Synthesis and Modifications of Biocompatible Materials

Having Potential Therapeutic Properties Against

Pathogenic Infections and Carcinogenic Cells

Thesis submitted to

Jadavpur University

Debbethi Bera

In partial fulfillment of the requirements
For the degree of
Doctor of Philosophy (Ph.D.)

In Science

Department of Physics
Jadavpur University
Kolkata — 700032
2023




ABIAT ﬁ-hgﬁ?ﬂag JADAVPUR UNIVERSITY

FHPIO)-q0000, BIJTO KOLKATA-700032, INDIA

FACULEY OF SCIENCE : DEPARTMENT OF Pnysics

CERTIFICATE FROM THE SUPERVISOR(S

This is to certify that the thesis entitled “Synthesis and modifications of biocompatible
materials have potential therapeutic property against the pathogenic infection and
carcinogenic cells” Submitted by Smt. Debbethi Bera who got her name registered on
18/03/2021 (Index no.: 18/21/Phys./27) for the award of Ph. D. (Science) Degree of
Jadavpur University, is absolutely based upon her own work under the supervision of Prof.
(Dr.) Sukhen Das and Prof. (Dr.) Papiya Nandy and that neither this thesis nor any part of

it has been submitted for either any degree/diploma or any other academic award anywhere

before.
@ %a%x}/ s A }«a\é/[
Prof (Dr.) Sukhen Das Prof (Dr ) Papiva Nandy
Department of Physics Former Professor
Jadavpur Unversity Department of Physics
Kolkata- 700032 Jadavpur Unuversity

Kolkata- 700032

Prof. (Dr.) Papiya S. Nandy
M.Sc. (Cal Univ.), M.A.(Univ. Calif),
Fh.D. (Kent State Univ.)

Centre for Interdisciplinary Research
and Education, Kolkata-T00088, India
Formerty, Emeritus Feliow & Professor of Physics,

lagavpw University, Koi-32, Indis

* fstablished on and from 24" December, 1955 vide Notification No.10986-Edn/IU-42/55 dated 6" December, 1955 under Jadavpur University Act, 1955
(West Bengal Act XXXII of 1955) followed by Jadavpur University Act, 1981 (West Bengal Act XXIV of 1981)

G 455-00-3850-b339 wWitisite ¢ wiRCEd Phone: + 91-33-2413-8917
I ;48300 3858-r55q ebsite @ www.jadavpur.edu Fax : + 91-33-2413-8917



Dedicated to

Maa, Mammi, Grand Mother
Babai, Dadabhai, Grand Father




ABSTRACT

Synthesis and modifications of biocompatible materials having potential

therapeutic properties against pathogenic infections and carcinogenic cells.

INDEX No: 18/21/PhyS./27

Nanomaterials have cmerged as an indispensable option in therapeutic and biomedical
applications in recent ycars. The two major challenges in the medical ficld, antibiotic resistance
and the malignancy of tumors are undergoing exponential escalation globally. Our study
involves the development of nano-sized materials having dual therapeutic properties. Fabrication
of these nanoparticles involves polymer or fluorescence materials, along with unconventional
drug integration. In the pursuit of methods that are cost-effective and environmentally conscious,
naturally abundant polymers and natural extracts have been hamnessed for the synthesis of these
nanoparticles. The green synthesis method has been pursued to generate nano-sized materials,
which are considered for developing an efficient therapeutic system specific to the targeted cell

with less toxicity.

Here we reported some nanoscale materials like Hydroxyapatite, Zinc Oxide, Silver, herbo-
metallic medicine, and Zinc Sulfide, that are biocompatible with human normal cell lines and
have potential activities against pathogenic bacterial strains and cancer cells. We have used
synthetic vehicles like hydroxyapatite and natural polymers like gum acacia for capping the
biomimetic nanoparticles to enhance their biocompatibility and feasibility. In addition, we used
antibiotics and different therapeutics to target the specific cell and used fluorescence material for

bioimaging.

Along with synthesis we have also observed and analyzed the physical characterizations of the
materials and done different in vitro biological characterizations. These functionalized
nanomaterials are thoroughly characterized by employing Field Emission Scanning Electron
Microscopy (FESEM), Transmission Electron Microscopy (TEM), Powder X-Ray Diffraction
(XRD), Thermogravimetric analysis (TGA), Fourier-Transform Infrared Spectroscopy (FTIR),
Ultraviolet-Visible Spectroscopy (UV-Vis) and Dynamic light scattering (DLS) techniques etc.



To establish the cfficacy of these functionalized antibacterial agents we have performed methods

like minimum inhibitory concentration (MIC), minimum bactericidal concentration (MBC), agar

well diffusion mecthod, evaluation of intracellular reactive oxygen species (ROS)

generation, bacterial cell survivability assay, ctc. To cvaluate the biocompatible properties of our

nanomaterials we have performed cytotoxicity assay.

ctivity of functionalized anticancer nanoparticles we performed methods like

To assess the cffe

MTT assay and cstimation of Intraccllular ROS gencrations by DCFDA method. We obscrved

thc comparativc targeted delivery of the nanomatcrials depending on pH.

To understand the mechanism of the therapcutics apoptotic cell quantification was done by

Annexin V-FITC staining. The mitochondrial membrane potential was cxamined with the help of
JC1 staining. The intracellular GSH (Glutathione) and NADPH levels were evaluated using
sensing luminescence GSH-Glo™. Glutathione Assay kit (Promcga) for GSH measurcment and

Amplite™ Fluorometric NADPH Assay kit (Advancing Assay & Test technologics [AAT]
timated with the

Bioquest, USA) for NADPH was used. Mitochondrial ROS measurement was €s
DAPI staining

help of MitoSOX™ and nuclear morphology was examined with the help of

(these later experiments were performed for Gum acacia capped Zinc oxide nanoparticles and

herbo-metallic drug only).

So, our research is focused on the synthesis of therapeutic materials, their modifications, and

their effective delivery against pathogenic infections and cancer cells. Our rescarch has a

comprehensive and dynamic approach. We followed meticulous synthesis procedures where we
encapsulate nanomaterials with natural therapeutics and modified their properties for strategic
development for precise targeting. With cutting-edge techniques and a profound commitment to
advancing biomedical science, our endeavors stand poised to reshape the landscape of medical

interventions, offering new hope in the battle against pathogenic infections and the relentless

progression of cancer.
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CHAPTER 1

Introduction and Literature Review
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In the medical field, several significant threats are associated with both antibiotics and cancer

therapy, posing challenges to effective treatment and patient well-being. Two major concerns

are the growing problem of antibiotic resistance and conventional, high-cost, less specific

cancer therapies. [1-10]

1.1. Standard Therapies

1.1.1. Antibacterial therapies

The treatment of pathogenic bacterial infections typically involves using antibiotics and other

medical interventions. Here are some common remedies against pathogenic bacteria:

Antibiotics

Antibacterial creams and or ointments
Antiseptics

Vaccines

Hygiene practices

Probiotics

Phage therapy

Supportive care

The following are common problems associated with various remedies against pathogenic
bacteria: [11-20]

1.

Antibiotic resistance: Overuse or inappropriate use of antibiotics can lead to the

development of antibiotic-resistant bacteria, making future infections harder to treat.

Side effects: Antibiotics can cause side effects like nausea, diarrhea, allergic reactions,

and disruptions to the balance of beneficial bacteria in the gut.

Broad-spectrum antibiotics: Some antibiotics target a wide range of bacteria, which can

disrupt the natural balance of the microbiome and lead to opportunistic infections.

Some people may experience allergic reactions to topical antibiotics.
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5. Vaccines are specific to certain bacterial strains and may not protect against all types

of bacterial infections. Vaccine effectiveness can vary, and booster shots may be

required for continued protection.

The effectiveness of probiotics in preventing or treating bacterial infection is still an

area of ongoing research and not all probiotics are equally effective.

Phage therapy is a specialized and experimental treatment that may not be widely
available in all regions. Bacteriophages are often specific to certain bacterial strains, so

finding the appropriate phage for a particular infection can be challenging.

1.1.2. Anticancer therapies

Cancer, characterized by uncontrolled cell growth and the potential to invade other tissues,

represents a complex group of diseases. Treatment options for cancer can vary widely

depending on the type and stage of cancer, as well as individual factors [21-30].

Some common cancer treatment options include:

Surgery
Chemotherapy
Radiation therapy
Immunotherapy
Targeted therapy

Hormone therapy

These clinical trials can be effective in managing and treating carcinoma, but they also came

with certain drawbacks and potential side effects. Here are some common drawbacks

associated with various cancer treatment methods.

Surgery:
a) Risk of infection bleeding and complications related to anesthesia.
b) Possible damage to nearby organs or tissues during surgery.

c) Depending on the extent of surgery, cosmetic changes, or functional limitations

may occur.
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e Chemotherapy:

a) Side effects like nausea, vomiting, fatigue, hair loss, and decreased immunity

due to damage to healthy cells.

b) Long-term effects on fertility and potential impact on organs like the heart,

kidney, and nervous system.

c) Risk of drug resistance and recurrence of cancer.
e Radiation therapy-
a) Skin irritation and burns in the treated area.

e Immunotherapy:

Immune-related side effects like inflammation of organs (e.g., lungs, colon)

known as immune-related adverse events.

Nanotechnology offers several solutions to these problems tackling bacterial infection and

cancer compared to traditional therapeutic approaches.
1.2. Nanoparticles and their effects

In the biological field, nanoparticles have been extensively studied and found to possess unique
physical, chemical, and biological properties at the nanoscale. Various applications have been
demonstrated, ranging from drug delivery and imaging to diagnostics and tissue engineering,

where nanoparticles have been employed [31-40]. Nanoparticles have shown:

1. Drug Delivery: nanoparticles have been designed to encapsulate drugs and deliver them
to specific target sites in the body, resulting in reduced side effects and enhanced
therapeutic efficacy. Drug delivery applications have been facilitated using lipid-based,

polymeric, and metallic nanoparticles.

2. Imaging: Nanoparticles have been utilized as contrast agents for various imaging
techniques such as magnet resonance imaging (MRI), computed tomography (CT), and
fluorescence imaging. Their unique optical and magnetic property has enabled better

visualization of tissues and cells, contributing to early disease detection and monitoring.

3. Cancer Therapy: Nanoparticles have been fabricated to selectively target cancer cells

allowing for more effective treatments with minimized damage to healthy tissues. Gold
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nanoparticles, for instance, have been utilized for the local destruction of cancer cells

through external stimuli (e.g., laser).

Diagnostics: Nanoparticles have been incorporated into biosensors and diagnostic
assays to detect specific biomolecules or pathogens with enhanced sensitivity and

specificity. Their utilization has contributed to early diagnosis.

Antimicrobial Applications: Nanoparticles have exhibited antimicrobial properties and
have been employed in the development of coatings for medical devices, surfaces, and
textiles to prevent microbial growth and reduced infections.

Environmental Monitoring: nanoparticles have been utilized for detecting pollutants
and toxins in the environment, contributing to improved monitoring and management

of ecological and public health aspects.

1.3. Types of nanoparticles

Nanoparticles come in various types, each with their unique properties and potential

applications [41]. Here are some common types of nanoparticles:

1.

2.

3.

4.

9.

Metallic nanoparticles
Metal oxide nanoparticles
Quantum dots

Magnetic nanoparticles
Lipid-based nanoparticles
Polymeric nanoparticles
Carbon-based nanoparticles
Silica nanoparticles

Hybrid nanoparticles

10. Biopolymer-based nanoparticles

A wide range of materials can be used to produce nanoparticles, each with its unique properties

and potential applications. These materials can be broadly categorized into organic, inorganic,

and hybrid materials. Here are some examples:
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» Organic Nanoparticles:

1.

Polymeric nanoparticles: poly (lactic-co-glycolic acid) (PLGA), polyethylene glycol
(PEG), and chitosan are commonly used to create nanoparticles for drug delivery
and other biomedical applications.

Lipid-based nanoparticles: liposomes, micelles, and lipid nanoparticles are formed
from lipid molecules and are used for drug delivery and gene therapy due to their

biocompatibility.

Protein-based Nanoparticles: Proteins and peptides can self-assemble into

nanoparticles with specific functions.

» Inorganic nanoparticles:

1.

Metallic nanoparticles: Gold, silver, platinum, and other metal nanoparticles have
unique optical and catalytic properties. They are used in imaging, sensing, catalysis,

and medical applications.

Magnetic nanoparticles: Iron oxide nanoparticles and other magnetic materials are
used in biomedical applications such as targeted drug delivery and magnetic

resonance imaging (MRI).

Quantum Dots: Semiconductor nanoparticles with quantum confinement effects.
They have tunable fluorescence properties and final applications in imaging and

display technologies.

Metal Oxide Nanoparticles: nanoparticles of materials like titanium dioxide (TiO>)
and zinc oxide (ZnO) have photocatalytic properties and are used in applications like

photocatalysis and sunscreens.

» Hybrid Nanoparticles:

1.

Silica-coated nanoparticles: Inorganic nanoparticles coated with a silica shell for

improved stability and biocompatibility. They are used in drug delivery and imaging.

Polymer-coated nanoparticles: Inorganic nanoparticles coated layer of polymer for

controlled release and targeting in drug delivery applications.

Core-Shell nanoparticles: combinations of different materials where one material

forms the core, and another material forms the shell.
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» Carbon-based nanoparticles:

1. Carbon nanotubes: cylindrical carbon structures with remarkable mechanical,
electrical, and thermal properties. They find applications in electronics, materials,

and nanomedicine.

2. Graphene nanoparticles: Single layers of carbon atoms with excellent electrical and
mechanical properties. They are being exploited for various applications including

electronics and energy storage.

1.4. Nanoparticles Synthesis Process

The synthesis method depends on the desired nanoparticle type size, shape, and intended

applications [41]. Here are some common nanoparticle synthesis methods:

1.

Chemical Reduction: This method involves reducing metal ions in a solution to form

metallic nanoparticles.

Sol-gel Method: A solution of precursor compounds undergoes hydrolysis and
condensation reaction to form a sol (a colloidal suspension of nanoparticles) which then

forms a gel, eventually yielding solid nanoparticles.

Co-precipitation: metal ions are simultaneously precipitated from the solution by a
suitable base, leading to the formation of nanoparticles.

Emulsion-based methods: Emulsions of oil and water containing precursors are used to

generate nanoparticles when the precursors react under specific conditions.

Microfluidic synthesis: nanoparticles formed within tiny channels with controlled

mixing of reactants, enabling precise control over particle size and properties.

Electrochemical synthesis: Nanoparticles are formed at the electrode surface during

electrochemical reactions.

Pyrolysis: Precursor compounds are heated to high temperatures in an inert atmosphere,
leading to nanoparticle formation through decomposition and nucleation.

Spray Pyrolysis: Precursor solutions are atomized and sprayed into a hot furnace, where

they decompose and nucleate to form nanoparticles.

Hydrothermal Synthesis: Nanoparticles are synthesized in an aqueous at elevated
temperatures and pressure, leading to controlled crystal growth.
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10. Green Synthesis of Nanoparticles: Biomolecules such as plant extracts or

microorganisms are used to reduce and stabilize metal ions, resulting in nanoparticle
formation. Green synthesis refers to the production of nanoparticles using
environmentally friendly and sustainable methods, often involving plant extracts,

microbes, or other natural resources.

The green synthesis process typically involves the following steps [41-45]:

1.

Selection of Natural Resources such as extracts, fungi, bacteria, algae, or agricultural

waste materials were chosen as reducing agents or stabilizers for nanoparticle synthesis.

Preparation of Extracts: The selected green resources were processed to extract
bioactive compounds that can act as reducing and stabilizing agents for nanoparticle

formation.

Purifications: the extracted bioactive compounds were used to purify or reduce metal

ions to form desirable metal nanoparticles.

All these steps were followed by characterization using various analytic techniques to

determine their size, shape, stability, and other properties.

Green synthesis offers several advantages over traditional chemical synthesis methods. It

avoided the use of hazardous chemicals and minimizes waste generation. Moreover, green

synthesis often requires milder reaction conditions and can be cost-effective. Moreover, green-

synthesized nanoparticles have shown potential applications in various fields, including

medicines, agriculture, and environmental remediation. Their biocompatibility and reduced

toxicity make them promising candidates for drug delivery, antimicrobial agents, and other

biomedical applications.
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1.5. Instrumentation

1.5.1 X-Ray Diffraction

i

E
=
|
-

Figure.1.1. X Ray Diffractometer

The working principle of X-Ray diffraction (XRD) (Figure: 1.1.) can be explained using the
equation known as Bragg’s law. Bragg’s law describes the relationship between the scattering
angle (0), the wavelength of X-rays (1), and the spacing between crystal lattice planes (d). The

equation for Bragg’s law:
n A=2d sin(0)

Where n is an integer representing the order of the diffraction peak, A is the wavelength of the
incident X-rays, D is the spacing between crystal planes and 6 was the angle between the
incident X-ray beam and the crystal plane. This equation relates the properties of X-rays and
the crystal lattice to the diffraction pattern observation in XRD.

According to Bragg’s law, when X-rays strike a crystal at a specific angle (0), they are
diffracted by the crystal planes that satisfy the condition for constructive interference.
Constructive interference occurs when the path difference between the scattered waves from
adjacent crystal planes was an integer multiple of the X-ray wavelength (n)). This leads to the
formation of diffraction peaks in the XRD pattern. By measuring the angle (0) at which the

diffraction peaks occur and knowing the wavelength of the X-rays, researchers can determine

9
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the spacing between the crystal lattice parameters and the presence of specific crystalline

phases can be obtained [46].

We have used model-D8 Bruker AXS, Wisconsin, USA with Cu-Ka target and a target

wavelength of 1.5418\. The XRD was operated at 35 kV with a scan speed of 1 s/step.

Importance:

1.

Structural Analysis: By employing XRD, the structural analysis of biological

nanoparticles can be facilitated.

Crystallographic information about the biological nanoparticles can be obtained
through XRD.

The determination of the atomic arrangement within the biological nanoparticles can
be achieved through XRD.

The lattice parameters of the crystalline structure in the biological nanoparticles can be

determined using XRD.

Specific crystalline phases present in the biological nanoparticles can be identified with
the aid of XRD.

1.5.2. Fourier Transform Infrared Spectroscopy (FTIR)

IRAffinity-1S

LT W

Figure.1.2. FTIR Spectrophotometer

10
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Fourier Transform Infrared spectroscopy (FTIR) (Figure: 1.2.) was based on the interaction
between matter and electromagnetic radiation in the infrared region of the electromagnetic
spectrum. The working principle can be described using physics terms and equations as

follows:
Infrared radiator was described by the electromagnetic wave equation:
E(t) = EO * cos (2nvt +¢)

Where E(t) represents the electric field of the wave, EO was the amplitude, v was the frequency,

t was time and ¢ was the phase.
Molecules have vibrational modes characterized by the equation of motion:
m dx/dt? = -kx

Where m is the mass of the atoms, X is the displacement from the equilibrium position, Kk is the

force constant and d2x/dt? was the acceleration.

In our studies, the Fourier transform infrared spectroscopy (FTIR) study was conducted using
FTIR-8400S, Shimadzu, Japan, in the wave number range from 400 cm™ to 4000 cm™ [47].

Importance:

In the characterization of biological nanoparticles, several benefits were offered by FTIR
spectroscopy, as it provides valuable insights into their composition, and structure properties.

Some of the key benefits include:

1. Composition Analysis: The composition of biological nanoparticles can be identified
and analyzed by FTIR spectroscopy. The presence of specific biomolecules such as
proteins, nucleic acids, lipids, and carbohydrates can be detected in the nanoparticles.
This information aids in understanding the biomolecular components and their

interactions within the nanoparticles.

2. Surface Functionalization: The functional groups present on the surface of biological
nanoparticles can be studied using FTIR spectroscopy. Information about the chemical
moieties and surface modifications such as functionalized ligands or coating was
provided. This characterization helps in assessing the stability, reactivity, and potential
applications of nanoparticles.

11
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3. Structural Characterization: Insights into the structural properties of biological
nanoparticles can be obtained through FTIR spectroscopy. This information was crucial

for understanding the stability, assembly, and functionality of the nanoparticles.

4. Encapsulation and Drug Delivery: The presence of the encapsulated molecule and its
interaction with the nanoparticle matrix can be confirmed. This characterization aids in
the development of nanoparticle-based drug delivery systems with controlled release

properties.

