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1. Introduction

Poor solubility, bioavailability, physiological, physicochemical, and pharmaceutical barriers
are major problems allied with free drugs. Besides these limitations, multiple drug resistance
is a major challenge associated with them. All these limitations could be overcome through the
novel material-based system comprising a ligand-based liposomal formulation of drugs, which
has shown great promise in recent years [1]. Ligand-based drug delivery construct has the
potential to accumulate more drugs inside the targeted cells through receptor-mediated
endocytosis [2]. Cancer cells overexpressed the lectin-like receptor having greater affinity to
the carbohydrate moieties [3]. To date, different carbohydrate moieties have been used as a
ligand to target the receptor expressed on the cancer cells. During glycosylation, cancer cells
over-expressed the receptor for various carbohydrate molecules greatly, for instance, fucose,
galactose, mannose, etc. [3,4,5]. The glycans when coupled with several drug-loaded
nanocarriers result in the formation of glycosylated transporter. This comprises an anchored
ligand that helps in the faster intake of drugs inside the cancer cells through receptor-mediated
endocytosis [6,7]. Consequently, developing a monosaccharide N-Acetyl-D-glucosamine
(NADG)-anchored material system could be a potential approach for the effective transport of
drugs to the cancer cells. Numerous malignant cells, including MCF-7, overexpressed the lectin
receptor greatly compared to the normal cells on their surfaces, which has been well
documented [8]. The NADG has a high affinity for lectin molecules and specifically binds to
these molecules [9]. Hence, the MCF-7 cells can be used as a model system to demonstrate the

lectin receptor-mediated endocytosis.

In view of this, the delivery of anti-cancer drugs upon loading in the diverse delivery
vehicle has been investigated. In general, micelles [10], microspheres [11] liposomes, [12],
nanoparticles [13], and dendrimers [14] have been employed as drug delivery vehicles. Nano
lipid-based carriers (NLBCs) have emerged as the most facile and efficient vehicle to overcome
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the physicochemical and physiological barriers. Moreover, this type of material could also
shield the drug from elimination in the circulatory system and have acceptable regulatory and
safety profiles. Also, NLBCs have unique characteristics such as biocompatibility,
biodegradability, controlled drug release, and the small particle size ranges from 50 nm to 1000
nm [15]. Hence, these criteria qualify NLBCs to be a potent drug carrier for cancer theranostics

as a whole.

Several kinds of research regarding polyaminoacid-coated liposomes delivery have
been reported that has been administered intravenously [16,17]. The main reason for using
poly-amino acid coating on the surface of liposomal vesicles is to facilitate the prolonged
circulation in the blood and provide the platform through which the ligand is coupled.
Moreover, it also helps in the precise release of drugs from liposomes and stabilizes the
liposomal structure [18]. Hence, in the present study, poly-L-lysine are coated with NLBCs

through a charge interaction method.

Free radicals are important molecules present during cell damage, which can be
generated either through normal cell metabolism or external sources (pollutants, smoke, heavy
metals, herbicide, pesticides, etc.). In living cells, certain enzymes, e.g., xanthine oxidase,
amino acid oxidase are responsible for generating the free radicals. However, oxygen
molecules can also react with certain organic molecules non-enzymatically during oxidative
phosphorylation and generate free radicals [19]. The scavenging activity of antioxidants can
inhibit free radicals produced from the oxidation reaction of molecules. Antioxidants are one
of the most frequently used anti-cancer agents and have been used for such purposes in recent
years [20]. In view of drug transport for cancer remedies, Quercetin (Q) has the major potential
for antioxidant activity [21]. In the present investigation, we constructed a nano biomaterials-
based carrier for drug delivery. The Q is loaded inside the core and the subsequent layer of
NLBCs. Poly-L-lysine is anchored on the surface of NLBCs through charge interaction, and
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the NADG is coupled to poly-L-lysine through classical bioconjugation chemistry-based cross-
linking [22]. Moreover, the in vitro cell viability of NADG-Q-NLBCs was critically examined,
and the effects were compared with the free Q and NLBCs. In a previous study, the
effectiveness of biopolymer-mediated drug delivery on MCF-7 cells was reported [23]. Fig.
2.1 shows the schematic representation of the N-acetyl-D-glucosylated Q-loaded NLBCs

fabrication process and its interaction with the cancer cell.
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Figure 2.1. Schematic representation of the synthesis of N-acetyl D-glucosylated Q-loaded
nano lipid-based carrier and its cellular internalization through receptor-mediated endocytosis.

