 10 h, (D)
15 h, (E) 20 h, and (F) 24 h. White arrows indicate the presence of PTX- and 7-HC-loaded SLN around nuclei.
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Fluorescence images were observed after 1 h, 5 h, 10 h, 15 h,
20 h, and 24 h. As the treatment time increased, fluorescent
intensities increased, which is due to a higher uptake of PTX-
and 7-HC-loaded carriers via receptor-mediated endocytosis.
The fluorescence signal was very strong, and co-localization
around the nucleus (white arrow) was observed at 20 h and
24 h in the PTX- and 7-HC-loaded SLN system-treated samples.

In vivo studies

Lysosomal enzymes. Fig. 7A presents the levels of lysosomal
marker enzymes such as acid phosphatase, B-b-glucosamini-
dase, and cathepsin-D in plasma and mammary tissue of
control and treated rats.

Effects of PTX- and7-HC-loaded SLN on caspase-3, -8 and -9
activities. To elucidate cell death induced by PTX- and 7-HC-
loaded SLN, the possible involvement of caspases was
assessed (Fig. 7B).
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Histological studies. The histological sections of breast
tissue and liver tissue of DMBA-induced breast cancer in rats
treated with 5 mg per g b.wt of PTX- and 7-HC-loaded SLN are
shown in Fig. 8. In both the liver and the mammary tissue
sections, the loaded SLN-treated animals showed normal and
healthy architecture when compared to the other groups.

Discussion

The SLN size was chosen based on tissue penetration, pro-
longed persistence in the bloodstream thereby avoiding renal
filtration, and also better effectiveness for cancer therapy. As
a result, the swelling behavior increased as the pH decreased.
Moreover, the NADES-based biotin-conjugated solid-liquid
polymer, after arriving at the targeted cancer cells, will be
degraded by lysosomal enzymes that are abundant in cancer
cells. The primary role of these enzymes is the degradation of
ester and amide bonds. In this system, the drug carrier has both
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(B and C) Effect of PTX- and 7-HC-loaded nanocarrier on lysosomal marker enzymes. Group |, control; group Il, cancer induced; group Ill,

SLN unloaded treated; group IV, SLN loaded treated. Each value is expressed as the mean + SD for six rats in each group. Significance compared
to group | is shown as *P < 0.05. (A) Effect of PTX- and 7-HC-loaded nanocarrier on caspase-3, -8, and -9. Group |, control; group Il, cancer
induced; group lll, SLN unloaded treated; group IV, SLN loaded treated. Each value is expressed as the mean 4 SD for six rats in each group.
Significant difference as compared to group | shown as *P < 0.05.
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Fig. 8 Histological sections of mammary tissue of DMBA-induced breast cancer in rats from (A) control, (B) cancer induced, (C) SLN unloaded
treated, and (D) SLN loaded treated. Liver sections of DMBA-induced breast cancer in rats from (E) control, (F) cancer induced, (G) SLN unloaded

treated, and (H) SLN loaded treated.

amide and ester bonds. The amide bonds found in the NADES
will allow the lysosomal enzymes to simply degrade the biotin-
conjugated solid-liquid polymer in cancer cells.** Thus, it will
help the release of drugs into cancer cells. The cell cytotoxicity
effect of the PTX- and 7-HC-loaded SLN is due to a high negative
surface charge that eases the binding on the surface of cancer
cells, thereby damaging the cell walls and altering adenosine
triphosphate (ATP) production. Cell wall damage is the most
significant determinant of the cytotoxic activity due to the
strong electrostatic interaction involving the negatively charged
polymer carrier and the positively charged cell membrane.*
Based on the cell uptake properties of the drug-loaded poly-
meric micelles, this suggests that PTX and 7-HC present in the
nanocarrier interact with DNA and damage the nuclear
membrane of cancer cells.*® From this, it could be seen that
there are changes in the tumor volume and body weight, which
are shown in Table 3. In cancer rats, the body weight was
decreased (P < 0.05) as compared to the control rats. In PTX- and
7-HC-loaded SLN system-treated rats, the body weight was
notably recovered and also the tumor size significantly reduced
the cancer-induced and unloaded
nanocarrier-treated rats. The lysosomal enzyme activities were

as compared with

significantly elevated (plasma and mammary tissue (P < 0.05)) in
group II animals when compared with the controls. This may be
due to the abnormal release of lysosomes in cancer conditions.
Also, the elevated levels could reflect the increased synthesis
and secretion of lysosomal enzymes by tumors.*® Due to the
treatment with PTX- and 7-HC-loaded SLN system in group IV
animals, the enzyme levels decreased to near normal.