5. Stability and Degradation Analysis: Changes in the chemical composition, degradation
products, and structural integrity of the nanoparticles can be detected. This analysis
helps in evaluating the shelf life, storage conditions, and potential degradation

pathways of the nanoparticles.

6. Quality control: FTIR spectroscopy serves as a valuable tool for quality control in the
production of biological nanoparticles. It enables the assessment of batch-to-batch

consistency, purity, and sample integrity.

7. Non-Destructive Analysis: FTIR spectroscopy was a non-destructive technique that
allows repeated measurements on the same biological nanoparticles without altering
their integrity. This was advantageous when studying dynamics processes, changes

over time, or performing longitudinal studies on the nanoparticles.

1.5.3. Transmission Electron Microscopy (TEM)

Figure.1.3. TEM

12
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In TEM (Figure: 1.3.), a beam of electrons was accelerated by applying a voltage (V) between
an electron source and an anode. The kinetic energy (E) of the electrons was determined by the
accelerating voltage. The equation relating voltage, kinetic energy, and electron charge (e) were

as follows:
E=eV,
where E represents the kinetic energy, E is the elementary charge (1.602 x 10*° C) and

V was the accelerating voltage.In TEM, the electron beam interacts with a sample, leading to
several phenomena such as elastic scattering, inelastic scattering, and absorption. These
interactions can be described by equations such as the Rutherford scattering equation and the
Bethe-Bloch equation, which account for electron-sample interaction and energy loss
mechanisms. The interaction of electrons with the sample results in the formation of an image
or a diffraction pattern. Electron scattering by the sample and subsequent focusing of the
scattered electrons onto a detector or photographic film was involved in image formation in
TEM [48].

Importance:

1. High-resolution imaging: The exceptionally high resolution was provided by TEM,
allowing the visualization of biological structures and details at the nanoscale. The
precise examination of cellular components, organelles, viruses, protein complexes,
and other subcellular structures was enabled. The ultrastructure and morphology of
biological samples can be understood through the high-resolution images obtained via
TEM.

2. Visualization of ultrastructure details: Fine details of biological materials that were not
easily discernible with other imaging techniques can be observed using TEM. Intricate
cellular structures, such as membranes, vesicles, microtubules, and filaments can be

revealed, providing insights into their organization, arrangements, and interactions.

3. Subcellular localization studies: The localization of specific molecules or structures
within cells can be facilitated by TEM. Through techniques such as immunolabeling or
gold nanoparticle tagging, the distribution and localization of proteins, nucleic acids

and other biomolecules within cellular compartments can be visualized.

13
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4. Examination of cellular dynamics: Dynamics processes within cells can be captured
using TEM. Techniques like time-lapse imaging or freeze-fracture TEM enable the
observation of cellular events, including cell division, endocytosis, and membrane

dynamics.

5. Analysis of structural changes: Structural changes and alterations in biological
materials can be detected using TEM. Insight into disease mechanisms, progression,

and the effects of treatments can be gained through TEM.

6. Elemental analysis: TEM can be combined with energy-dispersive X-ray spectroscopy
(EDAX) to obtain elemental composition information. This enables the determination
of elemental distribution within biological samples, identifying the presence and

localization of specific elements or nanoparticles.
1.5.6. Ultra Visible Spectroscopy (UV-Vis Spectroscopy)

The working principle of UV-Vis spectroscopy (Figure: 1.4.), can be explained by the Beer-
Lambert Law, which relates the absorbance of a sample to its concentration and the path length

of the sample cell. The equation was as follows:
A =¢cl

where A was the absorbance of the sample, E was the molar absorptivity (also known as the
molar absorption coefficient), which represents the ability of a substance to absorb light at a
specific wavelength, C was the concentration of the sample in moles per liter (M), | was the

path length of the sample cell in centimeters (CM).

Figure.1.4. UV-Vis Spectrophotometer

14
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In UV-Vis spectroscopy, the incident light intensity (I_O) and the transmitted light intensity (1)

were related to the absorbance using the equation: A = -log(l/I_O)

By different wavelengths, the absorbance was measured, and a UV-Vis spectrum can be
obtained which represents the absorbance characteristics of the sample across the UV and

visible range.

The absorbance intensity of our nanoparticles was estimated by an Epoch microplate reader,
BioTek, USA) .

1.5.5. Dynamic Light Scattering (DLS)

The correlation function, g2(t) was defined as the auto-correlation function of the intensity
fluctuations, which was normalized and relates the intensity fluctuations of the scattered light

to the size and diffusion properties of the particles.

The correlation function, g2(t) was given by: g2(t) = <I(t) * I(t+1)> / <I(t)>?

where I(t) represent the intensity of the scattered light at time T,t denotes the time delay and
<...> signifies the ensemble average over different time intervals.

The correlation function represents the degree of correlation between the intensity values at
different time intervals. In DLS, it was utilized to extract information about the size and
diffusion properties of the particles. The size of the particles was related to the correlation

function through the following equation:
2t =1+p|¢?*Dr

where B was a constant related to the optical setup, q corresponds to the scattering vector (which
was proportional to the scattering angle), D represents the diffusion coefficient of the particles

and T signifies the time delay.

From this equation, it can be observed that the correlation function was dependent on the
diffusion coefficient of the particles, which was associated with their size. By fitting the
experimental correlation function to theoretical models, such as the Stokes-Einstein equation,

the size distribution and diffusion properties of the particles can be determined [50].

15
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Figure.1.5. DLS Analyzer

Importance:

1.

Size Determination: The determination of the size distribution of biological particles,
such as proteins viruses, liposomes, and nanoparticles, can be accomplished using DLS.
The hydrodynamics radius of these particles in solution can be measured, aiding in the

understanding of their structure and behavior.

Sensitivity: Detection and analysis of particles ranging from a few nanometers to
several micrometers can be achieved using DLA. This vast size range makes it suitable
for the characterization of various biological materials, including macromolecules and

subcellular structures.

Real-Time Monitoring: Real-time information about changes in particle size or
aggregation state can be provided by DLS. This was particularly valuable for the
monitoring of dynamic biological processes, such as protein folding, self-assembly, and

interaction studies.

Non-Destructive: DLS was a non-destructive technique that does not require any
labeling or sample preparation, preserving the integrity and functionality of the

biological materials under investigation.

Complementary Technique: DLS can be used in conjunction with other analytical
techniques, such as static light scattering, zeta potential measurement, and fluorescence

spectroscopy.

16
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The average particle diameter, size distribution, and zeta potential of HAP NPs were measured
using Zetasizer (NANO ZS90, Malvern Instruments Ltd, UK).

1.5.6. Photoluminescence Spectroscopy (PL Spectroscopy)

Figure.1.6. PL Spectrophotometer

Photoluminescence (Figure.1.6.) was a form of luminescence that results from photoexcitation.
Photoluminescence spectroscopy was a non-destructive and non-contact method of probing
the structure of any material. The light was directed onto a sample material and absorbed. In
photoluminescence spectroscopy, by employing an optical spectrometer, we can measure the

intensity of emitted light as a function of wavelength.

By Photo-excitation electrons within a material can move into permissible excited states. When
these electrons return to their equilibrium states, they can lose energy through radiative or non-
radiative emissions. In a radiative process, the excess energy was released through the emission

of photons.

The energy of the emitted light represents the difference in energy levels between the two
electron states which were involved in the transition between the equilibrium state and the
excited state. The quantity of the emitted light corresponds to the relative contribution of the

radiative emissions [51].

17
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Importance

1. Detection of Aggregation-caused quenching (ACQ) properties where it was necessary

to use and study fluorophores in dilute solutions or as isolated molecules.

2. Detection of Aggregation-induced emission (AIE) properties.

1.5.7. Field Emission Scanning Electron (FESEM)

Figure.1.7. FESEM

FESEM was one of the most versatile analytical techniques for observing the surface
morphology of specimens. The mode of operation of FESEM microscopes was similar to the
conventional scanning electron microscopes. An electron beam was focused by
electromagnetic lenses and scans the surface of any sample, where the reflected electrons create
an image of the surface and topography of sample materials by generating many low-energy
secondary electrons. The secondary electron yield was the number of secondary electrons
emitted per incident primary electrons. It depends on the properties of the sample surface and

the incident electron energy [].

The morphological studies were carried out by the field emission electron microscope
(FESEM) INSPECT F50 (FEI, the Netherlands).

18
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Importance:

1.

High-resolution imaging: Excellent spatial resolution was provided by the FE-SEM,
allowing biological samples to be visualized at the nanoscale. Detailed surface
morphology can capture, revealing intricate structures and features of biological

materials.

Surface topography analysis: Accurate analysis of the surface topography of biological
samples can be performed by the FESEM. Surface roughness, texture, and the presence
of surface irregularities can be revealed, which were crucial for understanding the

structure-function relationships of biological materials.

Elemental composition analysis: The FESEM was equipped with energy-dispersive X-
ray spectroscopy (EDAX) detectors, which enable elemental analysis of biological
samples. Identification and mapping of the distribution of various elements within the
sample can be achieved using EDAX, providing insights into the chemical composition

and elemental concentrations.

Subcellular imaging: Subcellular structures and organelles can be imaged by the
FESEM due to its high-resolution capabilities. Cellular processes, organelle interaction,
and cellular ultrastructure can be studied, providing valuable information for cell

biology and biomedical research.

Sample versatility: A wide range of biological samples, including cells, tissues,
biomaterials, and nanoparticles, can be accommodated by the FESEM. Flexibility in
sample preparation methods, allowing for imaging of both fixed and live samples, as

well as samples with different sizes and shapes.

3D imaging and reconstruction: Advanced FESEM techniques, such as focused ion
beam (FIB) milling and serial block-face imaging enable 3D imaging and

reconstruction of biological samples.

Correlative imaging: Integration with other imaging modalities, such as light
microscopy or transmission electron microscopy, can be achieved with the FE-SEM,
enabling correlative imaging. The advantages of different techniques can be combined

and complementary information about the biological sample can be obtained.
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1.5.8. Thermogravimetric Analysis (TGA)

Figure.1.8. TGA

TGA Figure.1.8. was one of the thermal analysis methods where a change in mass of the
substance under study was noted concerning a linear change in temperature in an inert
atmosphere. The initial mass of the sample was known. It was possible to quantitatively analyze
any thermally induced mass change in the sample as a response to the temperature change. The
plot of mass vs. temperature was known as a thermogram. A thermogram can be divided into
horizontal and vertical sections. The horizontal sections denote a stable relation between the
sample mass and the temperature range as there was no mass loss here. However, the vertical
sections denote temperature ranges in which the sample loses mass. This mass loss can be
attributed to causes such as moisture loss, other component loss, physical changes in the
sample, and the building and breaking of chemical bonds. The order of physical transitions and
chemical reactions for any particular sample has a distinct order. Hence, the TGA thermogram

for a given sample was unique to it.

Here, the TGA analysis has been carried out using the DTG-60H, Simultaneous DTA-TG
Apparatus, Shimadzu.
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Importance:

1. TGA analysis can be used to investigate the thermal stability, sample purity, moisture

content, and decomposition mechanism of samples.

2. It can be used to determine the evaporation rates of liquid mixtures.

It can be used for the estimation of the composition of various alloys and mixtures if the

decomposition temperature data was available.
1.5.9. Biological Safety Cabinet

Figure.1.9. A biological incubator was used in laboratories and research facilities to provide
controlled conditions for the growth and cultivation of microorganisms, cells, and tissues. It
was designed to create an environment with precise temperature, humidity, and sometimes

even gas composition to support optimal growth and development.

Figure.1.9. Biosafety cabinet with Laminar Air Flow

1.5.10. Laminar Airflow (LAF)

Laminar airflow systems were commonly utilized in biological laboratories to create a

controlled and sterile environment for various applications, including cell culture, tissue
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culture, microbiology, and other sensitive experiments. The implementation of laminar airflow

in biological labs assists in minimizing the risk of contamination and maintaining the integrity

of samples and cultures [54].

e Features and components:

1.

Clean benches or Biological Safety Cabinets (BSCs): Laminar airflow was often
incorporated into clean benches or biological safety cabinets. These cabinets provide
both sterile airflow and containment to protect the user and the samples. The flow also
air creates a barrier that prevents airborne contaminants from reaching the samples

while also minimizing the dispersion of any contaminants generated within the cabinet.

HEPA Filters: Laminar airflow systems in biological labs rely on high-efficiency
particulate air (HEPA) filters to remove particles and microorganisms from the
incoming air. Particles as small as 0.3 micrometers can be effectively trapped by HEPA

filters.

Unidirectional Flow: Laminar airflow systems in biological labs were designed to
provide a unidirectional flow of air. It means that the air was moved in a single
direction, typically from the top to the bottom of the workspace. Unidirectional flow
helps in minimizing the disruption of air patterns and reduces the chances of

contaminants entering the sterile area.

Creation of a sterile working area: The primary objective of laminar airflow in
biological labs was the creation of a sterile working environment. The controlled
airflow helps in reducing the number of airborne particles, microorganisms, and other
contaminants that could interfere with cell cultures, tissue cultures, or other biological

processes.

Utilization of aseptic techniques: Laminar airflow systems should be used in
conjunction with proper aseptic techniques to ensure the sterility of the work

environment.
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1.5.11. BOD Incubator

Figure.1.10. BOD Incubator

e Features and components:

Figure.1.10. shows the BOD incubator.

1.

Temperature control: The temperature within the incubator was controlled to maintain
a stable range, typically between 5 °C and 60 °C, depending on the specific application.

Heating elements were utilized to raise the internal temperature evenly.

Heating elements: Heating coils or heating pads were used to raise the internal
temperature, ensuring even distribution through the incubator, and preventing

temperature variations.

Temperature monitoring and regulation: The incubator incorporates internal
temperature sensors to continuously monitor and regulate the temperature. This ensures

the maintenance of the set temperature and prompt correction of any deviations.

Sterilization: To minimize contamination, incubators often include sterilization features
like HEPA filters, UV lights, or high-temperature sterilization cycles.

Programmable settings: Advanced incubators can be programmed with specific
temperature and humidity profiles over time. This functionality was particularly useful
for experiments requiring precise growth conditions or cyclic variations [55].
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1.6. The objective of the present work:

Addressing the medical threats demands a multidisciplinary approach. So, we tried to

synthesize and modify the therapeutic agents keeping in mind the following factors:

1.

2.

Against Drug Resistance: Over time antibiotics were getting Resistance against the
bacteria and diminishing the effectiveness of treatments, limiting their abilities. In this
study, we synthesize needle-shaped hydroxyapatite nanoparticles (HAP NPs)
encapsulated with vancomycin (VAN) conjugated with folic acid (FA) against
multidrug Resistance (MDR) Enterococcus faecalis.

Against Side Effects: Side effects of the drugs were leading to discontinuation or
reducing the concentrations of the dose. Synthesized materials in our studies were less
toxic than conventional drugs. Zinc oxide nanoparticles (ZnO NPs) and (AgNPs) were
synthesized from Tulsi.

low cost: These materials were synthesized with very common chemical and natural

ingredients.

Targeted therapies: each nanoparticle shows a different pH depending on drug release

and was conjugated with various materials that help to track the drug pathways.
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Functionalized Biomimetic Hydroxyapatite
Nanoparticles as Potential Agents Against

Pathogenic Multidrug-Resistant Bacteria
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Summary

The grave contemporary global impediment of hospital-acquired infections caused by the
persistent dissemination of resistant bacterial strains needed to be mitigated with immediate
effect. Special attention was attracted to infections caused by pathogenic multidrug-resistant
(MDR) Gram-positive bacteria, such as Enterococcus faecalis, which exhibit resistance to
conventional antibiotic therapy. Here, the synthesis of nanoscale hydroxyapatites (HAPNPS),
well-known biomimetic ceramic materials characterized by needle-shaped morphologies, was
reported. Vancomycin (VAN) has been encapsulated within these nanoparticles, and the
targeting ligand (folic acid) has been conjugated using a facile synthesis process to enhance
therapeutic efficacy against MDR E. faecalis. Characterizations of these functionalized
HAPNPs were conducted through field emission scanning electron microscopy (FESEM),
powder X-Ray diffraction (PXRD), ultraviolet-visible spectroscopy (UV-Vis), and dynamic
light scattering (DLS) techniques. It is suggested by the results that these functionalized
HAPNPs could successfully transport vancomycin across the cell wall of MDR E. faecalis
through endocytosis. The determination of selective antibacterial activity was envisaged with
the help of extensive in-vitro assays such as the minimum inhibitory concentration (MIC),
minimum bactericidal concentration (MBC), and the generation of reactive oxygen species
(ROS). This study vividly establishes that folic acid-conjugated HAPNPs are promising

antibacterial agents against MDR E. faecalis and related pathogenic-resistant bacterial strains.
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2.1. Introduction

The emergence of drug-resistant bacteria was highlighted as a grave threat in modern society.
Millions of deaths worldwide were caused by antibiotic-resistant bacteria, as mentioned in
previous reports [55,56]. Furthermore, an incessant decline in approved antibiotics over the
past decade exacerbated this issue. This led to the need for the development of alternate
strategies to overcome bacterial strain resistance. Various active strategies, including the
development of novel antibiotics, were implemented for the treatment of multidrug-resistant
(MDR) bacteria. The process of functionalizing nanomaterials was found to be highly effective
in the development of antibacterial agents for MDR bacteria treatment. Li et al., successfully
developed fluorescent-carbon quantum dots capped with spermidine against MDR bacteria
[57]. Additionally, different approaches mediated by nanoparticles were being implemented as
ameliorative agents for infections caused by MDR bacteria [58]. However, these nanoparticles

were found to be undesirably hazardous, antibacterial agents.

Enterococcus faecalis was identified as a predominant pathogen responsible for infection in
the urinary tract, nosocomial bacteremia, and post-surgical infections. It gradually developed
resistance towards conventional therapies, and the lack of proper diagnosis and treatment for
such infections resulted in the loss of innumerable lives. Furthermore, its MDR phenotype
posed a grave threat to global public health [59]. To cure E. faecalis infection, various
antibiotics were used, but recently none were found to be effective against different strains of
E. faecalis [60,61]. Resistance to different antibiotics like penicillin, vancomycin, and
methicillin was found in over 90% of E. faecalis, strains [62]. The antibiotic drug vancomycin,
which was clinically used to treat E. faecalis infections, joined the list of antibiotics that
developed resistance after penicillin (in 1940) and methicillin (in 1961) [63,64]. Overcoming
this drug resistance and combating MDR E. faecalis infection required the development of an
antibacterial agent that could effectively address MDR E. faecalis. Although some recent work
had been carried out on the modifications of materials effective against MDR pathogenic
strains like S. aureus [65-67]. There was an urgent need to amplify the antibacterial activities
of glycopeptide antibiotics like vancomycin (VAN) [68]. Vancomycin was predominantly used
for the treatment of Gram-positive, such as S. aureus and E. faecalis. Unfortunately, these
bacterial strains also exhibited resistance to vancomycin. To combat this problem, a series of
VAN-modified nanoparticles were implemented by several researchers that could be employed

against multidrug-resistant S. aureus (MRSA) [69-73]. Taking a cue from their work, the
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development of nanoscale hydroxyapatite (HAPNPs) conjugated with VAN for the treatment
of MDR E. faecalis was reported in the study.

In recent years, HAPNPs have shown great potential in various applications, particularly in the
delivery of bioactive molecules [74,75]. The modification of HAPNPs for therapeutic
applications had drawn considerable interest due to their attributes such as large surface area,
high porosity, and easily modifiable surface [76,77]. It had been established by Wu et al. and
Ghosh et al. that hydroxyapatite possessed the ability to enhance the antibacterial effects of
common antibiotics like vancomycin [78,79]. Based on these attributes, the development of
functionalized HAPNPs for the treatment of MDR E. faecalis was emphasized. Folic acid (FA)
was a vital nutrient required for nucleotide synthesis in bacteria. Therefore, folic acid-
conjugated antibiotic-encapsulated nanoparticles were readily internalized by bacteria through
the process of endocytosis, greatly facilitating the delivery of the encapsulated antibiotic to
bacterial cells. Folic acid targeting had previously been implemented for the delivery of

antibiotics to resistant cells [69,70].