2. Materials and methods

2.1. Materials

Soya lecithin (PC), Poly-L-lysine, and N-acetyl-D-glucosamine were obtained from Merck.,
EDTA/trypsin, Quercetin, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

(MTT), fetal bovine serum (FBS), and chloroform were obtained from Sigma-Aldrich.
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Phosphate buffer, streptomycin, penicillin, and dimethyl sulfoxide were purchased from
HiMedia. EDC.HCL 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride and
NHS (N-hydroxysuccinimide) were obtained from Thermo Fisher Scientific. Breast cancer
cells (MCF-7) were obtained from NCCS (National Centre for Cell Sciences), Pune, India. The
rest of the solvents and reagents were either analytical or HPLC grade and were used without

any purification step.
2.2. Fabrication of Q laden NLBCs

A single emulsion solvent evaporation method with modification was used to fabricate NLBCs.
Briefly, soya lecithin (200mg) and Q (5.0 mg) were dissolved in 10.0 mL of chloroform at
65.4° C. The resulting suspension was kept over a magnetic stirrer at 1000 rpm for 10 min.
Subsequently, poly-L-lysine (12.0 mol%) was mixed into the solution and stirred for another
10 min at 1000 rpm to obtain the pure organic phase. The organic phase, containing lipid and
poly-L-lysine, was then added dropwise from a particular height (20.0 cm) through a syringe
into a preheated aqueous solution (5.0 % dextrose, 0.8% saline, and distilled water) under
magnetic stir at 1,000 rpm for 3 h. Further, the solution was allowed to sonicate using a probe
sonicator (model no. ATP-120, Hielscher Ultrasonics GmbH, Teltow, Germany) for 3 min
under the ice surrounding vessel. The fabricated lipid carriers were separated using
centrifugation at 7,828g for 20 min at 4.0° C. The obtained debris was carefully cleaned three
times with distilled water to remove unbound poly-L-lysine and free drugs. The obtained
suspension was kept at -80.0° C overnight, and the frozen dispersion was lyophilized
(Labcanco, catalog NO. 7740060, LABCONCO Corporation, Kansas City, MO, USA) for

further use.
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2.3. Preparation of N-acetyl-D-glucosylated Q-loaded NLBCs

NADG was anchored to the surface of NLBCs modified with poly-L-lysine through EDC/NHS
cross-linking. In this method, first, the ring structure of NADG was opened and further cross-
linked with poly-L-lysine through the EDC/NHS bioconjugate chemistry [24,25,26,27,28]
which results in the formation of an amide bond. In the first step, NADG (8.0 uM) was added
in 0.2 M sodium acetate buffer (pH 4.0) at 65.0°C. Next, the poly-L-lysine coated NLBCs
formulation was added, followed by the addition of EDC/NHS (2:1) to the mixed suspension,
and the formulation was kept on the magnetic stirrer for 8 h at 1000 rpm. This leads to the
conjugation of NADG to the NLBCs modified with poly-L-lysine, and the resulting solution
was subjected for centrifugation at 7,828g for 15 min under 4.0°C. The obtained precipitate
was cleaned with distilled water twice to remove the unbound NADG. The resulting nano-
bioconjugate was stored overnight at -80.0°C followed by freeze-drying through a lyophilizer.

Fig. 2.2 shows the chemical reaction for NADG conjugation with poly-L-Lysine.
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Figure 2.2. Chemical reactions for N-acetyl D-glucosamine with Poly-I lysine
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2.4. In vitro fluorescence study using lectin-NADG nano-bioconjugate

The fluorescence analysis of lectin in the absence and presence of NADG was investigated
using the FP-8300 fluorescence spectrophotometer (Spectroscopy Scientific NZ Ltd.,
Christchurch, New Zealand). The spectrophotometer was equipped with a Xe arc lamp (150
W), and monochromatic light passed through quartz (fluorescence-free) of path length 1.0 cm
at the physiological temperature. Before recording the fluorescence spectra, the lectin-NADG
solution was incubated for 10 min for all the titration experiments. The fluorometric titrations
of lectin (1.0 x 10% M) were started with NADG (1.0 x 10° M). The fluorescence spectra were
recorded with the incremental addition of NADG between 5.0 x10® M and 4.0 x10" M. The
lectin molecules were stimulated at 280 nm at room temperature. The emission spectra were
collected between 290 nm and 410 nm (pH 7.2). We have also evaluated the interaction
between lectin-NADG quantitatively to verify the stability of the developed lectin-NADG
nano-bioconjugate using these fluorescence signals. We have numerically evaluated the

binding between lectin molecules and NADG using equation (1).
log (Fo-F)/F=log K+ n log [NADG] vennEq 1

In the equation, Fo is denoted for the fluorescence intensity of free lectin molecules, whereas F indicates
fluorescence intensity on the progressive addition of NADG. K denotes the binding constant, and n

represents the binding site
2.5. Encapsulation efficiency and percentage of drug loading