In most cases, different anticancer agents eventually mediate
a common apoptotic pathway through the activation of cas-
pases. The enzymatic activity of caspase-3, -8, and -9 in the PTX-
and 7-HC-loaded SLN-treated rats increased significantly.
Otherwise, group II is a cancer-induced cell line. After that, the
induced cell line was incubated with polymeric micelles, which
gradually increased in group III due to the SLN's functional
group activity in the cancer cell line. On the other hand, the
caspase levels in the SLN-treated group remain unchanged. This
reflects that the treatment with PTX- and 7-HC-loaded SLN leads
to a strong cleavage of the biotin targeted molecules. However,
the targeted drug delivery of PTX- and 7-HC-charged SLN to
tumor cells excellently enhanced the apoptosis-induced cell
death. The histological sections of PTX- and 7-HC-loaded SLN-
treated rats reveal the presence of atrophy of seromucous

Table 3 Effect of nanocarriers on body weight and tumor volume in control and experimental rats®

Body weight Group I Group II Group III Group IV
Initial 199.5 £ 8.26 197.8 £ 2.99 198.6 £ 5.39 195.6 £ 5.81
Final 239.5 £+ 4.33 210.1 + 3.98%* 212.7 + 4.85%* 243.2 £9.21
Tumor volume — 4502 + 380* 4289 + 403* 2954 + 335
(mm?)

¢ Group I, control; group II, cancer induced; group I1I, SLN unloaded treated; group IV, SLN loaded treated. Each value is expressed as the mean +
SD for six rats in each group. Significance as compared to group I shown as *P < 0.05.
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glands with surrounding stromal fibrosis, fatty tissue with small
lobules, and tumor regression. DMBA-induced rats showed
tumors composed of hyperchromatic, pleomorphic, vesicular
nuclei, and moderate cytoplasm arranged in nests, sheets, and
acinar structures with numerous mitotic structures. Based on
the results, the PTX- and 7-HC-loaded SLN can reduce side
effects. Ultimately, histological studies of the SLN and PTX- and
7-HC-loaded SLN did not reveal any abnormal morphological
change to the mammary tissue and liver, further showing that
they are safe for therapeutic use due to the PEG corona pro-
tecting against protein absorption with highly stable SLN and
PTX- and 7-HC-loaded SLN, while the PEGylated surface led to
an uptake in the liver.

Conclusion

A novel approach in advanced cancer prevention and treat-
ment includes the use of SLN systems for anticancer drug
delivery. A PTX- and 7-HC-loaded SLN was synthesized for the
first time with a green solvent as a promising novel drug
delivery system for the enhancement of the therapeutic index
of cancer cells. The unloaded and PTX- and 7-HC-loaded SLNs
were characterized in terms of size and crystalline properties.
The higher toxicity of PTX- and 7-HC-loaded SLN system was
observed by MTT assay, which promoted MDA-MB-231 cell
death. The effect of PTX- and 7-HC-loaded SLN on cell viability
was investigated with MTT assay and also by morphological
observations. The decreased cell viability observed in this
study could be due to direct inhibition of cell growth by PTX-
and 7-HC-loaded SLN. Apoptosis was included in cell death
mechanisms observed in breast cancer-induced rats. Treat-
ment with PTX- and 7-HC-loaded SLN system elevates caspase
levels that stimulate cell death mechanisms and damage
tumor tissue. From these results, it is clear that the synthe-
sized PTX- and 7-HC-loaded SLN system is highly valuable in
preventing cancer cell proliferation. It is concluded that the
PTX- and 7-HC-packed SLN system might be a potential
candidate for breast cancer treatment and also which can
improve the treatment of incurable diseases. Additional
studies are suggested for estimating the effect of these nano-
carriers on other cell death mechanisms.

Abbreviations

NADES Natural deep eutectic solvents

SLN Solid-liquid nanocarrier

NMR Nuclear magnetic resonance

FTIR Fourier-transform infrared spectroscopy
TGA Thermogravimetric analysis

XRD Powder X-ray diffraction

DLS Dynamic light scattering

SEM Scanning electron microscopy

TEM Transmission electron microscopy

PTX Paclitaxel

7-HC 7-Hydroxycoumarin

MDA-MB-231 M. D. Anderson and metastasis breast cancer
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LA Lactic acid
b.wt Bodyweight
DMBA 7,12-Dimethylbenz[a]anthracene

DDSs Drug delivery systems
ILs Ionic liquids

DESs Deep eutectic solvents
DD water Double-distilled water
ATP Adenosine triphosphate
RT Retention time
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