In the present study, folic acid-modified HAP nanoparticles conjugated with VAN were
designed as ameliorative agents against vancomycin-resistant bacterial strains. Detailed in vitro
assays, such as minimum inhibitory concentration (MIC), minimum bactericidal concentration
(MBC), and the agar diffusion method were used to assess the antibacterial efficacy of our

prepared samples.

The results strongly indicated that our prepared material harbored the potential to arise as a
promising remedial agent against various disease-causing MDR bacterial strains. Our current
study portrayed that functionalized HAPNPs possessed characteristics that could unlock novel
possibilities in the treatment of MDR E. faecalis as well as other comparable pathogenic

resistant bacterial strains.
2.2. Experimental Section
2.2.1. Materials

2.2.1.1. Chemical Ingredients

Calcium nitrate tetrahydrate [Ca (NO3)2.4H>Q0] (0.1M) and di-ammonium hydrogen phosphate
[(NH4)2.HPO4] (0.1M) were obtained from Merck, India. The antibiotic, Vancomycin, a pure

drug was procured from HiMedia, India. Ultrapure grades of bacterial culture media,

28



Chapter 2

fluorescence stains, various chemicals, and reagents used for biological purposes were
procured from Merck and SRL, Mumbai, India. Therefore, mentioned reagents were utilized
without any type of purification or modification. All the experiments were performed with de-
ionized (Millipore) water with a resistivity of at least 18 MQ-cm. The glass wares were

thoroughly cleaned with aqua regia solution and were subsequently rinsed with ultrapure water.
2.2.1.2. Bacterial strain

MDR pathogenic bacterial strains and antibiotic sensitive strains were used throughout the
antibacterial study. The antibiotic resistant E. faecalis (ATCC 52199) and antibiotic sensitive
E. faecalis bacteria (ATCC 29212) were obtained from ATCC. The resistant strain, E. faecalis
(ATCC 52199) was resistant to the various traditional antibiotics like Vancomycin, amikacin,

ciprofloxacin, tetracycline, penicillin, methicillin, and erythromycin.
2.2.1.3. Cell line

WI38 (human lung fibroblast) was used to determine the cytotoxicity assay obtained from the
Central Cell repository of the National Center for Cell Science (NCCS), Pune, India. All the
above cell lines were cultured in the presence of Dulbecco’s Modified Eagles Media (DMEM)
supplemented with 10% FBS, 1mM sodium pyruvate, 2 mM L-glutamine, non—essential amino
acids, in the presence of antibiotic solution comprising 100 mg/L penicillin and 100 mg/L
streptomycin. The cells were grown in a humidified atmosphere at a temperature of 37 ° C in

the presence of 5% CO..
2.2.2. Experimental methods
2.2.2.1. Synthesis of nano-Hydroxyapatite

The stock solution was prepared by dissolving calcium nitrate tetrahydrate [Ca(NO3)..4H20]
(0.1 M) and di-ammonium hydrogen phosphate [(NH4)2.HPO4] (0.1 M) in 50 ml of distilled
water. To yield the final solution, di-ammonium hydrogen phosphate was added dropwise to
calcium nitrate tetrahydrate. The pH of the reacting suspension was maintained at 5. After
vigorous stirring for 2-3 hours, the solution was transferred to a Teflon-lined stainless-steel
hydrothermal reactor. The unit was placed in a dust-free electric oven and reactions were
performed for 48 hours at a temperature of 200 'C and then naturally cooled to room

temperature. The reacted solutions were washed several times with distilled water, followed by
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air drying at ~50 "C for 72 hours. The obtained sample was named HAP and was sent further

characterizations.
2.2.2.2. Synthesis of vancomycin encapsulated nanoscale HAP (HAP@VAN)

The HAP synthesized earlier was dissolved in millipore water and stirred vigorously for 24
hours. In another glass tube, vancomycin solution was introduced dropwise into the HAP
solution. The resulting solution was vigorously stirred for 24 hours. Vancomycin-encapsulated
HAP nanoparticles were collected through centrifugation at a speed of 10,000 rpm for 10
minutes. Afterward, the solution was dried using the normal lyophilization method. Finally,
the dried powder was ground in an agate mortar to achieve finer grains. The sample,
HAP@VAN was used for further characterizations.

2.2.2.3. Folic acid tailoring on vancomycin loaded HAP NPs (HAP@VAN@FA)

The carboxyl group (-COOH) of folic acid (FA) was activated using the ethyl
(dimethylaminopropyl) carbodiimide/N-hydroxysuccinimide (EDC/NHS) reaction. Firstly, FA
was solubilized in dimethylformamide (DMF). The EDC/NHS was then incorporated into the
FA solution to activate FA. Under dark conditions, the activated FA was added dropwise into
the HAP@VAN solution, maintaining the pH of the solution at 7. The FA-conjugated
HAP@VAN NPs (HAP@VAN@FA) were subjected to centrifugation at 10,000 rpm for about
10 minutes and thoroughly washed. Ultimately, the FA-conjugated HAP@VAN was obtained
by employing the lyophilization method.

2.2.3. Physical Characterizations

The XRD (X-Ray Diffractometer) patterns of the powdered nanoparticle samples were
analyzed by XRD model-D8 Bruker AXS, Wisconsin, USA, employing Cu-Ka target with the
help of a target wavelength of 1.5418 A. The XRD was operated at 35 kV with a scan speed of
1 sec/step. The Fourier transform infrared spectroscopy (FTIR) study was done using FTIR-
8400S, Shimadzu, Japan in the wavenumber range from 400 cm™ to 4000 cm™. The Field
emission scanning electron microscope (FESEM) was carried out for the morphological study
employing INSPECT F50 (FEI, Netherland). The nanoparticles were thoroughly dispersed in
MilliQ water in a bath-type ultrasonicator for 30 minutes to form a suspension having a
concentration of 2 mg/ml. The UV visible spectrophotometer (Epoch microplate reader, Bio-
Tek, U.S.A) was used to estimate the absorbance intensity of the nanoparticles after being

dispersed completely in MilliQ water. The average particle diameter, size distribution, and zeta
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potential of HAP NPs were measured by employing Zetasizer (NANO ZS90, Malvern
Instruments Ltd, UK). All the synthesized HAPNPs and drugs were sterilized by UV radiation
technique before the antibacterial experiments. To determine the shape and size of the material
we have performed the TEM analysis using JEOL JEM 2100h.

2.2.4. Evaluation of antibacterial activity

2.2.4.1. Determination of minimum inhibitory concentration (MIC) and minimum

bactericidal concentration (MBC).

The minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC)
were determined using the microdilution method [80]. A bacterial culture containing 2.5 x 10°
CFU/ml bacteria (10 ul) was individually added to several 1ml nutrient broths (NBs) exposed
to different concentrations of the synthesized HAPNPs. The solutions were then incubated at
37 °C for 24 hours. The HAPNPs nanoparticles were thoroughly sonicated to prepare a pure
suspension before the experiment. The MIC values were estimated by examining the turbidity

of bacterial growth, indicating near absolute (99%) inhibition of bacterial growth.

For the MBC, bacterial cultures were grown onto agar plates using MIC dilutions. The cultures
were then incubated at 37 °C for 24 hours. The minimum concentration required for total
bacterial killing was considered its MBC value. The assays were meticulously performed in a

bio-safety cabinet.
2.2.4.2. Tolerance level

The MIC and MBC values indicated the tolerance levels of each bacterial strain towards the

synthesized samples using the following formula [81].
Tolerance level = (MBC) / (MIC)...o.uiiiiiii e, [eq.1]
2.2.4.3. Agar well diffusion method

The Agar well diffusion method gives a clear indication of the efficacy of our samples
HAP@VAN and HAP@VAN@FA against the pathogenic MDR bacterial strain E. faecalis.
The strain was grown until the turbidity of the bacterial culture reached 0.5 Mac Farland
standards which were approximately 108 CFU per ml. Then 100 ul of this bacterial culture was
inoculated on petridish having a diameter of 90 mm and was filled with 30 ml of Mueller
Hinton Agar (MHA). Afterward, the wells having a diameter of approximately 0.563 cm were
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punched within the agar plates and were treated with HAP, HAP@VAN, and
HAP@VAN@FA NPs at their respective MBC concentrations. The resistant E. faecalis strains
were grown on the MHA and incubated overnight at a temperature of 37 °C. Then, the zone of
inhibition or the inhibitory diameter was measured [82]. The autoclaved distilled water was
used as negative control and the standard antibiotic, Methicillin was used as positive control in

this experiment.
2.2.4.4. Bacterial cell-survivability assay

The bacterial cell survivability was envisaged with the help of the 3-(4, 5-dimethylthiazol-2-
yl) -2, 5-diphenyltetrazolium bromide (MTT) assay following a standard protocol [80]. The
cell viability was examined after exposure to different concentrations of HAPNPs and was
incubated for 24 hours at 37 °C. The bacterial cells were then collected and centrifuged at 1400
rpm for 10mins at 4 °C. The collected cells were then washed thrice with the help of autoclaved
phosphate buffered saline (PBS, pH 7.4). The fresh culture media containing 0.5 mg.ml~* of
MTT reagent was then added by replacing the previous medium and was incubated for 3 hours
at a temperature of 37 °C. The solution of HCI-isopropanol was added and was incubated for
15mins at room temperature. Then the absorbance of solubilized MTT formazan product was
estimated by UV-Vis spectrophotometer (Epoch microplate reader, Bio-Tek, U.S.A) at a

wavelength of 570 nm.
2.2.4.5. Determination of Intracellular uptake

Bacterial cells were treated with HAPNPs and incubated for 24 hours at 37 °C. Afterward, the
bacterial cells were collected, washed with phosphate-buffered saline (PBS, pH 7.4), and
treated with QS-labeled HAPNPs. The cells were then incubated in the dark at 37 °C for 12
hours. Unlabeled HAP nanoparticles were used as a negative control. The cells were washed
and resuspended in PBS and the suspension was placed on a glass slide for imaging with a
fluorescence microscope (DM 2500, Leica, Germany) at excitation wavelengths of 330-360

nm.
2.2.4.6. Determination of Intracellular ROS generation

Intracellular ROS generation was determined using the 2,7-dichlorofluorescein diacetate
(DCFH2-DA) assay. Bacterial cells were exposed to HAPNPs, cultured overnight, and then
incubated with DCFH»2-DA in the dark at 37 °C for 30 minutes. The amount of intracellular
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ROS generated within the bacteria was assessed using a fluorescence microscope (DM 2500,

Leica, Germany) at an excitation wavelength of 504 nm and emission wavelength of 529 nm.
2.2.4.7. Morphological Change of Bacterial Cell Observed by FESEM

The bacterial cells were grown in 5ml culture media and were incubated in shaking conditions
at 198 rpm at 37 °C for 12hrs [80]. Then the cells were treated with three different
concentrations of HAP@VAN@FA (concerning the MBC concentration). The cells which
were not treated with the HAPNPs were taken as a negative control. Then the cells were
centrifuged at 5000 rpm for 5 minutes and were washed thoroughly with PBS. The obtained
bacterial pellet was later fixed with the help of 2.5% glutaraldehyde and was then washed thrice
with sterile PBS. Afterward, one drop of the fixed pellet was placed on the surface of a glass
plate and was vacuum oven dried. The plate was then gold coated and alterations in the bacterial

cell morphology were observed with a scanning electron microscope.
2.2.5. Cytotoxicity assay

The cell survivability of the human lung fibroblast cells WI-38 when treated with HAP
nanoparticles 4s was envisaged by employing a standard protocol [83,84]. Briefly, the WI-38
cells were exposed to different concentrations of HAP nanoparticles and were then examined
by MTT assay. The cells were grown in each well of 96-well plates at a density of 1 x 10* cells
per well at 37 °C for 22-24 hours. The cells were then exposed to HAP NPs at different
concentrations of 0-500 pg/ml for 24 hours. The cells after incubation were thoroughly washed
with 1xPBS and incubated with a solution of MTT at a concentration of 450 pg/ml for a period
of 3-4 hours at 37 °C. The resulting formazan crystals were then dissolved in a buffer that could
solubilize the crystals. Then, the absorbances were measured at a wavelength of 570 nm with

the help of a spectrophotometer (Epoch microplate reader, BioTek, U.S.A).
2.3. Statistical analysis

We repeated these experiments three times, and the data were expressed by calculating the

standard deviation of all the experiments.
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2.4. Results and Discussion

2.4.1. Physical Characterizations

2.4.1.1. X-ray Diffraction (XRD)
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Figure.2.1. XRD analysis of Hydroxyapatite capped
Vancomycin conjugated with Folic acid nanoparticles

Prominent diffraction maxima were shown by the synthesized nano-HAP sample, indicating
that this ceramic nanomaterial was well crystalline (Figure.2.1.) [86,87]. The formation of
hexagonal phase pure synthesized HAP nano-needles has been confirmed by using the JCPDS

card (No: 74-0566). The absence of any unwanted diffraction maxima confirms the purity of
the sample.
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2.4.1.2. Fourier Transform Infrared Spectroscopy (FTIR)
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Figure.2.2. FTIR analysis of Hydroxyapatite capped
Vancomycin conjugated with Folic acid nanoparticles

In FTIR spectra of our synthesized HAP nanoneedles, absorption peaks at 1460, 882 and 670
cm™ correspond to the presence of the carbonate ions [88,89]. The carbonate ions may arise
due to a reaction between atmospheric carbon dioxide and the solution during the synthesis
process (Figure 2.2). The characteristic bands for -PO4> were exhibited at 471.2 (v. POs%)
[90], 565 and 602.7 (va PO+*) [36], 962 (v1 PO+*), 1031 and 1095 (v3 PO4*) [92] and 1248 cm’
1 (P-O stretching vibration of POs*) [93]. The band at 1382 cm™ occurs due to the N-O
stretching mode of NO3 [94]. A broad band at 1633 and 3197 cm'* corresponds to the presence
of adsorbed water [92,93]. The medium band at 1355 cm™ was attributed due to the OH in-
plane bend [95].

The presence of the characteristic peaks of the bare folic acid at 3549, 3115, 1679, 1600, and
834 cm established that folic acid was successfully attached to the surface of the HAP
nanoparticles as shown in Figure.2.2. The peak of vancomycin and folic acid in the case of
HAP@VAN@FA gets almost emerged because of similar functional groups. The broadness
of the region 2900-3300 cm™* with prominent FA peaks confirms the presence of VAN within
the matrix of HAP nanoparticles and the folic acid conjugation on the surface of HAP
nanoparticles. Thus, data of FTIR spectra confirm the conjugation of the drug molecule (VAN)
and targeting ligand (FA) with the HAPNPs i.e., HAP@QVAN@FA.
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2.4.1.3. Field Emission Scanning Electron Microscope (FESEM)

Figure.2.3. FESEM analysis of Hydroxyapatite nanoparticles

FESEM analysis was employed to investigate the surface morphology and size of the
biomimetic HAP nano-carrier as shown in Figure 2.3. The synthesized HAP NPs were
represented by a very well-dispersed and nearly needle-like uniform nanostructure, having a
thickness of 70-80 nm and a length in the range of 1 um for these needles. The small size of
these HAP nanoneedles results in the highest amount of cohesive force between the grains of

this sample, which may be the reason for the high agglomeration rate in HAP.

2.4.1.4. Transmission Electron Microscope

CRNN(CU)

Figure.2.4. TEM analysis of
Hydroxyapatite nanoparticles
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TEM image reveals the nanosized crystal needle-shaped form of the HAPNPs in Figure.2.4.
The average diameter of the particles is 20 nm approximately

2.4.1.5. DLS Analysis

Table: 2.1. Hydrodynamic Size Distribution

SAMPLE NAME DLS SIZE (d. nm) PDI ZETA POTENTIAL (mV)
HAP 83.8 0.225 11.23
HAP@VAN 181.4 0.461 4.84
HAP @VAN@FA 343.9 0.585 -9.87

The hydrodynamic diameter of 181.14 + 3.47 d. nm and zeta potential of 4.84 £ 1.97 mV were
shown by the vancomycin-encapsulated HAP NPs (Table.2.1.). The zeta potential was not
reversed by the encapsulation of vancomycin but it does enhance the hydrodynamic diameter.
The bare HAP nanoparticles have a hydrodynamic size of 83.8 + 2.43 d. nm. The conjugation
of folic acid to the HAP nanoparticles increases the hydrodynamic diameter to 343.9 + 4.86 d.
nm and the zeta potential of the nanoparticles was reduced to -9.87 + 2.35 mV [86]. This
moderate negative zeta potential increases the stability of the nanoparticles. The samples have
low polydispersity index (PDI) values, indicating that they form a homogenous solution [85].

This homogenous solution was conducive to biological applications.
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2.4.2 Antibacterial activity

2.4.2.1. Determination of MIC and MBC
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Figure.2.5. Activity by MIC of Hydroxyapatite
nanoparticles capped Vancomycin conjugated with Folic

acid against pathogenic strains (a) MDR. Enterococcus
Jaecalis (b) Enterococcus faecalis Vancomycin sensitive

Table: 2.2. MIC values of synthesized nanoparticles

Name of Samples MDR. E. faecalis E. faecalis
VAN NIL 22.77 +1.03ugml?
HAP@VAN 19.88+2.04 ugml ™t | 1846+ 1.2 pgml—1
HAP@VAN@FA 19.88+2.04 ugml ™t | 1554 + 1.43pg/ml

Bare vancomycin does not exhibit any antibacterial activity against MDR E. faecalis [96].
Additionally, no antibacterial activity was shown by HAP nanoparticles and the targeting
ligand folic acid (Table.2.2). However, antibacterial activity to combat bacterial resistance in
the case of E. faecalis was demonstrated by VAN encapsulated HAP (HAP@VAN) and folic
acid conjugated HAP@VAN (HAP@VAN@FA). The bactericidal activity of the synthesized
HAPNPs, HAP@VAN and HAP@VAN@FA was separately tested against vancomycin-
sensitive E. faecalis and vancomycin-resistance E. faecalis strains. In case of the vancomycin-
sensitive E. faecalis strain, the MIC values of 18.46 = 1.2 pg ml—1 and 15.54 + 1.43 pg ml—-1
were observed for HAP@VAN and HAP@VAN@FA respectively, while bare vancomycin
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exhibited a MIC value of 22.77 + 1.03ug ml%. In contrast, no effect was observed when
vancomycin and HAP@VAN nanoparticles were used against the resistant E. faecalis strain,
whereas HAP@VAN@FA showed considerable antibacterial effect with a MIC value of 19.88
+2.04 pg ml* shown in Figure.2.5 (a) and (b).

HA VAN HAP@VAN

EFVS

EFVR

Figure.2.6. MBC plate of Hydroxyapatite nanoparticles
capped Vancomycin conjugated with Folic acid against
pathogenic strains

To avoid misinterpretation due to the turbidity of insoluble HAPNPs in the broth tube, the
MBC assay was performed. Briefly, both the bacterial strains were cultured with the MIC
dilutions on sterile agar plates and we examined the MBC [80]. The MBC concentrations were
noted in cases where no visible bacteria growth was observed on the agar plates. The MBC
values of HAP@VAN@FA were observed to be 70 pg ml ™t in the case of the resistant E.
faecalis strains as shown in Figure2.6. The decrease in bacterial growth was contingent upon
the increase in the concentration of HAP@VAN@FA. In this method, bacterial growths were
effectively inhibited by the internalization of HAP@VAN@FA into the resistant E. faecalis
cells. The MIC value of folic acid conjugated vancomycin-encapsulated chitosan nanoparticles
against vancomycin-resistant S. aureus strain was reported at 2 pg/ml by Chakroborty et al.,
[69]. Qi et al found that in the case of mesoporous silica encapsulated vancomycin
nanoparticles the MIC value against S. aureus was 200 ug ml—1 [71]. Chowdhuri et al
developed folic acid conjugated mesoporous ZIF nanoparticles for the delivery of vancomycin
to multidrug-resistant Staphylococcus aureus strains (MRSA) and reported their MIC and
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MBC values as 8uug ml* and 16pg ml ! respectively [73]. Previous findings have depicted that
hydroxyapatite nanoparticles have augmented the activity of vancomycin [78,79]. Wu et al
reported that antibacterial activity at 0.5-10 pg ml* against common non-resistant pathogenic
bacterial strains was shown by the vancomycin-loaded hydroxyapatites [78]. Furthermore,
Ghosh et al observed that antibacterial activity against the pathogenic bacterial strains was
achieved by a composite containing 0.02 grams of vancomycin and hydroxyapatite [79].
Therefore, from this study, it can be concluded that significant bactericidal activity was
exhibited by the HAP@VAN@FA nanoparticles against resistant E. faecalis strains.