The encapsulation efficacy of Q in Q-NLBCs and NADG-Q-NLBCs was determined by the
amount of unattached Q present in the solution using the dialysis technique [21]. The standard
formulation and developed nano-bioconjugates were transferred into a dialysis tube (MWCO
10000 Da) in separate experimental settings. They were kept on a magnetic stirrer to allow the

dialysis at 60 rpm for 1 h against double distilled water. Sink condition was maintained
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throughout the dialysis to remove the unencapsulated drugs from the carrier. The sample was
then centrifuged for 20 min at 17,6159 to separate the pellet and the supernatant. The pellet
was collected and cleaned thoroughly with distilled water three times. The washed debris was
kept overnight at -80.0°C and subsequently freeze-drying using a lyophilizer. Lyophilized
powder of Q-NLBCs and NADG-Q-NLBCs was dissolved in chloroform separately vortexed
for 2 min after centrifugation at 1,957g for 15 min. A membrane (0.45 pm) was used to filter
the supernatant, and the filtered supernatant was poured into HPLC vials (Merck), loaded into
the HPLC system (HITACHI D-6500, Hitachi Ltd., Chiyoda-ku, Tokyo, Japan) for
quantification of Q entrapped within the Q-NLBCs and NADG-Q-NLBCs. Drug encapsulation
efficiency (EE%) and percentage of drug loading (DL%) in both systems were numerically

calculated using equation (2) and equation (3), respectively.

EE(%) = Amount of Q added — Amount of Q in the collected sample w100 e Eq. 2
%) = Amount of Q added
Mass of
DL(%) = Q w100 e Eqg. 3

Mass of particles

2.6. Scanning Electron Microscopy (SEM) Imaging of nano-bioconjugate

The surface morphology of Q-NLBCs and NADG-Q-NLBCs was studied using SEM (Evo-
Scanning Electron Microscope MA15/18, Carl Zeiss Microscopy LTD, Jena, Germany). The
SEM was operated with an accelerating voltage of 26.00 kV. In brief, 10.0 ul suspension of Q-

NLBCs and NADG-Q-NLBCs was taken on the rectangular slide and allowed to dry
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separately. The samples were then gold-coated to allow conductivity. Subsequently, the

conductive sample was kept on a copper stub before obtaining the images.
2.7. Analysis of particle diameter and charge distribution

Dynamic Light Scattering (Zeta Nano S Red badge, Malvern Panalytical Ltd. Worcestershire,
United Kingdom) was used to determine the diameter and the charge of Q-NLBCs and NADG-
Q-NLBCs in an aqueous solution. In brief, suspension of Q-NLBCs, and NADG-Q-NLBCs
were individually diluted twelve times with solvent. The diluted suspension was then placed
under a probe sonicator and allowed to sonicate for 2 min at 40.0 % amplitude under the ice
surrounding vessel. Sonicated sample was placed in polystyrene cuvettes, and the size of the

particle (nm) was analyzed at a fixed angle of 90° at room temperature.
2.8. Infrared spectroscopy (IR) characterization of nano-bioconjugate

An infrared spectrum of Q-NLBCs and NADG-Q-NLBCs was examined with IR (Nicolet iS5,
Thermo Electron Scientific Instruments LLC, Madison, USA) to confirm the numerous
functionalities (OH, CH, POs*, NH2, NH-CH,) intact with them. Briefly, 13.0 mm pellets were
prepared using a hydraulic press (HP-15-TM; HP-mini), generating 15.0 tons of force. While
preparing the pellets, the dried samples of Q-NLBCs and NADG-Q-NLBCs were loaded
separately with the IR grade KBr (potassium bromide). Subsequently, the prepared pellets were

scanned starting from wavenumber 4000 cm™ to 400 cm™ and data were recorded.
2.9. X-ray diffractometry (XRD) characterization of nano-bioconjugate

XRD (Rigaku SmartLab 9kW Powder type, RIGAKU Corporation, Tokyo, Japan) was
conducted to study the crystal or polycrystalline structure of NLBCs, and NADG-Q-NLBCs.
A Cu Ka radiation source, operating at 30kV/15mA was used. Diffractogram was obtained by
X-ray scanning starting from initial angle 20 = 2° to 20 = 90° at a scanning speed of 2° min™.

All the parameters during the experiment were fixed at room temperature.
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2.10. In vitro drug release study of nano-bioconjugate

The in vitro drug release investigation was undertaken to assess the percentage of drug release
following lipid degradation. This is one of the most important in vitro experiments that may
provide the information of drug release patterns that can be a basis for treating the nano-
bioconjugate in the cellular system. Briefly, 5.0 mg of NADG-Q-NLBCs formulation was
dissolved in 2.5 mL of PBS at the physiological pH. Subsequently, the suspension was poured
inside the dialysis tube with a molecular cut-off of 10,000 Da. Dialysis was performed using a
sterilized beaker in 150.0 mL of PBS where the dialysis tube was placed horizontally, and the
system was maintained at 37.0°C at 100 rpm for 200 h. A portion of the sample was collected
and replaced with the same portion of the PBS at regular intervals. The collected sample was
stored separately. The UV-spectrophotometer was used to quantitatively estimate the
amount of drug release using the standard calibration plot of the drug obtained at 510 nm