2.4.2.2. Agar well diffusion study

Figure.2.7. MBC plate of Hydroxyapatite nanoparticles
capped Vancomycin conjugated with Folic acid against
pathogenic strains

This study was performed to visualize the comparison of the antibacterial activity of different
HAP samples. The zone of inhibition of Gram-positive vancomycin resistant E. faecalis against
HAP@VAN@FA, HAP@VAN, VAN, distilled water (as a negative control), standard
antibiotic, methicillin (as a positive control) was shown in Figure2.7. No zone of inhibition
was observed in the case of the HAP@VAN, VAN, and distilled water, but a clear zone of
inhibition was observed around the disc in the case of HAP@VAN@FA. A Zone of inhibition
having a diameter of around 18 + 0.5 mm was observed when the MDR E. faecalis strain was
treated with HAP@VAN@FA at a concentration of 70 pg ml—1 (MBC). The zone of inhibition
in the case of disc agar diffusion study of ZIF@VAN@FA in MRSA was reported to be 14 £
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0.5 mm by Chowdhuri et al [73]. This study vividly elucidates the efficacy of
HAP@VAN@FA against the resistant E. faecalis.

2.4.2.3. Determination of tolerance level

The tolerance level of E. faecalis strains against HAP@VAN@FA was estimated from the
respective MIC and MBC values. Our results suggest that the tolerance level of Gram-positive
vancomycin resistant E. faecalis to HAP@VAN@FA was 4.02. The values of the tolerance
level help in the differentiation between the bactericidal agents and bacteriostatic agents. The
folic acid conjugated vancomycin loaded chitosan nanoparticles were reported to exhibit a
tolerance level of 5 towards vancomycin resistant S. aureus strains [69]. The value of tolerance
level in the case of the ZIF@VAN@FA against resistant S. aureus strain was observed to be
2.0 by Chowdhuri et al [73]. The bactericidal agents were known to be responsible for the
killing of the bacteria while the bacteriostatic agents lead to the inhibition of bacterial growth.
Antibacterial agents were noted as bacteriostatic when this ratio of MIC/MBC was more than
or equivalent to 16 for a specific bacterium and bactericidal agents when this ratio was equal
to or less than 4 [81]. Here, the MBC/MIC ratio was considered an important paradigm in
examining the antibacterial capability of our synthesized nanoparticles, HAP@VAN@FA. Our
results reflect that HAP@VAN@FA has the potential to be considered an effective bactericidal
agent against MDR E. faecalis.

2.4.2.4. Intracellular internalization of functionalized HAP

Figure.2.8. (a) HA HAP@QS HAP@QS@FA
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Figure.2.8. Intracellular uptake of
HAP@QS@FA (a) Fluoresence image (b)
Photoluminescence spectra in vancomycin

resistant Enterococcus faecalis strain
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The primary requisite for the action of an antibiotic was binding with the cell wall and
subsequent cellular internalization. To demonstrate the uptake of HAP by MDR E. faecalis,
QS-labelled HAPNPs were exposed to bacterial strains, and fluorescence images were captured
(Figure.2.8(a)). The results show that QS-labelled HAP@FA was successfully internalized into
the resistant E. faecalis cells, whereas the QS-labelled HAP failed to do so. The QS labeled
HAP@FA was found to be uniformly dispersed within the cytoplasm, providing its successful
internalization within the E. faecalis cells. The internalization of nanoparticles was generally
contingent upon various physical characteristics such as size, shape, and surface charge.
Typically, this internalization occurs in two steps with the nanoparticles first binding to the cell
membrane, followed by their subsequent internalization into the cells. In this scenario, the
internalization of QS labeled HAP@FA was mediated by endocytosis facilitated by the folate
receptors present on the membrane of E. faecalis. The endocytosis process involves the uptake
of HAPNPs through membrane invagination, leading to the formation of intracellular vesicles
that encapsulate the nanoparticles and facilitate their transportation within the cells [73].
Similar internalization mechanisms were observed in E. coli and S. aureus bacterial strains
treated with FITC-tagged vancomycin encapsulated mesoporous silica nanoparticles by Qi et
al [71]. Chowdhuri et al also delineated a similar mechanism of internalization of their
synthesized functionalized nanoparticles, ZIF@VAN@FA [73]. From these observations, we
can conclude that HAP@VAN@FA nanoparticles can successfully deliver vancomycin inside
the MDR E. faecalis by following a similar endocytotic pathway.

The photoluminescence studies confirm the distinct peak at 429 nm in the case of the sample
HAP@QS Figure.2.8. (b). This peak was congruent with that of the emission spectra of quinine
sulfate [98,99] indicating the successful encapsulation of quinine sulfate within the HAP
nanoparticles. The bare HAP nanoparticles were optically inactive. However, a prominent bend
was observed at 468 nm in the case of HAP@QS@FA which was possibly due to the

conjugation of folic acid which has an emission spectrum at 490 nm [100].
2.4.2.5. Bacterial cell viability assay

HAP@VAN@FA decreased the viability of the MDR E. faecalis to 37.57% in comparison to
the control group at 70 pg ml—1 (MBC) as displayed in Figure.2.9 (a). This decrease may be
attributed to the successful internalization of HAP@VAN@FA within the E. faecalis cells,
which, in turn, inhibits bacterial growth and causes bacterial cell death. According to the
previous report of Chowdhuri et al., the cell viability of multidrug-resistant S. aureus was
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diminished by 38.57% and 84.03%, at 8 ug ml—-1 (MIC) 16 pg ml—-1 (MBC) of ZIF-
8@FA@VAN treatment, respectively [73]. The results suggest that the folic acid conjugated
vancomycin-encapsulated HAP nanoparticles exhibit both bacteriostatic and bactericidal

activities.

2.4.2.6. Determination of ROS Generation

Figure.2.9. (a)

% of Cell Mortality

Control HAP VAN HAP@VAN HAP@VAN@FA

HAP@VAN HAP@VAN@FA
- E
Figure.2.9. (a) Bacterial cell viability by MTT (b)

Intracellular ROS generation (c¢) Fluorescence
microscopic image of intracellular ROS generation

EFVS

The production of intracellular ROS was thoroughly examined to delve into the mechanisms
behind the bactericidal activities of HAP@VAN@FA, as elucidated in Figure2.9. (b) and (c).
The DCFH-DA was used as an intracellular ROS indicator to estimate ROS levels in
HAP@VAN@FA treated bacterial cells. The results clearly depict the enhanced generation of
ROS, indicated by the augmented fluorescence intensity in the bacterial cells treated with
HAP@VAN@FA, while the untreated cells exhibit negligible fluorescence intensity.
Enhancement of ROS also occurred upon delivery of vancomycin via ZIF@FA as observed by
Chowdhuri et al [73]. Thus, we can conclude enhancement of intracellular ROS generation was
responsible for the antibacterial activity of the HAP@VAN@FA. Increased production of
intracellular ROS disrupts the electronic transport chain, degrades genetic materials, and

damages the bacterial cell membrane [80].
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2.4.2.7. Bacterial morphology study by FESEM

Figure.2.10. (a)

Enterococcus faecalis with HAP@VAN@FA at concentration (b) 20pul/ml (c)
40pl/ml and (d) 70pl/ml with cells

The images obtained from SEM of vancomycin resistant E. faecalis cells treated with
HAP@VAN@FA and untreated cells were displayed in Figure.2.10. The SEM images reveal
that the untreated cells were smooth, unaltered, and possess features that were like the native
cells. On the other hand, the treated resistant E. faecalis cell shows signs of maximum
membrane damage. A substantial number of treated E. faecalis cells exhibit signs of
fragmentation, leakage, perforation, and innumerable gaps in the cell membrane. Our study
clearly depicts that the treatment with HAP@VAN@FA was the reason behind the aberration
in the bacterial membrane morphology. This, in turn, leads to enhanced permeability, which
favors the cell membrane-mediated transport of the nanoparticles. The damage to DNA and the
perturbance of cellular response were due to the penetration of the HAP@VAN@FA into the
bacterial cells and its subsequent interaction with DNA. According to the previous report by
Qi et al vancomycin encapsulated mesoporous silica caused intense membrane damage in E.
coli and S. aureus bacterial strains [71]. Chowdhuri et al also reported that ZIF@VAN@FA
caused cell membrane damage in multidrug-resistant S. aureus [73]. The most probable
mechanism behind the antibacterial activity of HAP@VAN@FA was its easy penetration into
the cell through endocytosis via the folate receptors and its effective production, leading to the

inhibition of bacterial cell growth.

44



Chapter 2

2.4.3. Biocompatibility study
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Figure.2.11. Cell viability assay by treatment
with Hydroxyapatite nanoparticles

The in vitro cytotoxicity of the HAP nanoparticles was estimated for biocompatibility assay on
the WI-38 cell line (Figure.2.11). Toxicity at a very high concentration of 0.1 g mI is exhibited
by the HAP nanoparticles. However, no such toxicities were observed when the cells were
treated with HAP nanoparticles at lower concentrations. Therefore, it can be concluded that the
HAP NP has commendable biocompatibility and was ideal for biological applications.
According to a previous report, the LDso value of hydroxyapatite-silica nanocomposite was
reported as 0.1g ml™t [97]. In this case, the LDso value of our synthesized hydroxyapatite

nanoparticles was 0.127 g ml2,
2.5. Conclusion

Here vancomycin has been successfully encapsulated within the HAP nanoparticles, and their
surface has been modified through folic acid conjugation using a facile synthesis process.
Emphasis has been placed on the functionalized of biocompatible hydroxyapatite nanoparticles
through folic acid conjugation to facilitate the delivery of vancomycin to the resistant
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pathogenic MDR E. faecalis. Our results clearly depict that the functionalized HAPNPs exhibit
good biocompatibility and demonstrate excellent selective antibacterial activity against MDR
E. faecalis. Our strategy can be instrumental in the delivery of various conventional antibiotics
such as penicillin, methicillin, erythromycin, amikacin, ciprofloxacin, tetracycline, oxacillin,
cefotaxime, etc., to numerous multidrug-resistant strains like E. faecalis. Thus, it can be
concluded that our synthesized biocompatible HAPNPs fulfill all the criteria to emerge as a
promising ameliorative agent against a wide range of multidrug-resistant bacteria infections

that cripple modern society.
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Gum Acacia Capped Zinc oxide Nanoparticles,
A Smart Biomaterial For Cell Imaging And

Therapeutic Applications
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Summary

Zinc oxide nanoparticles (ZnONPs) have become increasingly prominent in various biomedical
applications. To achieve a cost-effective and environment-friendly synthesis, we utilized the
leaf extract of Ocimum sanctum (Tulsi), a widely available medicinal plant, for the
phytosynthesis of ZNONPs. This green synthesis method was not only facile but also generates
negligible hazardous impact. To improve the bioavailability and therapeutic efficacy of the
biogenic ZnONPs, we employed gum acacia, a well-known natural polymer, as a capping
agent. Additionally, we tagged these nanoparticles with a fluorescent dye, rhodamine-B,
enabling cellular imaging applications. The characterization of the nanoparticles was
conducted using various biophysical methods such as UV-vis spectroscopy, X-ray diffraction
(XRD), Fourier-transform infrared spectroscopy (FTIR), and field-emission scanning electron
microscopy (FESEM) to confirm their successful synthesis. Subsequently, we evaluated their
antibacterial and anticancer efficacy. The results demonstrated that these nanoparticles induce
oxidative stress in both eukaryotic and prokaryotic cells, making them effective against
pathogenic bacterial strains and hepatocellular cancer cells. Moreover, the nanoparticles
exhibited a pH-responsive behavior, qualifying them as a potential cancer therapeutic delivery
system. The rhodamine-B tagged nanoparticles also possess fluorescence properties, making
them suitable for bioimaging applications. In the future, these nanoparticles could be
conjugated with cancer-specific targeting ligands, further enhancing their therapeutic and

diagnostic capabilities.
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3.1. Introduction

Zinc oxide nanoparticles (ZnONPs) have garnered significant attention in the biomedical field.
Researchers have been actively exploring ways to modify Zinc oxide to enhance its properties
and improve its biocompatibility. Notably, ZnONPs have been recognized as effective
antimicrobial agents [100,101]. In recent times, there has been growing interest in utilizing
natural polymers and green-synthesized metals for various biological applications [102-111].
Numerous efforts have been made to increase the bioavailability of zinc by incorporating it
within natural or synthetic polymer matrices [112-139]. For instance, combining ZnONPs with
different natural polymers and synthetic materials has been an area of exploration for
improving its functionality and applicability in various biomedical contexts. Enhancing the
functionality of Zinc Oxide Nanoparticles Encapsulated in Biopolymers for biomedical
applications. Various polymers, including collagen, dextran, gelatin, and polyvinyl alcohol,
have been extensively studied as wound dressing materials by researchers [140-150]. Gum
acacia (GA), a natural polymer extracted from the acacia tree, has recently gained popularity
in biomedical applications due to its excellent biocompatibility and biodegradability [151-159].
Chopra et al. [160] developed alginate/gum acacia encapsulated GA@ZnONPs and
demonstrated their antibacterial effectiveness against pathogenic Pseudomonas aeruginosa.
Similarly, Bajpai et al. [161] fabricated ZnONPs loaded gum acacia/poly sodium acrylate

hydrogels and validated their antibacterial efficacy against E. coli.

However, until now, there have been no efforts to further enhance the functionalities of these
polymer-encapsulated ZnONPs. Moreover, various studies have explored the extraction of zinc
from different plants [162-165].

In this study, we adopted an eco-friendly and cost-effective approach to synthesize ZnONPs
using the well-known medicinal plant, Ocimum sanctum (Tulsi). The aromatic and cooling
leaves of Tulsi possess anticancer, anti-inflammatory, diuretic, and various other medicinal
properties [166-170]. These leaves contain several phenolic phytochemicals, such as quercetin,
luteolin, cyclopropylidene, eugenol, germacrene, B-caryophyllene, f-element, and carvacrol
[171]. The prevalence of flavonoids like quercetin in Ocimum sanctum facilitates the formation
of chelating complexes with zinc ions, thereby stabilizing these metallic ions [172].
Furthermore, these phenolic compounds have the capability to reduce metallic salts into metal
oxides through electron transfer and functionalize the particle surface. Hence, the aqueous

extract of O. sanctum plays a vital role in the colloidal precipitation synthesis of ZnONPs [171].
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3.2. Experimental section

3.2.1. Materials
3.2.1.1. Chemical Ingredients

All the reagents and chemicals (except the zinc salt) used for this study including bacterial
culture media, fluorescence stains, MTT reagent, glutaraldehyde, and Rhodamine-B were
purchased from Merck Ltd, HiMedia, and SRL Pvt. Ltd, Mumbai, India. AR-grade Zinc nitrate
(ZnNOs3) was purchased from Sigma-Aldrich Chemicals. Fresh Ocimum sanctum (Tulsi) leaves
were purchased from the nearby market. Throughout the study deionized (Millipore) water of
resistivity at least 18 MQ-cm has been used. The glass wares were thoroughly washed before
the performance of each experiment by using the aqua regia solution and then were rinsed with

distilled water.
3.2.1.2. Bacterial Strain

The Gram-positive strains used in microbiological experiments were Staphylococcus aureus
740 and Enterococcus faecalis 441. Escherichia coli 443 and Pseudomonas aeruginosa 1688
were the Gram-negative strains used in this study. These bacterial strains were procured from
the Microbial Type Culture Collection (MTCC), IMTECH, Chandigarh, India.

3.2.1.3. Cell line

Hep G2 (Hepatocellular carcinoma cell) and WI38 (human lung fibroblast) were used to
determine the cytotoxicity assay obtained from the Central Cell Repository of the National
Center for Cell Science (NCCS), Pune, India. All the above cell lines were cultured in the
presence of Dulbecco’s Modified Eagles Media (DMEM) supplemented with 10% FBS, 1 mM
sodium pyruvate, 2 mM L-glutamine, non—essential amino acids, in the presence of antibiotic
solution comprising 100 mg/L penicillin and 100 mg/L streptomycin. The cells were grown in

a humidified atmosphere at a temperature of 37 ° C in the presence of 5% CO..
3.2.2. Experimental methods
3.2.2.1. Preparation of Tulsi leaf extract

The leaves of Tulsi were thoroughly washed with deionized water and dried at room
temperature. The dried leaves were then powdered using a mortar and pestle. Approximately 2

grams of the powdered leaves were added to 100 ml of distilled water and boiled for 2-3
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minutes. After boiling the solution was cooled at room temperature and filtered using Whatman

filter paper.

3.2.2.2. Preparation of Zinc Nitrate solution

1.0 MM ZnNOs3 was added to 20 ml of distilled water and continuously stirred for 2 to 4 hours.
3.2.2.3. Synthesis of Zinc Oxide nanoparticles

A dropwise addition of 10 ml filtered leaf extracts was made into 200 ml of prepared Zinc

Nitrate stock solution. Subsequently, it was heated in a water bath at 90 °C for 1 hour.
3.2.2.4. Purification of synthesized Zinc Oxide nanoparticles

The ZnONPs obtained were purified by centrifugation at 9000 rpm for 25 minutes at room
temperature. After removing the supernatant, the precipitate was re-dispersed in distilled water.

The entire purification procedure was performed thrice.
3.2.2.5. Capping of ZnONPs with Gum Acacia and tagging with Rhodamine-B

GA was dissolved in lukewarm distilled water (kept at 45 °C) and continuously stirred for 24
hours. Then the solution of ZnONPs was added to the GA solution in a 2:1 w/v ratio. The
Rhodamine-B was solubilized in water and was mixed thoroughly by constant stirring for 12
hours in a separate test tube. This Rhodamine-B solution was then slowly added to the
GA@ZnSONPs solution in a 1:4 w/v ratio and continuously stirred for another 24 hours.
Ultimately, the final solution was centrifuged at 10000 rpm for 10 minutes at room temperature
to obtain the Rhodamine-B labeled GA@ZNONP (GA@ZnONP@RB). After discarding the
supernatant, the precipitate was placed in a vacuum desiccator at room temperature for drying.

Finally, the dried powder was mortared to achieve fine grains for further characterization.
3.2.3. Physical Characterization of GA@ZnNONPs

The GA@ZnONPs were characterized with the help of Ultraviolet-visible spectrophotometer
(Bio-tek), X-ray powder Diffractometer model D8, Bruker AXS, Wisconsin, USA, using Cu-
Ko target operating at 35kV (wavelength -1.5418 A and scan speed-1s/step), Field emission
Scanning Electron Microscope (FESEM) using INSPECTF50 (FEI, Netherland) and EVO 18
Special Edition, Carl Zeiss, Germany for bacterial image, Image J software for size distribution
analysis, Fourier transform infrared spectroscope (FTIR)-8400S, Shimadzu, DLS (Dynamic
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light Scattering) (NANO ZS90, Malvern Instruments Ltd., UK). Fluorescence microscope (DM
2500 Leica, Japan).

3.2.4. Evaluation of antibacterial activity

3.2.4.1 Determination of minimum inhibitory concentration (MIC) and minimum

bactericidal concentration (MBC)

The microdilution method was applied to determine the MIC and MBC values [80]. Total

assays were performed in a biosafety cabinet to prevent any undesirable contamination.
3.2.4.2. Tolerance level

The tolerance level of each bacterial strain towards GA@ZnONPs can be predicted by the
values of MIC and MBC. The tolerance level was determined by using the following formula
[80].

Tolerance= (MBC) / (MIC)......iuiiiii e (eq.l)
3.2.4.3. Agar well diffusion method

The susceptibility of pathogenic bacteria to GA@ZnONPs was examined by the Mueller-

Hinton agar well diffusion method according to a previously reported protocol [80].
3.2.4.4. Intracellular ROS generation in Bacterial cells

The bacterial intracellular ROS generation was measured using 2, 7-dichlorofluorescein
diacetate (DCFH2-DA), following our previously reported protocol [128]. The DCFH2-DA was
to passively enter the cells, reacting with the generated ROS and undergoing oxidation, thereby
forming a highly fluorescent compound 2, 7-dichlorofluorescein (DCF). After exposure to
GA@ZnO@NPs, the bacteria cells were cultured overnight and washed with PBS solutions.
Subsequently, the cells were incubated with the required amount of DCFH2-DA at 37 °C for

30 minutes. Finally, the bacteria cells were visualized under a fluorescence microscope.
3.2.4.5. .Morphological change of Bacterial cells observed by FESEM

The treated (at their MBC value) and untreated (control) four bacterial strains were incubated

for 16 hours at 37 ° C. Next, the cells were prepared following a standard protocol [179].
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3.2.5. Evaluation of anticancer activity
3.2.5.1. Cytotoxicity assay

The viability of Hep G2 cells after exposure to various concentrations of GA@ZnONPs was
determined by 3- (4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
[130-132]. Briefly, around 1 x 104 cells per well of 96-well plates were exposed to our
synthesized sample at the concentrations of untreated as control, 20, 40, 60, 80, and 100 pg/ml
for 24 hours of incubation at 37 ° C and 5% CO>. Following this, the cells were incubated
again with 10 ul MTT solution (stock 1 mg/ml) for 4 hours at 37° C and 5% CO- following a
wash with 1x phosphate-buffered saline (PBS), and the resulting formazan crystals were
dissolved in MTT solubilization buffer to measure the absorbance at 570 nm by using a

microplate reader (Biorad). The data were formulated compared with the control ones.
3.2.5.2. Intracellular ROS generations in Hep G2 cells

Normally, the DCFDA enters the cell and reacts with the reactive oxygen to give a green
fluorescent color compound dichlorofluorescein (DCF). Briefly, a stock solution of DCFDA
(10 mM) was prepared in methanol and was further diluted with PBS to a working
concentration of 100 pM. Hep G2 cells were treated with our synthesized sample at LDso for
12 hours at 37 ° C and washed with ice-cold 1x PBS followed by incubation with 100 pM of
DCFDA for 30 minutes in the dark at 37 ° C [131,132]. The fluorescence intensity was
measured both spectroscopically and under a fluorescence microscope in Hep G2 cells

excitation and emission wavelengths of 485 nm and 520 nm respectively.
3.2.5.3. Study of intracellular uptake

Biogenic GA@ZnONPs were labeled with the fluorescent dye, Rhodamine-B for confirming
the internalization of nanoparticles within the bacterial surface [157-160]. The images were

obtained under a fluorescence microscope at an excitation wavelength of 510-550 nm.
3.2.5.4. Apoptotic cell quantification by AnnexinV-FITC staining

The quantification of the apoptotic cells was conducted with the help of the annexin V-FITC/PI

double staining method by following a standard protocol [155].
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3.2.6. Drug release study

Rhodamine-B released from the core of GA@ZnONP@RB was in vitro to confirm the release
at different intervals, following a standard protocol [175,176] and measuring the absorbance at

544 nm using a standard curve of rhodamine-B [180].
3.3. Statistical analysis

We repeated these experiments three times and the data were expressed by calculating the
standard deviation of all the experiments. Comparisons of the mean were done with the help
of a model | ANOVA test (using a statistical package, Origin Pro 8, Northampton, MA 01060,
USA) with multiple comparison t-tests, p < 0.05 as a limit of significance. The data was the
average of three experiments + SD. = = represents p value < 0.05, ** = represents p value <

0.01, =** = represents p value < 0.001.
3.4. Results and Discussion

3.4.1. Physical Characterizations

3.4.1.1. X-Ray Diffraction (XRD)

XRD pattern of the biosynthesized GA@ZnONPs clearly indicates their crystalline nature, in
Figure.3.1. The prominent diffraction peaks (20) were found at 31.48, 34.32, 36.36, 47.53,
56.52, 62.88, 67.82, and 76.5 degrees. The average size of ZnONPs was determined using the

Debye—Scherrer equation considering the highest intense peak.
D = 0.0/ BCOSD. .o e (eq.2)

where [ represents the full width at half maxima of the diffraction peak (radian), Bragg’s angle

was denoted by 0 in degree.
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PDF code no: 00-036-1451 (ZnO)
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Figure.3.1. XRD analysis of Gum Acacia capped Zinc
Oxide nanoparticles

The particle size of these GA@ZnONPs was in accordance with the relevant literature [101,
140]. FWHM (B) =0.011 17. Average diameter (D101) of ZnO = 13.04 nm. These peaks were
attributed to the crystallization of GA@ZnONPs. All the peaks can be assigned with the PDF
code No. #00-036-1451. The XRD pattern also exhibits an amorphous nature in the diffraction

pattern for the 26 value ranges from 10 to 20°, indicating low crystallization of gum acacia

extract.

3.4.1.2. Fourier Transform Infrared Spectroscopy (FTIR)
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Figure.3.2. FTIR spectra of Gum Acacia capped Zinc Oxide nanoparticles

The FTIR spectra of the biosynthesized GA@ZnONPs were displayed in Figure.3.2. FTIR was
performed to determine the purity of the nanoparticles and confirmed the prevalence of

different phytochemicals in the O. sanctum leaf extract. The characteristic peaks at 1634 and
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(600, 450) cm™* for the synthesized ZnONPs were congruent with that of the Zn—O vibration
arising due to stretching and deformation [168, 169]. The prominent bands were at 3408 cm™*
(—OH stretching), 2936 cm™ (stretching of —CH) and characteristic peaks of vibration at 1624
cmtand 1427 cm™ (asymmetric as well as symmetric stretching of -COO") also suggest the
presence of GA@ZNONPs.

3.4.1.3. UV Visible Spectroscopy
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Figure.3.3. UV-Visible spectra of Gum
Acacia capped Zinc Oxide nanoparticles

The results of UV-visible absorption is shown in Figure.3.3. confirming the formation of
GA@ZnONPs. The characteristic peak of GA@ZnONPs was found around 350 nm, indicating

their large excitation binding energy at room temperature [168].
3.4.1.4. Field Emission Scanning Electron Microscope (FESEM) analysis

The morphological modification of synthesized GA@ZnONPs was determined by the FESEM
analysis Figures.3.4. (a) and (b). The micrograph of GA@ZnONPs shows that they had a
spherical shape and uniform distribution. The FESEM results confirm the presence of spherical
ZnONPs within a sheath of the biopolymer gum acacia with a size range between 300-380 nm,
Figure.3.4. (c) (average particle size of 340 nm). From the FESEM images GA@ZnONPs

capping was confirmed.
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Figure.3.4.(a) (b)
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Figure.3.4. FESEM analysis (a) Gum Acacia capped Zinc Oxide
nanoparticles (b) Zinc Oxide nanoparticles (¢) Size distribution curve

3.4.1.5. DLS Analysis

Table.3.1. Hydrodynamic Size Distribution

SAMPLE NAME DLS SIZE (d.nm)  PDI ZETA  POTENTIAL
(mV)
GA@ZnONPs 253.8+4.4 0.225+0.075 12.23+1.4

The size distribution of the GA@ZNnNONPs was determined by DLS (Table.3.1). The Particle
size distribution curve reveals that GA@ZnONPs obtained were homogeneous in nature,
having a polydispersity index (PDI) of 0.225 with an average diameter of about 254 nm. The
zeta potential of the GA@ZnONPs was measured at 12.23 mV indicating the moderate stability

57



Chapter 3

of the sample. DLS and Zeta potential study suggests that the particles were quite conducive

to biological applications.
3.4.2. Evaluation of antibacterial activity
3.4.2.1. Determination of MIC and MBC

Table.3.2. Determination of MIC and MBC values

Name of Samples Bacterial Strain MIC MBC
Staphylococcus aureus 15.54 £ 1.37ug/ml 59 pg/ml
Enterococcus faecalis 22.48 + 2.4 pg/ml 81 pg/ml
GA@ZnONPs
Escherichia coli 36.46 + 1.8ug/ml 135 pg/ml
Pseudomonas aeruginosa 42.32 + 2.9ug/ml 148 pg/ml
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Figure.3.5. Bacterial viability by treatment with
Gum Acacia capped Zinc Oxide nanoparticles in
pathogenic bacterial strains.

The antibacterial activity of the synthesized GA@ZnONPs was determined by separate

treatment against Gram-negative and Gram-positive bacterial strains. MIC values of
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GA@ZnONPs against E. coli, P. aeruginosa, E. faecalis, S. aureus were 36.46 £ 1.8, 42.32 +
2.9, 15.54 £ 1.37, and 22.48 + 2.4 pg/ml respectively as shown in Figure.3.5 and Table.3.2.
The MIC dilutions of all the bacterial strains were streaked on sterile agar plates and incubated
at 37 °C for 18-22 hours to evaluate their respective minimum bactericidal concentrations
(MBC) [175, 179].

The concentration at which no visible bacterial growth was observed on the agar plate after
treatment with GA@ZnONPs was considered as the MBC. The MBC values of GA@ZnONPs
for E. coli, P. aeruginosa, S. aureus, and E. faecalis were found to be 135, 148, 59, and 81
pg/ml, respectively. Significant bactericidal activity of GA@ZnONPs against different

bacterial strains was clearly depicted by the result.
3.4.2.2. Determination of tolerance level

The tolerance level of bacterial strains E. coli, P. aeruginosa, S. aureus, and E. faecalis against
GA@ZnONPs was 3.7, 3.5, 3.9, and 3.6, respectively. The tolerance level represents the
difference between bacteriostatic agents and bactericidal agents. When the value of MBC /
MIC for a particular strain was greater than or equal to 16, this may be considered a
bacteriostatic type and when the value was less than or equal to 4, it may be considered a
bactericidal agent [175, 179]. The result clearly suggests that GA@ZnONPs exhibit significant

bactericidal activity against pathogenic bacterial strains.

3.4.2.3. Agar well diffusion study

Control Treated Control Treated

E.coli

Paeruginosa

Figure.3.6. Agar well diffusion study of Gum Acacia capped Zinc
oxide nanoparticles against pathogenic strains
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The agar diffusion study was performed to compare the antibacterial activity of different strains
treated with GA@ZnONPs. The inhibition zone of Gram-positive and Gram-negative bacteria
was shown in Figure.3.6. This study reconfirms the bactericidal activity of GA@ZnONPs

against different pathogenic bacterial strains.

3.4.2.4. Bacterial morphology study by FESEM

Control

E.coli

P.aeruginosa

E.faecalis

Figure.3.7. FESEM of Gum Acacia capped Zinc Oxide nanoparticles treated
pathogenic bacterial strains.

The treatment with GA@ZnONPs causes alterations in the structural morphology of the
bacterial cells, as shown in the FESEM results. The respective morphology was retained by the
untreated bacterial strains, as shown in Figure.3.7. However, in the case of treated bacterial
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cells, it was observed that the membrane was damaged, and cytoplasmic leakage led to
agglomerated cell debris. The bacterial membrane was confirmed to be disrupted and
perforated due to penetration of GA@ZnONPs or due to ROS generation as evidenced by
FESEM.

3.4.2.5. Determination of ROS Generation
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Figure.3.8. Intracellular ROS generation by treatment
with Gum Acacia capped Zinc Oxide nanoparticles in
pathogenic bacterial strains.

The Phytofabricated GA@ZnONPs could induce intracellular ROS generation, leading to
bacterial cell death. The intracellular ROS generation in the bacterial cells was determined by
employing DCFH-DA as an intracellular ROS indicator, as shown in Figure.3.8. The results
indicated that the GA@ZnONPs treated pathogenic bacterial cells augmented ROS generation,
which was responsible for bacterial cell death. The enhanced ROS production was correlated
with the bacterial cell membrane, disruption in the electronic transport chain, and genetic
material detonation [128, 129].
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3.4.3. Anticancer activity against Hep G2 cells
3.4.3.1. Cytotoxicity Study

The in vitro cytotoxicity was estimated by exposing the HepG2 cells to different concentrations
of GA@ZnONPs for 24 hours. This was followed by an MTT assay. It was noted that the
GA@ZnONPs exhibit significant anticancer activity with an LDso of 48 + 3.24 pg/ml as shown
in Figure.3.9. Therefore, we can conclude that the GA@ZnONPs have promising anticancer

properties.
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Figure.3.9. Cell viability assay by treatment with Gum
Acacia capped Zinc Oxide nanoparticles in cancer cells

3.4.3.2. Study of Intracellular ROS generation

The content of intracellular ROS was intricately evaluated to investigate the cellular
mechanisms responsible for the antibacterial activity of GA@ZNONPs as depicted in
Figure.3.10. (a). The enhanced fluorescence intensity in the case of GA@ZnONPs treated
bacterial cells was a positive indicator of increased levels of intracellular ROS. On the other
hand, the untreated bacterial cells exhibit negligible fluorescence intensity. The increased
production of intracellular ROS was responsible for the disruption in the electronic transport
chain, degradation of the genetic material, and damage to the bacterial cell membrane [174,
175, 179]. Similarly, in the case of the eukaryotic cells, 2’, 7" dichlorofluorescein diacetate
(DCF-DA) was employed as a specific probe to envisage the reactive oxygen species (ROS)
[176, 177]. The reactive oxygen production was measured in the case of hepatocellular cancer
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cells, HepG2 where the cells were treated with GA@ZnONPs at their LDso dose for a period
of 12 hours. The results procured from the fluorescence microscope and spectrofluorometer
delineate the enhancement of green color fluorescent intensity in the case of the treated HepG2

cells after the incubation time of 12 hours, as depicted in Figures.3.10. (a) and (b).
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Figure.3.10. (a) Intracellular ROS generation (b) Fluorescence microscopic image by
treatment with Gum Acacia capped Zinc Oxide nanoparticles in carcinoma cells

3.4.3.3. Quantification of apoptotic cells
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Figure.3.11. (a) Annexin-FITC analysis (b) Quantitative analysis of apoptotic cells by
treatment with Gum Acacia capped Zinc Oxide nanoparticles in carcinoma cells
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The confirmation of apoptosis was conducted with the aid of AnnexinV-FITC staining and was
estimated by FACS Verse. Figure.3.11 (a) and (b) depict that upon treatment with 40 and 60
ug ml~t of NPs, cells shifted towards early to late apoptosis with time. Almost 43% and 62.5%
apoptotic cells were observed in 40 and 60 pg ml™t of GA@ZnONPs treated HepG2 cells for
24 hours respectively.

3.4.3.4. Intracellular uptake of Rhodamine-B encapsulated GA@ZnONPs
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Figure.3.12. (a) UV-Vis analysis (b) Photoluminescence spectra (c) FTIR
spectra of GA@ZnONP@RB which confirms Rhodamine-B (d) Cellular
internalization of GA@ZnONP@RB in HepG?2 cells.

The Rhodamine-B encapsulated GA@ZnONPs exhibit an absorbance peak at 544 nm, which
was quite like that of bare Rhodamine-B, as shown in Figure.3.12. (a). This confirms the
encapsulation of rhodamine-B within the GA@ZnONPs. The photoluminescence spectra of
our synthesized GA@ZnONPs show a luminescent maximum centered at 575 nm shown in
Figure.3.12. (b).

The incorporation of the Rhodamine-B dye in GA@ZnONP@RB was indicated by the peaks
at 2740, 2407, and 1362 cm?, respectively corresponding to C—H stretching, NH* 2 symmetric
and C=S stretching vibration, which were like the absorbance peaks of rhodamine-B
Figure.3.12. (c). This result confirms the conjugation of rhodamine-B within the matrix of
GA@ZnONPs.

GA@ZnONPs tagged with Rhodamine-B were successfully internalized into the HepG2 cells,
as seen in Figure.3.12. (d). The result exhibits that the GA@ZNONP@RB was distributed
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throughout the cytoplasm, which indicates its successful internalization into HepG2 cells.
These nanoparticles possibly penetrate the cells through the endocytosis pathway. Thus, these

fluorescent biocompatible nano-platforms were quite conducive to bioimaging applications.
3.4.4. Drug release study
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Figure.3.13. Drug release profile of Gum Acacia capped Zinc Oxide nanoparticles

Approximately 25 and 31% of Rhodamine-B were released from GA@ZnONP@RB after 12
and 24 hours, respectively at pH 7.4 as shown in Figure.3.13. On the other hand, the release
values were 41 and 55% respectively in the case of pH 5.5. The results indicate that the
discharge of rhodamine-B at pH 5.5 (like the pH of the cancer cells) was faster than that of the
physiological pH of 7.4. This pH sensitive attribute was quite conducive to cancer amelioration

and circumvents adverse effects on the normal cells.
3.5. Conclusion

The synthesis, detailed physical characterization, and determination of the biological activity
of gum acacia capped green-synthesized ZnO nanoparticles (GA@ZnONPs) and depicted in
the present study. The cell wall synthesis or cross-linking of polymers, as well as the
degradation of intracellular DNA, lipids, and proteins, were disrupted by these nanoparticles,
resulting in pathogenic cell death. Significant activity against pathogenic bacterial strains both
Gram-positive (S. aureus, E. faecalis) and Gram-negative (E. coli and P. aeruginosa) was
exhibited by GA@ZnONPs as confirmed through MIC, MBC, and agar well diffusion studies.
The initiation of augmented intracellular ROS by GA@ZnONPs was clearly suggested by the
DCFDA assay, leading to bacterial cell death. Additionally, the DCFDA assay demonstrated
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enhanced ROS generation in human hepatoma cells induced by GA@ZnONPs, confirming
oxidative stress-mediated apoptosis in HepG2 cells. For facilitating bioimaging applications,
Rhodamine-B was tagged to these nanoparticles. A pH-responsive drug release assay was
performed at two pH levels (5.5 and 7.4) using Rhodamine-B as the model drug. The results
indicated significantly higher discharge of rhodamine-B at lower pH (corresponding to the
intracellular pH of cancer cells) demonstrating the potential for targeted delivery of anticancer
therapeutics specifically to cancer cells without adverse effects on normal cells. Future efforts
could see the conjugation of various cancer specific targeting molecules, such as folic acid,
lactobionic acid, etc., to specific delivery therapeutics to cancer cells. Cancer-specific labeling
may be achieved by attaching these targeting moieties to Rhodamine-B tagged nanoparticles,

allowing for discrimination of cancer cells.

To the best of our knowledge, this was the first instance of enhancing the therapeutic and
diagnostic attributes of biogenic GA@ZnONPs. This combination of therapeutic and
diagnostic potential represents a significant advancement. Consequently, these hydrophilic
GA@ZnONPs have undeniably paved the way for the development of a cost-effective platform

catering to multiple therapeutic and bioimaging applications.
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A Mechanistic Insight into The Inaccessible
Herbometallic Nanodrug as Potential Dual

Therapeutic Agent
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Summary

The bio-accessibility of Vanga Bhasma, a herbometallic mixture compound used in Ayurveda
as a gastrointestinal digestive medicine, has been investigated for its potential efficacy as an
antibacterial and anti-cancer agent. The characteristic XRD, FTIR, UV-Vis, FESEM, and TEM
of the nanoparticles were determined, revealing a high mineral content. The antibacterial
property of the nanoparticles was evaluated through MIC and MBC studies, which
demonstrated their ability to enhance bacterial ROS generation, leading to the degradation of

the peptidoglycan layer in bacterial cell walls.

Furthermore, the anti-cancer potential of the synthesized herbometallic nanoparticles was
examined on the breast cancer cell line. The results indicated that the nanoparticles could
induce apoptosis through oxidative damage and damage to the mitochondrial membrane. In
conclusion, the dual therapeutic attributes of herbometallic nanoparticles as anticancer and

antibacterial agent have been successfully established through our studies.
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4.1. Introduction

Conventional antibiotic treatments are widely available in the global market today. However,
their rampant use and occasional incomplete prescribed courses have led to the development
of bacterial strains that are resistant to these antibiotics. Additionally, many antibiotics are not
utilized due to their side effects. Evidence shows that resistant pathogenic strains like
Staphylococcus aureus and Pseudomonas aeruginosa have the potential to cause significant
mortality. Over the years, various strains such as vancomycin-resistant S. aureus have been

found to be resistant to antibiotics like penicillin and methicillin.

The emergence of antibiotic resistance poses a significant challenge to researchers, as they
strive to develop new drugs or modify existing ones. Recently, metal-organic frameworks have
shown promise in the biological field. Herbometallic compounds have also gained attention

due to their novel synthesis processes.