(figure not shown).
2.11. Cell culture and assessment of in vitro cell toxicity

MCF-7 cells were cultivated in DMEM (Dulbecco’s Modified Eagle Medium) accompanied
with 10.0 % fetal bovine serum (FBS), 2.0 mM glutamine, 100 U/mL penicillin, 100 U/mL
streptomycin, 1.0 mM sodium pyruvate, and 50.0 puM 2-mercaptoethanol. Cells were
maintained in a Forma™ steri-cycle™ CO, incubator (P 190, LEEC Ltd., Nottingham, UK)
with the atmospheric condition of CO, (5.0 %) at 37.0 °C. Next, the cell toxicity of the
developed nano-bioconjugates was evaluated using the MCF-7 cells by the MTT assay. In a
multi-well plate, cells were cultivated at a density of 4x10° cells/well and cultured for 24 h.
The cells were further seeded in the 12-well plate with the fresh media. To validate the results,
treatments were given in five separate experiments where each group contained NLBCs, free

Q, and NADG-Q-NLBCs. The Q concentration in the first, second, third, fourth, and fifth set
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of experiments was 2.0, 4.0, 6.0, 8.0, and 10.0 pg/mL, respectively. To confirm the role of
nano-bioconjugate, the same Q concentrations were loaded while preparing the NADG-Q-
NLBCs. The treated cells were incubated in the CO> incubator at a 5.0 % CO> concentration
for 48 h for all the experiments. Subsequently, cells were washed twice with distilled water to
separate the residual amount of the NLBCs, free Q, NADG-Q-NLBCs in the respective
experiments. Cells were further treated with freshly prepared 12.0 pl of MTT in PBS (5.0
mg/mL) and kept in the incubator for 4 h at 37.0°C. After that, cells were dissolved in DMSO
to dissolve the formazan crystals, and the calorimetric analysis was performed to estimate the

viable cells at 595 nm.

2.12. Testing of statistical significance
Analysis of variance was made to assess the findings of the experiment. One-way analysis of
variance compares the mean of two or more than two groups and check the null hypothesis.
The experiment was performed in replicate. Values are reported as (mean + standard error) and

significance level as (""p< 0.001, “p<0.01 and “p<0.05).
2.13. Flow cytometry analysis

Annexin V conjugated with FITC and PI solution were used to distinguish the early and late
apoptosis cells induced by NLBCs, Q-NLBCs, and NADG-Q-NLBCs. Briefly, cells were
cultured at a cell density of 1x10° cells/mL after being harvested. Further, cells were grown in
a multi-well plate with a fresh medium containing NLBCs, Q-NLBCs, and NADG-Q-NLBCs
at 10.0 pg/mL Q concentration. The multi-well plate was kept in the incubator for 48 h; then,
the cells were washed twice to remove the residual amount of NLBCs, Q-NLBCs, NADG-Q-
NLBCs. After washing, the cells were allowed for cold trypsinization and were harvested using
centrifugation. These cells were washed twice to remove the trypsin and resuspended in

binding buffer (1X). Consequently, the annexin V conjugated with FITC and propidium iodide
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solutions were sequentially added to the cells following the incubation for 30 min at 25.0°C in
the dark. The percentage of viable, apoptotic (early and late), and necrotic cells was calculated
using a flow cytometer (BD LSR Fortessa TM San Jose, BD biosciences, CA, USA). The
annexin-V-PI staining was analyzed using the FL-2 or FL3 channel, acquiring 20,000 events

for each sample.
3. Results and Discussion
3.1. Fluorescence studies

Fluorescence studies were performed initially to validate the interaction between the lectin
molecules and NADG. For this purpose, standard solutions were prepared, and interaction was
studied in a dose-dependent manner (Fig. 2.3a). In fluorimeter, the fluorescence emission from
aromatic amino acids intact in the core of lectin molecules is recorded when excited at a
particular wavelength. The reduction of the fluorescence intensity of aromatic amino acids
interprets their conformational changes. The quenching of the fluorescence intensity results
from NADG binding with lectin molecules. The lectin molecules emit a fluorescence signal at
Amax =325 nm once excited at A =280 nm (red curve). The emission strength of lectin molecules
was reduced progressively when NADG was added gradually at an increasing concentration

(blue curves).