For centuries, metal and metallic ions have been utilized in low concentrations as antimicrobial
and anticancer agents due to their minimal toxic effects. Eastern countries have traditionally
used herbometallic drugs against diseases without fully understanding their mechanisms of
action. In our study, we attempt to comprehend the mechanism and physical characteristics of

one such drug, locally named Vanga Bhasma (VB), using advanced technologies.

VB, mainly used as an ayurvedic medicine, is an organometallic compound with reduced
particle size. It comprises elements essential for the body, with Tin oxide (SnOz) and zinc oxide
(Zn02) being major components. VBNPs are tasteless and odorless fine powders with a pH of
8.75. It is carefully prepared to focus on immunomodulation and drug targeting abilities at
specific sites. Previous studies have observed the synthesis, purification, physical
characterization, and biocompatibility of VB for gastric and gastrointestinal digestion. VB has
been traditionally used as a gastrointestinal drug for diabetes, urinary disorders, anemia,
asthma, and gastric ulcers. However, its antibacterial and anticancer activities have not been

thoroughly explored.

In our current study, the mechanism of a naturally processed drug, VB, which has been used
for years as an ameliorative agent against gastrointestinal diseases in oriental medicine, was
investigated. Additionally, the potencies of Vanga Bhasma nanoparticles (VBNPS) as an

antibacterial and anticancer agent were established [178-202].
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4.2. Experimental section

4.2.1. Materials
4.2.1.1. Chemical Ingredient

All analytical grades of chemicals were used for mentioned experiments and were purchased
from Sigma-Aldrich. Reagents used for bacterial studies, MTT reagents, glutaraldehyde, and
fluorescence stains were from HiMedia. All the glass wares were washed with Aqua regia
solution, then rinsed with the aid of ultrapure water, and were ultimately dried. For the
synthesis and characterization of material ion-free water (Millipore) was employed with a

minimum resistivity at 18MQ. For further use, deionized water was utilized.
4.2.1.2. Bacterial strain

Bacterial strains used in our study are Gram-negative Pseudomonas aeruginosa 1688,
Escherichia coli 443 and Gram positive Staphylococcus aureus 740, Enterococcus faecalis
441. Bacterial strains were procured from the Microbial Type Culture Collection (MTCC),
IMTECH, Chandigarh, India.

4.2.1.3. Cell line

MDA-MB-468 and MCF-7 (human breast cancer cell) and WI138 (human lung fibroblast) cell
lines were procured from the Central Cell repository of the National Center for Cell Science
(NCCS), Pune, India. All the above cell lines were cultured in the presence of Dulbecco’s
Modified Eagles Media (DMEM) supplemented with 10% FBS, 1mM sodium pyruvate, 2 mM
L-glutamine, non—essential amino acids, in the presence of antibiotic solution comprising of
100 mg/L penicillin and 100 mg/L streptomycin. The cells were grown in a humidified

atmosphere at a temperature of 37 ° C in the presence of 5% COx.
4.2.2. Drug Description

Vanga Bhasma (VB) was provided by the Department of Pharmacy, J. B. Roy State Ayurvedic
Medical College and Hospital, Kolkata, West Bengal, India. It was further purified following

other improved extraction methods [196].
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4.2.3. Experimental methods
4.2.3.1. Extraction procedure of VBNPs

The extraction procedure of Vanga Bhasma nanoparticles (VBNPS) consists of three stages,
namely purification and incineration. In summary, the general purification involved washing
with lime water seven times. Subsequently, the specific purification process was carried out by
adding Nirgundi (Vitex nigundo Linn.) and powdered Haridra (Curcuma longa Linn.,
Turmeric) three times. Then the mixture was incinerated by heating and rubbing the purified
Vanga with the whole plant of Achyranthes aspera in an open atmosphere. Next, the roasted
Vanga was triturated with Aloe vera juice and incinerated using an electric muffle furnace at a
temperature of 600 °C for an hour. This process was repeated six times to obtain Vanga Bhasma

following classical literature [19].
4.2.4. Physical Characterizations of VBNPs

Inductively coupled plasma optical emission spectra (ICP-OES); Thermo iCAP 7000 series,
(Thermo Fisher Scientific, USA), and atomic absorption spectra (AAS; Perkin Elmer 2800,
USA) were checked to find out the total caption concentration of the VBNPs after acid
digestion (HNOs: HCI; 1:3 ratio) reported elsewhere [199]. To perform ICP-OES, a standard
solution (1000pg/ml) compatible with multiple parameters was procured from Merck, Kolkata,
India. Each element was characterized at RF power 1160 W, plasma, and nebulizer argon flow
rate of 10.00 and 0.50 I/minute, respectively, at an auxiliary argon flow rate of 0.50 I/minute.
During each cycle of operation, the calibration was supported by an intermediate standard after
every five samples and was repeated thrice. The AAS analysis was performed by keeping
VBNPs in water at a horizontal shaker for 6 hours at room temperature following 18 hours
equilibration for filtration of the aqueous solution. The instruments were fine-tuned using
standard solutions (analytical grade) of each element and the analytical procedure was checked
by blank analyzing reagents routinely as per the manufacturer’s protocol. Elemental detection
ranges were varied from 1 to 0.001ug/ml for the experiment. Final data were recorded
following the formula: (Instrument reading x final volume makeup) / actual weight or volume
of sample. To investigate the functional groups in the biomolecules possibly present in the
material, we have examined the Fourier transform infrared spectroscopy (FTIR) with the help
of FTIR-8400S (Shimadzu) between the wavelengths of 400 cm™ and 4000 cm™. To observe
the crystalline property of VBNP, the X-ray diffraction (XRD) pattern was analyzed using the
Model D8, Bruker AXS, Wincosin, USA with a voltage of 40kv having a scan speed of 0.2

71



Chapter 4

s/step in the range of 20 from 20° to 80° and with Cu Ko radiation- 1.5418 A. To measure
the absorbance spectra of VBNPs at a wavelength of 250-800 nm, an Ultraviolet-visible
spectrophotometer was used (Bio-Tek, India). Dynamic light scattering (DLS) was performed
by employing Zetasizer (NANO ZS90, Malvern Instruments Ltd., UK) to determine the size
distribution of VB nanoparticles. Thermogravimetric analysis was done using Shimadzu Corp.
Serial No. C305745. With the help of a Field Emission Scanning Electron Microscope, we
visualize the fine morphological character of the material by using INSPECT F50 (FEl,
Netherland). The biological effect of VBNP was confirmed by Bacterial SEM (ZEISS).
Energy-dispersive X-ray (EDX) spectroscopy of synthesized VBNPs was examined with Supra
55 (ZEISS). For determining the shape and size of the material we have performed the TEM
analysis using JEOL JEM 2100 HR.

4.2.5. Evaluation of Antibacterial Activity

4.25.1 Determination of minimum inhibitory concentration (MIC) and minimum

bactericidal concentration (MBC)

Fresh culture of E. coli, E. faecalis, S. aureus, and P. aeruginosa were prepared in nutrient
broth, which was used for treatment at different concentrations of VBNPs. These were kept in
a shaker and incubated for 18-20 hours. After incubation UV-absorption spectrum was
observed to obtain MIC against positive control. These four strains were streaked with MIC
dilutions growth on an agar plate to observe the MBC. They were incubated for 18-20 hours at
37 ° C. MBC is the minimum concentration of VBNP at which bacterial strain is completely

killed. Bacterial assays were done in a biosafety cabinet in order to prevent contamination.
4.2.5.2. Tolerance Level

To evaluate the tolerance level of bacterial strain against VBNP, we use the following equation,
Tolerance = (MBC) / (MIC). ...t e [eq.1]
4.2.5.3 Agar well diffusion method

Fresh culture of two Gram-negative and Gram-positive bacterial strains were spread on the
Muller Hinton agar plate for well diffusion. After that wells of 9 mm were made to add VB at
their MIC concentration along with a negative control i.e., sterile water, and a positive control,

and incubated for overnight. A growth inhibition zone will be observed. To determine the
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susceptibility of the drug VB, the zone of inhibition diameter was measured surrounding the

well.
4.2.5.4. Intracellular ROS generation in Bacterial cell

The 2,7-dichlorofluorescein diacetate (DCFH2-DA) was used as a specific probe for envisaging
the amount of ROS generation within the bacterial cells. The DCFH2-DA shows passive
intracellular penetration and subsequently reacts with the cellular ROS, which in turn results
in the generation of 2, 7-dichlorofluorescein (DCF), which is a fluorescent compound [203].
The bacterial cells were at first treated with different concentrations of VBNPs and were
incubated overnight at 37 ° C. The bacterial cells were collected with the help of centrifugation
and were washed thoroughly with PBS solutions. Afterward, the cells were incubated with
adequate DCFH-DA solution for 30 minutes at a temperature of 37 ° C. Ultimately, the

visualization of the bacterial cells was performed with the help of a fluorescence microscope.
4.2.5.5. Study of bacterial cell morphology by FESEM

The degree of damage to the bacterial cells, post-treatment, by VBNP, was analyzed by SEM.
Samples subjected to SEM study were prepared following overnight incubation of both the
treated and control bacterial cells at 37 ® C [80]. Centrifugation (4 minutes, 4000 rpm) of 1ml
of these incubated cultures (both control and treated) was performed to obtain the pellet. After
washing the pellet three times with sterile and filtered PBS containing 2% glutaraldehyde, the
bacterial cells were dehydrated serially. Bacterial cells were then fixed on coverslips using the
drop-casting method and were finally dried by placing them under laminar airflow. SEM

analysis was then performed followed by gold coating and placing on carbon tape.
3.2.6. Evaluation of Anticancer Activity
4.2.6.1. Cytotoxicity assay

The 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) dye was used to
determine the survivability of the breast cancer cells and normal lung fibroblast cells treated
with different concentrations of VBNPs [203]. Briefly, around 1 x 10* cells per well of cell
culture plates containing 96 wells were treated with different concentrations (0, 20, 40, 60, 80,
100 pg/ml) of VBNPs at 37 © C for 24 hours in the presence of 5% CO,. Following this, 10 ul
MTT solution at a temperature of 37 ° C was kept for 4 hours in the presence of 5% CO. Thus,

the generated crystals of MTT-formazan were dissolved in an MTT solubilization buffer.

73



Chapter 4

Ultimately a microplate reader (Biorad) was employed to analyze the absorbance at a

wavelength of 570 nm. The data were formulated compared with the control ones.
4.2.6.2. Intracellular ROS generations

Normally, the DCFDA makes intracellular penetration, and it subsequently reacts with the
reactive oxygen which results in the generation of a green, fluorescent color compound,
dichlorofluorescein (DCF). DCFDA stock solution (10 mM) was prepared in methanol. The
stock solution was diluted in PBS to make a working concentration (100 uM). At first, MDA-
MB 468 cells were exposed to VBNPs for a time span of 12 hours at a temperature of 37 ° C.
The cells were washed thoroughly with ice-cold 1x PBS and were then incubated with DCFDA
for 30 minutes in dark conditions at a temperature of 37 ° C [83]. The fluorescence intensity
was examined both spectroscopically (Hitachi, Japan) and under a fluorescence microscope in
MDA-MB 468 cells (Leica) at wavelengths of 485 nm (excitation) and 520 nm (emission).

4.2.6.3. Intracellular GSH & NADPH measurement

To examine the intracellular antioxidant level in MDA-MB-468 cells on treatment with
different concentrations of VBNPs, the intracellular GSH (Glutathione) and NADPH sensing
luminescence were performed. GSH-Glo™ is used to record the experimental data. Glutathione
Assay kit (Promega) for GSH measurement and Amplite™ Fluorometric NADPH Assay kit
(Advancing Assay & Test technologies [AAT] Bioquest, USA) for NADPH measurement with
the aid of Microplate reader (Bio-Tek).

4.2.6.4. Assessment of Mitochondrial membrane potential

The mitochondrial membrane potential was examined with the help of JC1 staining [83]. JC-1
dye was used for specific indications of mitochondria depolarization. A cationic dye, JC-1
shows accumulation within the mitochondria in a potential-dependent manner. This is indicated
by a transition of fluorescence from red to green which takes place due to the mitochondrial
damage and subsequent loss of membrane potential. The treated MDA-MB-468 cells were
afterward washed thoroughly with the help of phosphate buffered saline (PBS) and incubated
in the dark for 30 minutes with (10 pg/ml) JC-1 at 37 ° C. Finally, images were captured with

the aid of a fluorescent microscope (Leica).
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4.2.6.5. Mitochondrial ROS measurement

MitoSOX™ Red is a fluorescent dye that acts as a specific probe for quantifying the superoxide
present within the mitochondria of live cells. At first, 5x10* cells were cultured on coverslips
and were then exposed to the different concentrations of VBNPs. The cells were afterward
fixed with the help of 3.7% formaldehyde and were thoroughly washed with 1 x PBS.
Subsequently, the cells were incubated for 10 minutes at 37 ° C in the dark using a working
solution of MitoSOX™ Red reagent (5 uM). Ultimately the coverslips were mounted on slides
and were immediately observed with the help of a fluorescence microscope (Leica). Again, a
spectro-fluorometer (Bio Tek) was used to analyze the fluorescence intensity at an excitation

of 510 nm and emission at 580 nm.
4.2.6.6. Nuclear morphology examination

The nuclear morphology of the treated and untreated breast cancer cells was envisaged by
DAPI staining. The cells were exposed to different doses (40 pg/ml and 60 pg/ml) of VBNPs
for a time span of 12 hours. Afterward, the cells were washed with 1 x PBS and were stained
with the help of 4’,6-diamidino- 2-phenylindole (DAPI) (Vector Laboratories Inc.). The nuclear
morphology of the cells was ultimately observed with the aid of a fluorescence microscope
(Leica).

4.2.6.7. Quantification of apoptotic cell

The Annexin V-FITC/PI staining was performed after flow cytometry in order to confirm the
initiation of apoptosis by employing the Thermo Fischer kit [206]. In brief, the cells were
treated with different concentrations of VBNPs. Then the cells were washed thoroughly in ice-
cold 1x PBS. These cells were then resuspended in a binding buffer (100 ul) and were
incubated for 15 minutes after the addition of Annexin V-FITC (5ul) and PI (5 pul). The cells
were incubated in dark conditions at room temperature following the guidelines of the
manufacturer. Afterward, the flow cytometric analysis was performed by employing a FACS

Verse instrument (BD).
4.3. Statistical analysis

We repeated these experiments three times and the data were expressed by calculating the
standard deviation of all the experiments. Comparisons of the mean were done with the help
of amodel | ANOVA test (using a statistical package, Origin Pro 8, Northamptom, MA 01060,
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USA) with multiple comparison t-tests, p < 0.05 as a limit of significance. The data is the
average of three experiments + SD. = = represents p value < 0.05, ** = represents p value <

0.01, = = represents p value < 0.001.
4.4. Results and Discussion

4.4.1. Physical Characterizations

4.4.1.1. X-ray diffraction (XRD)
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Figure.4.1. (a) XRD analysis (b) TGA analysis of Vanga Bhasma nanoparticles

The diffraction peaks are shown in Figure. 1a represents approximately 26.5° , 31.7° , 34.5° ,
36.2° , 56.5° , 62.9° , 66.26° , 67.7° , 72.4° , 76.9° corresponding to (110), (111), (101),
(200), (002), (310), (301), (202), (321) plane. The formation of VBNPs has been in good
agreement with the Joint Committee on Powder Diffraction Standards (JCPDS) card no.- 71-
0652 for SnO2 and 37-1497 for CaO. The average nano-crystalline diameter of all the samples
has been estimated using the Debye-Scherrer equation from the broadening of the most intense
peak (200) present in the diffraction pattern.

KA
<D >(200): m ............................................................................. [eq2]

Here, D is the average nanocrystalline size, A is the wavelength of the incident Cu-Ka beam (A
=1.54A), 0 is the corresponding Bragg’s angle, B1/2 is the full width at half maximum
(FWHM) of the (200) peak and K is the shape factor having the constant value of =0.9. The
FWHM (B4,,) of the sample has been calculated after broadening the (200) peak and it is
around 0.00424. Also, the corresponding average nanocrystalline diameter (D) is found to be

~34.4 nm.
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4.4.1.2. Thermogravimetric Analysis (TGA)

In thermogravimetric analysis, a substantial weight loss of approximately 85% weight loss was
observed at 464 °C, which was attributed to the reduction in the labile organic and mineral
contents of VBNPs Figure.4.1. (b). Other identified minerals were found to remain thermally
stable within this temperature range. Based on the TGA data, it can be inferred that the major
fractions of VBNPs consist of organic substances along with a relatively lower number of
metallic components, making them highly capable of exhibiting antibacterial and anticancer

activities.
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Figure.4.2. (a) FESEM (b) TEM and Size distribution curve (¢) FTIR (d)
UV-Vis analysis of Vanga Bhasma nanoparticles

4.4.1.3. Field Emission Scanning Electron Microscope (FESEM) analysis

The microstructure of VB was shown in Figure.4.2. (a) using FESEM, revealing a clustered
rod-shaped morphology.

4.4.1.4. TEM image

The TEM image demonstrated that the VBNPs exhibit nearly monodisperse, nanosized
crystals. The average crystallite diameter, estimated through Gaussian distribution, was found

to be approximately 31.8 nm (Size histogram shown in Figure.4.2b. The particles exhibited
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crystalline characteristics with minimal agglomeration, predominately appearing as regular rod

structures.
4.4.1.5. Spectroscopic analysis of VBNPs

The presence of organic compounds in VBNPs was clearly observed by FTIR analysis
reflecting the presence of different types of organic bonds like C-H, C-N, C-O, C=0, and so

on in Figure.4.2c.

In Figure.4.2. (d), the UV-Visible spectrum of VBNP does not show any characteristic peak or

hump upon spectral scanning within a range of 300-800 nm.
4.4.1.6. DLS Analysis

As depicted in Table.4.1. The DLS size and zeta potential of VBNPs. This low P.D.I value
indicates that the aqueous solution of VBNP is homogenous in nature which is quite conducive
for biological applications. The Zeta potential of VBNPs is 10.83 £ 1.48 mV. The colloidal

stability of the prepared samples was studied by dynamic light scattering (DLS) measurements.

Table.4.1. Determination of hydrodynamic size and surface charge of synthesized VBNP

nanoparticles

SAMPLE NAME DLS SIZE (d.nm) PDI ZETA POTENTIAL (mV)

VBNPs 1248 +2.13 0.185 +0.09 10.83 +1.48

4.4.1.7. EDAX analysis

Spectrum 4
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Figure.4.3. EDAX analysis of Vanga Bhasma nanoparticles
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The elemental composition of VBNPs was determined using EDAX analysis and predominant

elements such as Tin, Zinc, Calcium, and Iron which are shown in EDAX spectra in Figure.4.3.
4.4.2 Antibacterial Activity
4.4.2.1. Determination of MIC and MBC

Table.4.2. Determination of MIC and MBC values of VBNPs

Antibacterial effectiveness of VBNPs
Bacterial strain MIC value (pg/ml) MBC value (pg/ml)
Enterococcus faecalis 26.0 £ 2.64 100.88 + 2.12
Staphylococcus aureus 24.8 £ 1.64 98.2 £2.43
Pseudomonas aeruginosa 38.7+251 147.06 £ 3.23
Escherichia coli 34.0+1.70 122.4 + 4.56
Figure.4.4 (a) (b)
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Figure.4.4 (a) Antibacterial activity by MIC (b) Intracellular ROS
generation of bacterial cell treated Vanga Bhasma nanoparticles
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To determine the bactericidal activity of VBNPs against both the Gram negative as well as and
Gram positive strains were treated with different concentrations of VBNPs. Figure.4.4. (a)
depicts a dose dependent inhibition of growth in different bacterial strains due to the treatment
with VBNPs. Table-4.2. represents the respective MIC values in the case of E. coli, E. faecalis,

S. aureus, and P. aeruginosa strains.
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MIC dilution was streaked to sterile agar plates to estimate the MBC value. The respective
MBC values for E. coli, E. faecalis, S. aureus, and P. aeruginosa are also given in Table.4.2.
The results clearly depicts that the VBNPs exhibit significant bactericidal activity against a

wide range of bacterial strains.
4.4.2.2. Determination of tolerance level

The tolerance level was calculated from MBC and MIC values [80]. When the MBC/MIC ratio
is greater or equal to 16, the agent is considered to be bacteriostatic for specific bacteria. On
the other hand, when this ratio is less than or equal to 4 it is bactericidal for that specific
bacterium. The values of the tolerance level of VBNPs in the case of E. faecalis, S. aureus, P.
aeruginosa, and E. coli were 3.88, 3.96, 3.8, 3.6 which further confirms the bactericidal

characteristics of VBNPs.
4.4.2.3. Determination of ROS Generation

The VBNPs had the capability to induce intracellular ROS generation which in results
culminates in bacterial cell death. In order to envisage the mechanisms behind the bactericidal
activities of VBNPs, the DCF-DA solution was used as a specific probe for determining the
amount of ROS generated within the bacterial cells as depicted in Figure.4.4. (b). The results
indicate that the treated pathogenic bacterial cells enhanced the generation of ROS. This
augmented intracellular ROS production contributes to the bacterial cell membrane, disruption

in the cellular genetic content which subsequently leads to the death of the bacterial cells [207].
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4.4.2.4. Agar well diffusion study

Control

-

Figure.4.5. Agar well diffusion plate of
Vanga Bhasma nanoparticles

The agar well diffusion method was performed to confirm the growth inhibition of different
strains at their MIC concentration with the control treated with sterile water [80]. As depicted
in Figure.4.5. distinct zones of inhibition are observed in the case of pathogenic strains like E.

coli, E. faecalis, S. aureus, and P. aeruginosa.
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4.4.2.5. Bacterial morphology study by FESEM

After analyzing the FESEM images (Figure.4.6.) it can easily be concluded that the membrane
was severely damaged in the case of VBNP treated bacterial cells resulting in the loss of
morphological integrity of the cells. On the other hand, membrane integrity was intact in the
case of control cells. Bacterial cell death was an obvious consequence because of membrane

destruction and perforations leading to the expulsion of cytoplasmic contents [80].
4.4.3. Anticancer Activity

4.4.3.1. Cytotoxicity Study

Figure.4.7. (a) (b)
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Figure.4.7. (a) Cell viability assay by treatment with Vanga
Bhasma nanoparticles (a) Normal (b) Carcinoma cells

Table 3. Determination of LDso values

Compound MDA-MB 468 MCF-7

VBNPs 58.7+3.4 60.2+4.8

In-vitro cytotoxicity of the VBNPs is evaluated for determining the cytotoxic effects on MDA-
MB 468 and MCF-7 cell lines [203]. The cells were treated with various concentrations of
VBNPs (0-120 pg/ml) for a time span of 24 hours and were afterward followed by MTT assay.
It was observed that VBNPs depicted a decrease in the cell survivability in a dose dependent

manner. The details of LDso values in the case of these two cell lines are provided in Table.4.3.
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The VBNPs showed negligible toxicities on the normal WI38 cells. Therefore, the results
clearly suggest that the VBNPs could exert encouraging anticancer activity without exhibiting

any significant toxicity on the normal cells exhibited in Figure.4.7. (a) and (b).

4.4.3.2. Study of Intracellular ROS generation

Figure.4.8. (a)
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Figure.4.8. (a) Fluorescence microscopic image (b) Intracellular ROS generation by
treatment with Vanga Bhasma nanoparticles in carcinoma cells

The Reactive oxygen species (ROS) is examined with the help of both a Spectro fluorometer
and fluorescence microscopy with the help of 2', 7' dichlorofluorescein diacetate (DCF-DA) as
a probe [206]. The generation of reactive oxygen species is evaluated in the case of human
breast carcinoma cells, MDA-MB 468 with VBNPs at concentrations of 40 pg/ml and 60 pg/mi
for 12 hours. The fluorescence microscopic images clearly depict the occurrence of enhanced
green fluorescence intensity in the case of treated MDA-MB 468 cell lines after 12 hours
(Figure.4.8).
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4.4.3.3. Evaluation of intracellular NADPH and GSH level
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Figure.4.9. Intracellular antioxidant level in MDA-
MB 468 treated with Vanga Bhasma nanoparticles

The homeostasis of the ROS level is critically maintained inside the cell and solely regulated
by intracellular antioxidant levels (NADPH and GSH) in mitochondria and cytosol. Therefore,
the investigation of the intracellular antioxidant system was of central concern, as it eliminates
NADPH and GSH, which are very important antioxidants in mitochondria and cytosol to
defend cells against oxidative stress mediated cellular death [8,9]. In this experiment, the
results exhibit a drastic dose-dependent diminishment in the percentage of GSH and NADPH
levels with 100 ug/ml of VBNP treatment compared with control one (Figure.4.9.).

4.4.3.4. Evaluation of mitochondrial membrane potential
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Figure.4.10. (a) Mitochondrial membrane potential (b) along with quantification data
(¢) Mitochondrial ROS generation (d) along with quantification data of MDA-MB 468 cells
treated with Vanga Bhasma nanoparticles
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Furthermore, it has been suggested by reports that intracellular ROS plays a pivotal role in
altering mitochondrial permeability [85]. Thus, mitochondrial damage was investigated by JC-
1 upon treatment with VBNPs Figure.4.10. (a) and (b). The drastic transition of fluorescence
from red to green and the decreased red/green ratio depicted the mitochondrial membrane
permeability transition. Therefore, these results confirm that the intracellular ROS generation,

mediated by VBNPs, drastically disrupts the mitochondrial membrane potential [85].
4.4.3.5. Mitochondrial ROS measurement

The production of mitochondrial ROS in the presence of the MitoSOX™ Red reagent was also
envisaged. MitoSOX™ Red reagent effectively penetrated the mitochondria of the live cells
and was immediately oxidized by the mitochondrial superoxide. The oxidized product emitted
a prominent red fluorescence upon binding to nucleic acid. An evident increase in fluorescence
was observed in cells treated with different concentrations of VBNPs, as seen in Figure.4.10.
(c) and (d). Hence, it can conclude that VBNPs mediate enhanced mitochondrial ROS

production, leading to apoptosis-mediated cell death.

4.4.3.6. Quantification of apoptotic cell
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Figure.4. 11. (a) Annexin-FITC analysis (b) Quantitative
analysis of apoptotic cells in MDA-MB 468 treated with Vanga
Bhasma nanoparticles
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As a confirmation of apoptosis, Annexin V-FITC staining was carried out with the help of
FACS Caliber. As depicted in Figure.4.11. (a) and (b), the treatment with LDso dose of VBNPs
resulted in the drastic transition of the cells shifted towards early to late apoptosis. The
percentage (%) of apoptotic cells was predominant in the case of the breast carcinoma cells
treated VBNPs for 24 hours compared to the untreated cells. In the case of the MDA-MB 468
cells treated with VBNP, approximately 60% of the cells depicted signs of apoptosis after 24
hours. On the other hand, only 1% of apoptotic cells were observed in the case of the normal
control cells. The results suggest that the VBNPs are capable of initiating apoptosis-mediated
cell death in breast cancer cells via a series of intracellular events like enhancement of ROS
generation, impairment of the intracellular redox balance, and mitochondrial membrane
damage [206-208].

4.4.3.7. Nuclear morphology examination

Control 40 ng/ml 60 ng/ml

Figure.4.12. Nuclear morphology by DAPI staining

Apoptotic morphology was evaluated in the case of breast cancer cells treated with VBNPs for
12 hours with the aid of DAPI staining. In the case of untreated cells, no morphological
anomalies like nucleus shrinking or polynuclear fragmentation were observed. While in the
case of the treated cells, distinct polynuclear fragmentation and nucleus shrinking were
prevalent [Figure.4.12]. Our results show that 34% and 46% of cells showed dominant signs

of apoptosis when treated with a dose of 40 ug/ml and 60 ug/ml of VBNPS.
4.5. Conclusion

The fields of cancer and antibiotic resistance are currently posing challenges, but we believe

that promising advancements in chemotherapy can address these concerns more efficiently and
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with fewer side effects. Our studies confirm the applicability of VVanga Bhasma nanoparticles

(VBNPs) as a combined therapeutic system, which is in great demand nowadays.

We firmly believe that these nanoparticles hold the potential to emerge as promising
ameliorative agents against a broad range of diseases, including cancer and bacterial infections
such as urinary tract infections, surgical infections, and skin infections. In the present study
with VBNPs, the destruction of bacterial cell walls is likely due to the disruption of signaling
cascades, leading to impaired cell wall synthesis caused by enhanced ROS generation,

observed in both Gram-negative and Gram-positive bacterial strains.

Furthermore, our study clearly depicts the enhancement of intracellular ROS generation in
breast carcinoma cells upon treatment with VVanga Bhasma nanoparticles. This heightened ROS
production is responsible for inducing changes in the mitochondrial membrane potential of the
cells, ultimately resulting in apoptosis-mediated breast cancer death. In conclusion, our studies
suggest that these Vanga Bhasma nanoparticles hold the promise of emerging as a dual

ameliorative agent against pathogenic bacterial strains and breast cancer cells.
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Phytofabrication of Silver Nanoparticles Using
Ocimum Sanctum Leaf Extract and Their
Antibacterial and Anticancer Activity Through

Oxidative Damage
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Summary

Prominence has been gained by silver nanoparticles in various fields like medicine, catalysis,
nanoelectronics, textiles, pollution, and water treatment, owing to their unique attributes. The
applications of silver nanoparticles in medical purposes, including drug delivery, treatment,
diagnosis, and medical device coating are experiencing rapid growth. Conventionally, various
chemical and physical methods have been utilized to synthesize silver nanoparticles (AgNPs).
However, these synthesis processes are not only expensive but also involve side effects. To
address these significant issues and enhance safety and efficiency, green nanotechnology has
emerged as a crucial approach for silver nanoparticle synthesis. The synthesis of biogenic silver

nanoparticles from plant extracts is referred to as green nanotechnology.

In this study, the green synthesis of silver nanoparticles was achieved using Ocimum sanctum
(Tulsi) leaf extract, which served as both the reducing agent and capping agent. The
synthesized silver (Ag) nanoparticles (NPs) were thoroughly characterized, and their
antibacterial and anticancer activities were observed. The formation of silver nanoparticles was
confirmed by the development of a brown color upon the addition of Ocimum sanctum (Tulsi)
extract. To quantify the formation of silver nanoparticles, UV-Vis absorption spectroscopy, X-
ray diffraction (XRD), and zeta potential measurements were performed. Furthermore, Fourier-
transform infrared (FTIR) analysis revealed that the silver nanoparticles (AgNPs) were
stabilized by eugenols, terpenes, and other aromatic compounds present in the extract. The
antimicrobial and anticancer properties of silver nanoparticles (AgNPs) were evaluated through
various in vitro cellular assays. The findings from our present study confirm that silver
nanoparticles (AgNPs) can serve as a dual therapeutic option for combating pathogenic

microbial strains and hepatocellular cancer.
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5.1. Introduction

Nanotechnology is regarded as the field responsible for the development of more consistent
processes for the synthesis of nanomaterials across a wide range of sizes, ensuring good mono
dispersity and precise chemical composition [209]. Metallic nanoparticles attract significant
importance in recent years due to their wide application in physics, chemistry, medicine,
biology, and material science [210]. Exceptional physiochemical characteristics, encompassing
optical, catalytic, electronic, magnetic, and antibacterial properties are being raised due to the
high specific surface area and surface atoms of metallic nanoparticles. [42]. Particularly, noble
metals, like silver nanoparticles, stand out due to their dominant optical absorption in the
visible region, resulting from the exciting group of the free electron gas [212]. Silver
nanoparticles exhibit a diverse range of compelling attributes, including nonlinear optics,
spectrally selective coating for solar energy absorption, excellent electrical conductivity, bio-
labeling capabilities, antibacterial properties, intercalation materials for electrical batteries,

optical receptors, chemically stable materials, and catalysts in chemical reactions [43,44].

The broad applications of silver nanoparticles are found in the medical field, especially in skin
ointments and creams to prevent infections in burn wounds and open wounds. Silver exhibits
inhibitory action against many bacterial strains and microorganisms commonly found in
medical and industrial processes [45]. The general method for synthesizing silver nanoparticles
is through chemical reduction, leading to colloidal dispersions in water or organic solvents
[213].

The imperative technique of green synthesis involves the utilization of nontoxic chemicals,
eco-friendly solvents, and renewable materials, with the capability to reduce metals through
specific metabolic pathways [214]. Various biological approaches for green synthesis using
plant leaf extracts from different plants have been reported [214-216]. These biologically-
synthesized nanoparticles are known to exhibit antibacterial properties [217-223].

The leaves of Ocimum sanctum (Tulsi), have been employed as a remedy for stomachaches,
headaches, diarrhea, dysentery, coughs, colds, and intestinal infections, for centuries [224-
229]. The leaves have aroma, cooling, mucilaginous, diuretic, and anti-inflammatory attributes
that have been utilized in the treatment of digestive and carminative issues, spasmodic
affections, vitiated inflammatory conditions, and even as an anticancer agent [230-232]. The

major phytochemicals found in O. sanctum such as eugenol, B-elemene, cyclopropylidene,
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carvacrol, linalool, germacrene, etc., are believed to play a crucial role in the bio-reduction of

silver metal ions and the stabilization of the resulting nanoparticles.

In this study, we observed how prokaryotic and eukaryotic cells were affected by biogenic
AgNPs. Positive effects of the phytofabricated AgNPs against Gram positive (S. aureus, B.
subtilis) and Gram-negative (E.coli, P. aeruginosa) pathogenic bacterial species were also
demonstrated. The mechanism of bacterial growth inhibition was investigated thoroughly. The
biogenic AgNPs likely destroyed bacterial cell walls through signaling cascades, resulting in
defective cell wall synthesis or impaired cross-linking of polymer units. This effect may have
been caused by ROS generation in both Gram-positive and Gram-negative bacterial strains
[80].

Furthermore, cellular metabolism, inhibiting proliferation and metastasis of cancer cells was
altered significantly by silver ions. The generation of reactive oxygen species (ROS) played a
crucial role in maintaining reduction-oxidation balance in most cancer cells, elevated ROS
levels may promote oxidative damage leading to cellular abnormalities or death [235-236]. The
antimicrobial and anticancer activities of AgNPs against different pathogenic bacterial strains

and hepatocellular cancer cell lines were investigated in this study.

Phytofabricated, non-hazardous, and eco-friendly AgNPs have great potential as an effective

dual therapeutic agent.
5.2. Experimental section

5.2.1. Materials
5.2.1.1. Chemical Ingredients

AR-grade silver nitrate (AgNO3) was purchased from Sigma-Aldrich Chemicals and fresh
Ocimum sanctum leaves were collected locally from Kolkata, India. All the chemicals and
reagents required for bacterial culture media, MTT reagent, glutaraldehyde, fluorescence
stains, and different chemicals and reagents used for biological purposes were purchased from
Merck Ltd and SRL Pvt. Ltd, Mumbai, India, and HiMedia at the highest grade available. All
the reagents were used without further purification. Deionized (Millipore) water was used
throughout the experiment with a resistivity of at least 18 MQ-cm. The cleaning was done by
aqua regia solution followed by rinsing with ultrapure water for all the glass-wares used in our

experiments were cleaned with.
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5.2.1.2. Bacterial strain

Gram-positive (Staphylococcus aureus 740 and Bacillus subtilis 441) and Gram negative
(Escherichia coli 443 and Pseudomonas aeruginosa 1688) used for the bacterial experiment
were procured from Microbial Type Culture Collection (MTCC), IMTECH, Chandigarh, India.

5.2.1.3. Cell line

Hep G2 (Hepatocellular carcinoma cell) and WI38 (human lung fibroblast) are used to
determine the cytotoxicity assay obtained from the Central Cell repository of the National
Center for Cell Science (NCCS), Pune, India. All the above cell lines were cultured in the
presence of Dulbecco’s Modified Eagles Media (DMEM) supplemented with 10% FBS, 1mM
sodium pyruvate, 2 mM L-glutamine, non—essential amino acids, in the presence of antibiotic
solution comprising of 100mg/L penicillin and 100mg/L streptomycin. The cells were grown

in a humidified atmosphere at a temperature of 37 ° C in the presence of 5% COx.
5.2.2. Experimental methods
5.2.2.1 Preparation of plant leaf extract

Ocimum sanctum leaves were washed with deionized water to remove the dust and dirt
particles. Subsequently, the leaves are then dried at room temperature. Approximately 2 grams
of the dried powdered leaves were taken and mixed with 100ml distilled water. The mixture
was then boiled for 5 minutes and allowed to cool down. Afterward, the solution was filtered
and stored at 4 °C. All syntheses were performed within a week after the preparation of the leaf

extract.

5.2.2.2. Preparation of Silver Nitrate Solution

1.0 mM AgNOs was added into distilled water and stirred continuously for 2 to 4 hours.
5.2.2.3. Synthesis of Silver Nanoparticles

In a 250 ml beaker, 150 ml of prepared silver nitrate stock solution was taken. Subsequently,
10 ml of leaf extract was added to the breaker. The mixture was then heated in a water bath at
90 °C for 1 hour.
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5.2.2.4. Purification of synthesized particles

After heating, the precipitation was obtained by centrifugation at 9000 rpm for 25 minutes.
Then the precipitation was then repeatedly washed by centrifuging (3 times). Thus, purified

silver nanoparticles (AgNPs) were obtained.
5.2.3. Physical Characterizations of Silver Nanoparticles

The absorbance spectra were measured using an Ultraviolet-visible spectrophotometer (Bio-
Tek) at a wavelength of 250-800 nm. Silver nanoparticles were synthesized by reducing silver
metal ions solution with Tulsi leaf extract and were initially characterized using UV-Visible
Spectrophotometer. The XRD (X-Ray Diffractometer) patterns of the silver nanoparticle
samples were recorded by X-ray powder Diffractometer model D8, Bruker AXS, Wisconsin,
USA, using Cu-Ka target employing wavelength of 1.5418 A and operating at 35 kV with a
scan speed of 2s/step. Particle size and its distribution were assessed with Field Emission
Scanning Electron Microscope (FESEM) using ZEISS. Electrons interact with the electrons in
the sample, producing various signals that can be detected and that contain information about
the surface topography and composition of the samples. The Fourier transform infrared
spectroscopy (FTIR) study was done using FTIR-8400S, Shimadzu in the wavenumber range
from 400 cm™! to 4000 cm™!. FTIR Spectrometer to detect the possible functional groups in
biomolecules present in the plant extract. The particle size distribution and stability were
measured by DLS (Dynamic light Scattering) using Zetasizer (NANO ZS90, Malvern
Instruments Ltd., UK). The surface charges of the nanoparticles were also measured by the

Zetasizer.
5.2.4. Evaluation of antibacterial activity

5.2.4.1. Determination of minimum inhibitory concentration (MIC) and minimum

bactericidal concentration (MBC)

As per our previously reported protocol [80], the microdilution method in Luria broth was used
to evaluate the MIC and MBC. Bacterial media containing the inoculums were supplemented
with different concentrations of AgNPs and incubated for 24 hours. After incubation, the MIC

values were obtained by assessing the turbidity of the bacterial growth through UV absorption.