A graph was plotted between log (Fo— F)/F along Y-axis and log [NADG] along X-axis
(Fig. 2.3b) which shows the correlative relationship and represents the regression equation as
follows: log (Fo-F)/F=6.823 £ (0.349) + 1.107 + (0.052) [log (NADG)] with the correlation
coefficient (R?) of 0.98. The slope and intercept values reflect the binding site and binding
constant. The binding constants K and binding site n (lectin-NADG complexes) at

physiological pH were recorded to be 6.823 +0.349 Mt and 1.107 + (0.052), respectively. The
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above results confirmed that lectin has an affinity for NADG in experimental settings. The

NADG has been further utilized for the theranostics application in the present study.
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Figure 2.3. Fluorescence spectroscopy emission spectra of the lectin-NADG complex. (a)
Emission spectra of lectin reduced on gradual addition of NADG. The red curve elucidates the
concentration of lectin whereas the blue curve indicates a decrease in fluorescence intensity of
lectin on the reaction between 5x10® and 6x107 M of NADG. (b) Logarithmic plot of the

lectin-NADG system at room temperature.

3.2. Encapsulation of drug content and drug loading

In the next step, the drug encapsulation and loading capacity were calculated for the final nano-
bioconjugate (NADG-Q-NLBCs) in the system and compared to the lone NLBCs
consecutively. The drug content encapsulated within Q-NLBCs and NADG-Q-NLBCs was
evaluated using HPLC and was found to be 81 + 1.72 % and 69 + 2.60 %, respectively. The
details of the detected contents for the triplicate analysis for Q-NLBCs and NADG-Q-NLBCs
have been represented in Table 2.1. In addition, drug loading percent was found to be 19.23 +
1.4% and 16.43 + 2.6 % for Q-NLBCs and NADG-Q-NLBCs system, respectively. The greater
efficacy of drug content encapsulated within NLBCs is most likely due to the
entrapment/adsorption of the drug at the surface of poly-L-lysine. The efficacy of drug content

encapsulation was decreased for NADG-Q-NLBCs, possibly due to the dissociation of some
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functionalities in the acetate buffer. It has already been discussed that the drug content
encapsulation efficiency is dependent on the composition of lipid and the binding energy [29].
In the work of Garg et al., 2016, drug content encapsulation of 87.8% (methotrexate-laden lipid
nanocarriers) and 84.3% (fucose-conjugated methotrexate-laden lipid nanocarriers) was
reported [4]. Although the encapsulation efficiency is higher in these cases for other systems,
they may also suffer due to severe cytotoxicity, resulting in poor specificity in vitro testing.
Hence, a system synchronizing all the aspects, including high drug encapsulation, low

cytotoxicity, and targeted drug delivery, is of clinical interest [30].

Table 2.1. Determination of amount of Q in the designed nano-bioconjugate using HPLC

Standard Q Detected Unencapsulated
) . - Encapsulated
Sample Concentration concentration Q concentration efficiency (%)
(Mg/mL) (ng/mL) (ng/mL)
411.0 89.00
Q-NLBCs 500.0 405.0 95.00 81+1.72
398.0 102.0
351.0 149.0
NADG-Q-NLBCs 500.0 345.0 155.0 69 + 2.60
336.0 164.0

3.3. Morphological characterization of nano-bioconjugate

The morphological surface of Q-NLBCs and NADG-Q-NLBCs was studied using SEM
characterization, as shown in Fig. 2.4. In both cases, overall spherical structures were observed,
indicating the successful solid lipid carrier formulation using a single emulsion solvent
evaporation technique. In the case of Q-NLBCs, the spherical structures were smooth and
possessed a diameter in the range of 2.0 um (Fig. 2.4a). Upon addition of NADG onto Q-
NLBCs, the size became relatively larger (Fig. 2.4b). This was due to the attachment of NADG
onto the surface of Q-NLBCs, which assisted in the surface roughness and size increment. This
also indicates the successful conjugation of the NADG onto the Q-NLBCs to form NADG-Q-

NLBCs nano-bioconjugate.
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Figure 2.4. Scanning electron microscopy (SEM) photograph of the nano-bio material(a) Q-

NLBCs and (b) NADG-Q-NLBCs
3.4. Average particle diameter and charge distribution measurement

The average diameter of Q-NLBCs and NADG-Q-NLBCs was measured using a nanoparticle
analyzer. The particle size for Q-NLBCs was obtained to be 280 + 3.12 nm (Fig. 2.5a), while
in the case of NADG-Q-NLBCs, it was found to be 390 £ 2.44 nm (Fig. 2.5b). These results
in terms of the larger size of NADG-Q-NLBCs than merely Q-NLBCs complement the results
obtained using SEM. The average particle size of NADG-Q-NLBCs is greater than that of Q-
NLBCs, suggesting the NADG has successfully coupled with NLBCs. Further, the sizes
obtained through the zeta sizer vary with the sizes of particles obtained by SEM. One probable
reason for such a change in size is that the SEM governs individual particle size, whereas the
zeta sizer measures average particle size. Besides this, zeta sizer exposes the hydrodynamic
diameter in an aqueous solution, whereas SEM measures the morphological size in the solid-
state. The hydrodynamic diameter of the carrier is dependent on its concentration, henceforth,

we diluted the suspension of the Q-NLBCs and NADG-Q-NLBCs samples to facilitate the
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appropriate dispersion of the particles. Thus, the hydrodynamic diameter obtained using a zeta

sizer is of nanometer range (nm) appropriate for diverse biological applications [31].

Further, the surface charge for the final NADG-Q-NLBCs was calculated and compared
to the system comprising only Q-NLBCs. The surface charge of a nano-bioconjugate system
in the medium is a significant indicator of its stability. The zeta-potential value indicates the
collective positive charges on the two nano bioconjugates surface. The overall surface charge
was obtained to be 9.21 £ 0.74 mV and 11.22 + 0.98 mV for NADG-Q-NLBCs and Q-NLBCs
system, respectively. The absolute value of the positive charge is due to the amino group of
poly-L-lysine, which is further reduced by adding NADG. Due to the overall positive charge
of the carriers, their interactions with the cellular system may enhance and assist in the

development of a potent lipid-based theranostic module.
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Figure 2.5. Distribution of hydrodynamic diameter in (nm) for (a) Q-NLBCs and
(b) NADG-Q-NLBCs
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3.5 IR characterization of nano-bioconjugate

The IR spectrum of Q-NLBCs (red curve) and NADG-Q-NLBCs (blue curve) (Fig. 2.6) was
studied for the validation of numerous functionalities and their involvement in making bonds.
The lipid spectrum shows the characteristic peak of the functionalities CH2z, OH, and PO4*
following the reported bands of lipid [6,28,29,32]. In the spectrum of Q-NLBCs, sharp peaks
around 2915 cm, 3390 cm?, 1629 cm™ and 1047 cm are observed, corresponding to CH2,
OH, NH2, and PO.*, respectively. These peaks obtained around the signature regions were due
to the intrinsic functionalities of poly-L-lysine modified soya lecithin and Q in the tested
system. Further, the spectrum of NADG-Q-NLBCs revealed that spectra keep intact the
characteristic peaks due to CHz, OH, NHz, and PO4* with the shifted band, however, the
transmittance of the peak at 1629 cm™ got reduced. Moreover, a new peak is observed in the
spectra in the fingerprint region at 1425 cm™. This peak in the region is assigned to Schiff base
or secondary amine, which is the result of the reaction involved between aldehyde groups of
NADG and the surface-expressed amino groups of NLBCs. The ring-opening of NADG
resulted in the free form of the aldehyde group that further interacts with amino expressed
NLBCs. The shifting of the characteristics peaks to the higher wavenumber is a result of non-
covalent interactions between NADG and lipids, such as electrostatic interaction, hydrogen
bonding, Van der Waals forces, etc. These comparative analyses indicate the successful

formation of NADG-Q-NLBCs nano-bioconjugate.
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Figure 2.6. The infrared spectrum of Q-NLBCs and NADG-Q-NLBCs in the region of
4000-400 cm™.

3.6. X-ray characterization of nano-bioconjugate

X-ray diffraction studies were conducted for NLBCs and NADG-Q-NLBCs in separate
experiments to characterize the nano-bioconjugate further. The X-ray scanning was made over
20, extending from 2° to 90°. The diffractogram showed a characteristic broad peak at 26 =
23.9° which was merely due to the lipid in the composite [33] (Fig. 2.7a). In this case, it was
evident that the monomers used for NLBCs formulation were not in much-ordered form
resulting in an amorphous structure; hence a broader peak has been observed. The distribution
of diffraction peaks of the amorphous structure is due to the crystal's unstable states and the
lack of absolute positive and destructive X-ray interference in a finite-sized lattice [34].
Interestingly, when we examined the NADG-Q-NLBCs systems, two sharp peaks are observed
at 20 =26.5° and 20 = 30.2° (Fig. 2.7b). The above results hypothesize that sharp peaks at the
mentioned angles are due to the crystalline or ordered lipid bilayer. The crystallinity of the lipid

layer is attained as a consequence of Q entrapment inside the core of the lipid carrier [35]. The
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aforementioned characterization clearly suggests the drug Q is successfully entrapped in the

functionalized carrier that can be used for further application.
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Figure 2.7. X-ray diffractogram of (a) NLBCs and (b) NADG-Q-NLBCs between 26 = 2° to
20 =90° at a scanning speed of 0.03°/second.

3.7. Drug release kinetic

After characterizing the fabrication of the nano-bioconjugate and drug encapsulation, we
further investigated the drug release in PBS buffer. The drug release pattern from fabricated
nano-bioconjugate was studied for 200 h presented in Fig. 2.8. Zero-order and first-order
kinetic models were used to determine whether the drug release behavior is concentration-
dependent or independent [36,37]. The zero-order pattern was obtained when data were plotted
as cumulative percent drug release along Y-axis against time along X-axis (Fig.2.8a). To
achieve the first-order pattern, data were plotted as log remaining percent of drug release along
Y-axis against time along X-axis (Fig. 2.8b). The figures reveal that the drug release rate is
faster initially, followed by a relatively slow drug release from the carrier. This kind of drug
release behavior is obtained due to some drugs getting adsorb or making non-covalent
interactions at the surface, and the remaining drugs reside in the subsequent layers of the

NLBCs. During the process of lipids alignment to gain the solid structure, drugs are also
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Cumulative % of drug release ”

encapsulated in the core of lipid, which hampers drug release behavior. In order to achieve the
constructive drugs release pattern, the linear regression analysis was applied in the zero and
first-order plots as well. Based on effective drugs released from the nano-bioconjugates, the
two regression lines are best fitted in the kinetic models separately. Further, the regression
equations for the zero-order curve are expressed as: effective cumulative % of drug release up
t0 28.0 h (E) = 11.315 (+ 3.951) + 1.072 (x 0.205) [Time], and effective cumulative % of drug
release up to 200 h (E) = 39.825 (1.429) + 0.257 (x 0.010) [Time] with coefficient of
determinants (R?) of 0.945 and 0.988, respectively. Moreover, regression equations for the first
order curve are expressed as: effective cumulative % of drug release up to 120 h (DRe) = 1.859
(x 0.025) + - 0.004(x0.001) [Time], and effective cumulative % of drug release up to 200 h
(DRe) = 2.678 + (0.094) + - 0.010 (+ 0.001) [Time] with coefficient of determinants (R?) of

0.932 and 0.972, respectively.

Figure 2.8. Drug release kinetics of Q from NADG-Q-NLBCs (in vitro) in phosphate buffer
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he relatively higher R? value signifies that the model is best fitted for the zero-order kinetic

model, which means drug dissociation is a concentration-independent phenomenon. It can be

84



concluded from the above results that the multiple drug resistance can be controlled particularly

in the diverse biological system with such type of nano-bioconjugate.

3.8. MTT assay

MTT assay was accomplished to estimate the cell cytotoxicity induced by NLBCs, free Q, and
NADG-Q-NLBCs. In the experiment, MCF-7 cells were treated with five groups of inducers
(NLBCs, free Q, and NADG-Q-NLBCs), and the first to the fifth group, the Q concentration
was 2.0, 4.0, 6.0, 8.0, and 10.0 pg/mL. While in the formulation of NADG-Q-NLBCs, the Q
concentration was similar to that of taking in the free form of Q (Fig. 2.9). The NLBCs without
drug loading were taken as negative control (yellow bars), showing the maximum percent of
cell viability. The viability of the cells was found to be 96 + 1%, 97 + 1%, 97 + 2%, 98 + 1%
and 96 £+ 1% for NLBCs at 2.0, 4.0, 6.0, 8.0, and 10.0 pg/mL, respectively. Further, cells
induced with free Q at similar concentrations (blue bars), where the percentage of viable cells
observed was 91 * 1%, 85+ 2%, 79 + 2%, and 74 = 2%, 69 £ 2%, respectively. In the final
step, the NADG-Q-NLBCs nano-bioconjugate was tested under similar experimental
conditions (green bars), where interestingly the % viability was lowest and found to be 78+
2%, 74 £ 1%, 65 £ 2%, 58+ 2%, and 45 + 3%, respectively. It is suggested from the data that
the NLBCs are biocompatible and suitable for in vitro applications. However, NADG-Q-
NLBCs showed significant cell toxicity at all the concentrations of Q, but the ‘value of
significance’ is increased at a higher concentration (10.0 ug/mL) of Q in the system. The
enhanced efficacy mechanism of cell toxicity of NADG-Q-NLBCs results from ligand NADG
binds to the specific receptor lectin expressed on the cell surface of the MCF-7. The above
results indicate that NADG-Q-NLBCs are the more effective carrier for accumulating Q inside
the cells in a site-targeted manner. Further, we also evaluated the effect of inducers (NLBCs,
free Q, and NADG-Q-NLBCs) on the non-cancer cells in the group at similar concentrations
to assess their cell toxicity. The results suggest that the percent of cell viability was increased
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for nanoformulation compared to free Q. In contrast, the percent of cell viability was found to
be maximum for NLBCs formulation (figure not shown). In the comparison, the nano-
bioconjugate does not accumulate the Q inside the non-cancer cells through receptor-mediated
endocytosis. The lacking of the mechanisms mentioned above of cellular intake of the drugs

may support the low expression of lectin receptors on the surface of the non-cancer cells [38].
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Figure 2.9. Cell toxicity studies on MCF-7 cells (in vitro). The histograms represent the %
cell viability against NLBCs, free Q, and NADG-Q-NLBCs for five different concentrations at

the cell's density of 4x10° cells/well. Values are reported as (mean + standard error) and
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significance level as ("“p< 0.001, “p<0.01 and “p<.05). All experiments were performed in

triplicates.

3.9. Analysis of cell apoptosis

It is known that apoptosis causes lipid irregularity, resulting in phosphatidylcholine and
phosphatidylserine being exposed at the surface of apoptotic cells. Cells expressing
phosphatidylserine at their surface are recognized and eliminated by the process of
programmed cell death. Phosphatidylserine is an important component to maintain the

symmetry and integrity of the cell membrane, and it has a high affinity for the dye annexin V
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conjugated with FITC. Therefore, annexin V is used as a sensitive early apoptosis marker [39].
However, propidium iodide is permeable to the exposed membrane. It has a high affinity for
nucleic acid, thus being employed as a marker for late apoptosis and necrosis of the cells.
Hence, in our experiment, the MCF-7 cells were treated with NLBCs, Q-NLBCs, and NADG-
Q-NLBCs, where the concentration of Q was kept constant (10.0 pg/mL). The treated cells
were further characterized using a fluorescence-activated cell sorter with annexin V and Pl
(Double staining). Apoptosis of the cells induced by NLBCs, Q-NLBCs, and NADG-Q-
NLBCs is displayed in Fig. 2.10. The quadrant Q3 represents viable cells (Annexin V-, PI"),
Q4 and Q3 represent the early apoptotic cells (Annexin V*, PI") and the late apoptotic cells
(Annexin V*, PI"), respectively, and Q1 represents the necrotic cells (Annexin V-, PI¥). It is
observed that dot plots (Q3) show viable cells (Fig. 2.10a), whereas early and late apoptosis
are noticed in the Q4 and Q2 quadrants, respectively (Fig. 2.10b). Furthermore, the percentage
of early and late apoptotic cells increases in the Q4 and Q2 quadrants, respectively. (Fig.
2.10c). In cells, when treated with NADG-Q-NLBCs, the early apoptotic cells increased to 25.0
% at 10.0 pg/mL Q concentration in the NADG-Q-NLBCs formulation. The percentage of
early apoptotic cells reached 10.0 % when treated with only Q-NLBCs at a similar
concentration. The NADG-Q-NLBCs primarily induce apoptosis and necrosis of the cells.
Apoptosis alters the cell at a morphological and biochemical level, whereas necrosis changes
the cells at the physiological level [40]. Hence, the constructed NADG-Q-NLBCs nano-
bioconjugate is the effective drug delivery vehicle that induces more apoptosis and supports

the receptor-mediated endocytosis in the MCF-7 cells.
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Figure 2.10. Flow cytometry images of MCF-7 cells (a) Cells treated with NLBCs for 48 h

and dot quadrant Q3 showing the viable cells and Q1 represents the necrotic cells (b) Cells
treated with Q-NLBCs for 48 h, quadrants Q4 and Q2 showing the early and late apoptotic
cells, respectively and Q1 represents the necrotic cells (c) Cells treated with NADG-Q-NLBCs
for 48 h, quadrants Q4 and Q2 indicating the early and late apoptotic cells, respectively and Q1
represents the necrotic cells. All experiments were performed in triplicates.

4. Conclusion

In this study, we have successfully designed NADG-Q-NLBCs nano-bioconjugate through the
improved single emulsion solvent evaporation method. The charge interaction method carried
the coupling of NADG to the surface of Q-NLBCs. Further, the constructed nano-bioconjugate
was thoroughly characterized using SEM, particle size analyzer, IR spectroscopy, and XRD.
The results obtained confirm the successful formation of NADG-Q-NLBCs which were,
further applied for in vitro studies. The binding affinity between the lectin and NADG was
confirmed using fluorescence spectroscopy. The release kinetics models were applied to verify
the in vitro drug release behavior. These studies revealed that NADG-Q-NLBCs formulation
is stable over time, initially releasing Q quickly and following a sustained pattern. Furthermore,
the release kinetic graph shows that a total of 200 h is required for 100% drug release, which
proves its efficacy for better sustain release. Moreover, the MTT assay confirmed that NADG-

Q-NLBCs showed cytotoxicity at all the concentrations of Q. Through such nano-bioconjugate,
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the maximum tolerated dose of drugs can be increased for effective therapy with the specificity
towards breast cancer cells. In addition, the flow cytometry studies suggested the early and late
apoptosis induced with NADG-Q-NLBC while cells induced with Q-NLBCs showed a less
percentage of early apoptosis. However, the viability of cells reached the maximum for the
cells treated with NLBCs. We conclude that the constructed nano-bioconjugate is capable of
drug delivery at the targeted site and may also overcome multiple drug resistance which is a
major impediment in cancer treatment. Future work can also be directed towards in vivo studies

to collect sufficient data for systematic pre-clinical trial
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