To determine the MBC values the MIC dilutions of growth i.e., 10 pl of a bacterial strain

containing 2.5 x 10° CFU ml ™! bacteria, were separately added to the several 1 ml nutrient
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broths (NBs) onto agar plates, and then they were incubated for 24 hours at 37 °C. The MBC
value was noted as the lowest concentration of AgNPs, at which the bacterial strains were
completely inhibited. This MBC value signifies the minimum concentration of particles
required for 100% bacterial killing compared to the positive control (no treatment). All assays

were performed in laminar airflow.
5.2.4.2. Tolerance level

The tolerance levels of each bacterial strain against AgQNPs were determined by using the

following formula [235].
Tolerance= (MBC) / (MIC) ....iniiiiiii e e e (eq.1)
5.2.4.3. Agar well diffusion method

The susceptibility of pathogenic bacteria to AgNPs was examined using the Agar well diffusion
method, following a previously reported protocol. The pathogenic strains were grown in LB
Broth at 37 °C overnight until turbidity of 0.5 Mac Farland standards (108 CFU/mI) was
achieved. A 90mm diameter Petri dish filled with 30 ml of Mueller Hinton Agar was then
inoculated with 50 pl of this bacterial suspension. Wells were punched into the agar plates and
treated with AgNPs at their MBC concentrations. The zone of inhibition diameter in the

bacterial growth surrounding the disc (including the disc) was measured [235].
5.2.4.4. Intracellular ROS generation in Bacterial cell

The bacterial intracellular ROS generation was measured using 2, 7-dichlorofluorescein
diacetate (DCFH2-DA), following our previously reported protocol [80]. The DCFH2-DA was
to passively enter the cells, reacting with the generated ROS and undergoing oxidation, thereby
forming a highly fluorescent compound 2, 7-dichlorofluorescein (DCF). After exposure to
AgNPs, the bacteria cells were cultured overnight and washed with PBS solutions.
Subsequently, the cells were incubated with the required amount of DCFH2-DA at 37 °C for

30 minutes. Finally, the bacteria cells were visualized under a fluorescence microscope.
5.2.5. Evaluation of Anticancer Activity
5.2.5.1. Cytotoxicity assay

The viability of Hep G2 cells after exposure to various concentrations of AgNPs was

determined by 3- (4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
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[231, 83,85]. Briefly, around 1 x 104 cells per well of 96-well plates were exposed to AgNPs
at the concentrations of untreated as control, 20, 40, 60, 80, 100ug/ml for 24 hours of incubation
at 37° C and 5% CO.. Following this, the cells were incubated again with 10ul MTT solution
(stock 1 mg/ml) for 4 h at 37° C and 5% CO, following a wash with 1x phosphate-buffered
saline (PBS), and the resulting formazan crystals were dissolved in MTT solubilization buffer
to measure the absorbance at 570nm by using a microplate reader (Biorad). The data were

formulated compared with the control ones.
5.2.5.2. Intracellular ROS generations in Hep G2 cells

Normally, the DCFDA enters the cell and reacts with the reactive oxygen to give a green,
fluorescent color compound dichlorofluorescein (DCF). Briefly, a stock solution of DCFDA
(10 mM) was prepared in methanol and was further diluted with PBS to a working
concentration of 100 uM. Hep G2 cells were treated with AgNPs at LDso for 12 hours at 37 ° C
and washed with ice-cold 1x PBS followed by incubation with 100 uM of DCFDA for 30
minutes in the dark at 37 ° C [83,85]. The fluorescence intensity was measured both
spectroscopically and under a fluorescence microscope in Hep G2 cell excitation and emission

wavelengths of 485 nm and 520 nm respectively.
5.3. Statistical analysis

We repeated these experiments three times, and the data were expressed by calculating the
standard deviation of all the experiments. Comparisons of the mean were done with the help
of amodel I ANOVA test (using a statistical package, Origin Pro 8, Northamptom, MA 01060,
USA) with multiple comparison t-tests, p < 0.05 as a limit of significance. The data is the
average of three experiments + SD. = = represents p value < 0.05, ** = represents p value <

0.01, = = represents p value < 0.001.
5.4. Results and Discussion
5.4.1. Physical Characterizations

5.4.1.1. X-ray diffraction (XRD)

The crystalline character of the synthesized nanoparticles is confirmed through X-ray
crystallography. The XRD pattern of AgNPs is given in Figure.5.1. (a). The pattern clearly
shows the main peaks at (20) 38.19°, and 44.37° corresponding to the (111) and (200) planes,
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respectively. By comparison with JCPDS (file no: 89- 3722), the typical pattern of green-
synthesized AgNPs was found to possess a prominent structure. The average crystalline size

of the silver nanoparticles was estimated using (Eq. 2), the Debye—Scherrer’s equation:

D=0.9M B COSO . .o e, (eq.2)

By calculating the width of (111) Bragg’s reflection, the average particle size was 14 nm. In
addition, three unassigned peaks appeared at 27.78° , 32.34° , and 46.29° . These peaks were

weaker than those of silver possibly due to the presence of bioorganic compounds on the

surface of the AgNPs.
Figure.5.1.(a) (b)
300
221
250
20+
200 £ 55l
- 5
g 150 £ 16
= p=]
2 100 g 14
£ g 2
E 50 =
= 10
10 20 30 40 50 500 1000 1500 2000 2500 3000 3500 4000
20 Wavenumber(cm™)

Figure.5.1. (a) XRD analysis of silver nanoparticles and (b) FTIR spectra

5.4.1.2. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR experiment was conducted to identify the presence of various functional groups in
biomolecules responsible for the bio-reduction of silver nanoparticles (AgNPs) and
capping/stabilization of silver nanoparticles. The intense bands obtained were compared with
standard values to identify the functional groups, as shown in Figure.5.1. (b). The bands at
3422cm™ in the spectra correspond to O—H stretching vibration, indicating the presence of
alcohol and phenol group. Bands at 2921 cm™ arising from C—H stretching of aromatic
compounds, were observed. The band at 1631cm™ was assigned to C—N and C—C stretching,
indicating the presence of proteins. The band at 1450 cm-! represents N—H stretch vibration,
present in the amide linkages of the proteins. These functional groups play a role in the
stability/capping of AgNPs, as reported in other studies. Additionally, the bands at 1450 cm*
correspond to the N-H and C-N (amines) stretch vibration of the proteins while the band at
1377 cm® exemplifies the N-O symmetry stretching typical of the nitro group. The strong
bands at 1074 cm™ correspond to ether linkages and suggest the presence of flavanones

adsorbed on the surface of the synthesized metal nanoparticles. The immediate reduction and
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capping of silver ions into silver nanoparticles in this analysis might be due to flavonoids and
proteins. The flavonoids present in the leaf extract are powerful reducing agents, which may

be actively involved and responsible for the reduction of Ag* to AgP.
5.4.1.3. UV-Visible absorption studies

The absorption spectra of the synthesized AgNPs in aqueous solution were monitored in a
wavelength range of 250-800 nm as shown in Figure.5.2a. It was observed that the solution of
silver nitrate turned dark brown on the addition of leaf extract, indicating the formation of
AgNPs, while no color change was observed in the absence of plant extract. The UV-Vis
spectrum exhibited a single, strong, and broad Surface Plasmon Resonance (SPR) peak at 450
nm, which confirmed the synthesis of AgNPs.
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Figure.5.2. (a) UV-Vis spectra, (b) Hydradynamic size distribution
study by DLS and (¢) FESEM analysis of silver nanoparticles

5.4.1.4. DLS Analysis

Table.5.1. Hydrodynamic Size Distribution

SAMPLE DLS SIZE ZETA POTENTIAL
PDI
AgNPs 101.8 0.231 -21.4
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DLS was performed to determine the size distribution of AgNPs Figure.5.2. (b). In the case of
AgNPs the particle size distribution curve revealed the P.D.l (Polydispersity Index) is 0.231
and the average diameter that is approximately ~100 nm. The low P.D.I value indicates that
the solution is homogenous in nature which is ideal for biological applications. A quite high
negative zeta potential is exhibited by silver nanoparticles, indicating the stability of the

particles in the aqueous solution. The details are given in Table.5.1.
5.4.1.5. FESEM analysis

The FESEM images of the silver nanoparticles are shown in Figure.5.2. ©, revealing the
spherical morphology of AgNPs. The particle size in the present study ranged from 25 to 100

nm.
5.4.2. Antibacterial activity

5.4.2.1. Determination of MIC and MBC
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Figure.5.3. Bacterial viability study of pathogenic
bacterial strains by treatment with analysis of silver
nanoparticles
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Table.5.2. Determination of MIC and MBC values

Antibacterial effectiveness of AgNPs
Bacterial strain MIC value (pg/ml) MBC value (pg/ml)
Bacillus subtilis 41.3 +2.83 140 + 3.7
Staphylococcus aureus 35.54+1.43 132+1.8
Pseudomonas aeruginosa 44.65+£2.2 143+4.2
Escherichia coli 38.460 £ 1.2 135+ 3.2

The bactericidal activity of the synthesized AgNPs has been treated separately against Gram
negative E.coli, P.aeruginosa, and Gram-positive S.aureus, B.subtilis. In the case of E.coli,
and P.aeruginosa strains the MIC values of AgNPs are 38.46 + 1.2 pg/ml, 44.65 + 2.2 pg/ml,
and that in the case of S.aureus, B.subtilis the MIC values are 35.54 + 1.43ug/ml, 41.3 £ 2.83
pg/ml respectively as shown in Table 2. The MBC values, where complete bacterial growth
was inhibited on the sterile agar plates with treatment of AgNPs were recorded as 135 + 3.2
pg/ml, 143 £ 4.2 pg/ml, 132 + 1.8 pg/ml, 140 + 3.7ug/ml in case of E. coli, P. aeruginosa, S.
aureus, B. subtilis bacterial strains respectively [80]. Decreases in bacterial growth with the
increase in the concentration of AgNPs are shown in Figure.5.3. The microdilution method
indicated that the easy penetration of AgNPs into the cells followed by bacteriostatic action in

different bacterial strains might be responsible for the inhibition.
5.4.2.2. Determination of tolerance level

The tolerance levels of pathogenic strains against AgNPs were evaluated based on the
respective MIC and MBC values. From these results, the tolerance level to AgNPs was found
to be 3.5, 3.2 for E. coli, P. aeruginosa and 3.7, 3.4 for S. aureus, B. subtilis respectively. The
MBC/MIC ratio is an important parameter reflecting the bactericidal capacity of the AgNPs.
In this study, AgNPs exhibited significant bactericidal activity against pathogenic strains i.e.,
E. coli, P. aeruginosa, S. aureus, and B. subtilis. This might be attributed to the ingression of

AgNPs into the bacterial cells, hindering growth and acting as an ideal bactericidal agent.
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5.4.2.3 Determination of agar well diffusion method

AgNPs treated Control AgNPs treated

S.aureus

Paeroginosa

Figure.5.4. Antibacterial assessment of biogenic silver
nanoparticles in pathogenic strains be disc agar diffusion method

The selective bactericidal activity of AgNPs was confirmed by the good diffusion method, as
shown in Figure.5.4. The zone of inhibitions exhibited significant diameters when strains were
treated with AgNPs at their MBC dose. Thus, the AgNPs demonstrated effective growth

inhibition for pathogenic E.coli, S.aureus, B.subtilis, and P.aeruginosa.

5.4.2.4. Determination of ROS Generation
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Figure.S.5. Intracellular ROS generation by
treatment with AgNPs in pathogenic bacterial
strains
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The phytofabricated AgNPs had the capability to induce intracellular ROS generation, leading
to bacterial cell death. The intracellular ROS generation in the bacterial cells was determined
by employing DCFH-DA as an intracellular ROS indicator, as shown in Figure.5.5. The results
indicated that the AgNPs treated pathogenic bacterial cells augmented ROS generation, which
was responsible for bacterial cell death. The enhanced ROS production was correlated with the
bacterial cell membrane, disruption in the electronic transport chain, and genetic material
detonation [80, 235].

5.4.3. Anticancer activity against Hep G2 cells

5.4.3.1. Cytotoxicity Study
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Figure.5.6. Cell viability assay of AgNPs in
human hepatocellular cancer HepG?2 cells

The in vitro cytotoxicity of the AgNPs was evaluated to determine effects on HepG2 cell line.
The cells were exposed to different concentrations of AgNPs (0-120 pg/ml) for 24 hours,
followed by an MTT assay. It was observed that the AgNPs exhibited a dose-dependent
decrease in cell survivability. The LDsg of AgNPs was calculated to be 46 + 3.2 uM. Therefore,
it can be concluded that the synthesized phytofabricated AgNPs could potentially exert

encouraging anticancer activity as shown in Figure.5.6.
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5.4.3.2 Study of Intracellular ROS generation
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Figure.5.7. Intracellular ROS generation by
treatment with AgNPs in human hepatocellular
cancer HepG?2 cells

The analysis of Reactive oxygen species (ROS) was performed using both fluorescence
microscopy and a spectrofluorometer with the aid of 2’, 7' dichlorofluorescein diacetate (DCF-
DA) as a probe. The generation of reactive oxygen species was evaluated in hepatocellular
carcinoma cells (Hep G2) with AgNPs at concentrations of 80 pg/ml and 100 pg/ml for 12
hours. The fluorescence microscopic images clearly depict the enhancement of green color

fluorescent intensity in the treated HepG2 cell lines after 12 hours Figure.5.7. (a) and (b) [232].
5.5. Conclusions

The synthesis of phyto-fabricated silver nanoparticles is inexpensive, nontoxic, and eco-
friendly. The AgNPs were thoroughly characterized using UV-Vis, FTIR, XRD, DLS, and
FESEM. The results from UV-Vis spectral studies confirmed the presence of surface plasmon
resonance of these biogenic silver nanoparticles. The biomolecules predominant in the O.
sanctum leaves were primarily responsible for reducing and capping the AgNPs as analyzed

by FTIR measurements. Particle size and stabilization were determined with the aid of DLS
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and zeta potential techniques. FESEM studies depicted the formation of spherical and uniform-
shaped silver nanoparticles with a size range of 25-100 nm. The XRD pattern additionally
confirmed the development of the silver nanoparticles through the eco-friendly green synthetic
route. Despite significant progress in cancer diagnosis and treatment, cancer still poses a grave
worldwide threat. Conversely, the global dissemination of pathogenic bacterial strains has
emerged as a serious contemporary challenge to public health. Our results clearly indicate that
the biogenic AgNPs initiate oxidative damage through augmented ROS generations in both
prokaryotic and eukaryotic cells. The generated reactive oxygen or superoxide can directly
interact with the cell metabolism to generate hydroxyl radicals, leading to damage to DNA,
lipid, and proteins. Our results strongly suggest that these phytofabricated AgNPs can be
considered potential antibacterial agents against Gram-positive (S. aureus, B. subtilis) and
Gram-negative (E. coli, P. aeruginosa) pathogenic bacterial strains. In the present study with
AgNPs, the probable reason behind the destruction of the bacterial cell wall might be due to
the disruption in the signaling cascades that lead to defective cell wall synthesis. This
phenomenon occurs due to enhanced ROS generation in both Gram-positive and Gram-
negative bacterial strains. Additionally, the AgNPs lead to the damage of human liver cancer
cells due to enhanced intracellular ROS. In conclusion, our studies suggest that our
phytofabricated AgNPs have the potential to emerge as potent anticancer and antibacterial

agents.
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Gadolinium-Capped Zinc sulfide Conjugated
Silver Nanoparticles: A Potential

Nanocomposite having Antibacterial Properties
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Summary

Zinc sulfide (ZnS) nanoparticles are highly considerable for their inherent antibacterial
properties, making them promising material for combating bacterial infections. This study
explores the potential of enhancing their therapeutic efficacy by incorporating Gadolinium
(Gd), a well-known fluorophore with unique properties. The addition of silver aims to enhance
the effectiveness of the ZnS nanoparticles. Successful synthesis of ZnS@Ag nanoparticles
capped with Gadolinium (ZnS@Gd@Ag) was confirmed using various biophysical methods
such as UV-Vis spectroscopy, X-ray Diffraction (XRD), Fourier Transform Infrared (FTIR),
Field Emission Scanning Electron Microscopy (FESEM), Photoluminescence (PL),
Transmission electron microscope (TEM) and zeta potential. The antibacterial efficacy of the
Gadolinium-doped ZnS nanoparticles was evaluated, revealing their ability to induce oxidative
stress in bacterial cell membranes, leading to the eradication of pathogenic bacterial strains.
Furthermore, the Gadolinium-tagged nanoparticles exhibited fluorescence properties,
potentially enabling their utilization in bioimaging applications. The potential conjugation with
silver opens up exciting possibilities for enhancing their therapeutic and diagnostic credentials,

presenting these nanoparticles as a merging intervention for various biomedical applications.
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6.1. Introduction

Zinc sulfide nanoparticles (ZnS) are well known for their optoelectronic property but nowadays
they have been studied for their bacterial properties against various pathogenic bacteria [233].
When Zinc sulfide nanoparticles are capped to enhance their antibacterial property with 1-
(carboxymethyl)-4-[(E)-2-(1,2-oxazol-3-yl)etheylpyridin-1-ium, it has been observed that
capped ZnS are more potential than uncapped ZnS [234]. In the study of C. Chaliha et al., zinc
sulfide nanoparticle was dopped with copper through a solvothermal approach using
Mercapotosuccinic (MSA) and sodium citrate (SC) as differential capping agents. They
confirmed MSA@Cu: ZnS nanoparticles as a potential antibacterial agent. [235]. ZnS
nanoparticles synthesized by G.R Amir et al., using the chemical precipitation method are cubic
in shape. Their study confirmed that with the increasing concentration of ZnS nanoparticles
bacterial growth was affected. [236]. Previous research validates the antibacterial potential of
ZnS nanoparticles but no such augment was done to enhance the efficacy and to encapsulate
the ZnS. Gadolinium is a rare earth element that is used to fabricate to modify the properties
of ZnS@Ag such as magnetic, optical, and luminescence characteristics. Gadolinium doping
has the potential to increase the photolytic activity of the nanoparticles by increasing the
surface area and charge separation [237]. Gadolinium is also capable of improving the
sensitivity and selectivity of the nanoparticles by providing more active sites and enhancing
electron transfer [232-242]. ZnS@Ag nanoparticles may be used as luminescent materials for
bioimaging, and drug delivery and conjugation of Gadolinium can increase the intensity and

stability of these nanoparticles by introducing energy levels and reducing quenching effects.

There are several studies on synthesizing Zinc Sulfide nanoparticles [233-238]. But in this
study, we attached Gadolinium for its fluorescence property to track the nanoparticle and silver
to increase the antibacterial potential. Previously this type of functionalized ZnS nanoparticles

was not synthesized against pathogenic bacterial cells.

Silver nanoparticles are conventionally used against pathogenic bacterial cells [240]. AgNPs
are highly efficient and have potential antibacterial properties. Here we have observed the
effect of these biogenic ZnS@GA@AQgNPs on the prokaryotic cells. The fabricated
ZnS@GA@AQgNPs had a remarkable antimicrobial efficacy against Gram-positive (S. aureus,
E. faecalis) and Gram-negative (E. coli, P. aeruginosa) pathogenic bacterial species. We have
also studied the mechanism behind bacterial growth inhibition. In our present experiments with

biogenic ZnS@GA@AQgNPs, the destruction of bacterial cell walls might have caused due to
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one or multiple steps of signaling cascades resulting in defective cell wall synthesis or impaired
cross-linking of polymer units, which have occurred due to the ROS generation in both Gram-

positive and Gram-negative bacterial strains [80].
6.2. Experimental Section
6.2.1. Materials

6.2.1.1. Chemical Ingredients

All the reagents and chemicals used for this study including bacterial culture media,
fluorescence stains, MTT reagent, Zinc acetate, Thiourea, Gadolinium, and Ethylene diamine
were purchased from Merck, India, and SRL Pvt. Ltd, Mumbai, India. Throughout the study
deionized (Millipore) water of resistivity at least 18 MQ-cm has been used.

6.2.1.2. Bacterial Strains

The Gram-positive strains used in microbiological experiments were Staphylococcus aureus
740 and Enterococcus faecalis 441. Escherichia coli 443 and Pseudomonas aeruginosa 1688
were the Gram-negative strains used in this study. These bacterial strains were procured from
the Microbial Type Culture Collection (MTCC), IMTECH, Chandigarh, India.

6.2.2. Experimental Methods
6.2.2.1. Synthesis of nano-ZnS@Gd@Ag

Stock solution was prepared by dissolving Zinc acetate and thiourea (1:1 ratio) was added in
50 ml distilled water. To yield the final solution, Ethylene diamine solution was added
dropwise to maintain the pH. Gadolinium was added about 5% and 7% of silver nitrate. Each
step is done under a continuous stirring process. After stirring for 2 hours the solution was
transferred to a Teflon-lined stainless steel hydrothermal reactor. Reactions were performed by
placing the unit in a dust-free electric oven for 8-6 hours at a temperature of 150 °C and then
allowing it to cool down at room temperature. The reacted solution was centrifuged and then
washed several times with distilled water followed by drying. The obtained samples were sent

for characterization.
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6.2.3. Physical Characterization of ZnS@Gd@AgNPs

Synthesized nanoparticles were characterized with the help of X-ray powder Diffractometer
model D8, Bruker AXS, Wisconsin, USA, using Cu-Ka target operating at 35 kV (wavelength
-1.5418 A and scan speed-1s/step), Fourier transform infrared spectroscope (FTIR)-8400S,
Shimadzu, DLS (Dynamic light Scattering) (NANO ZS90, Malvern Instruments Ltd., UK).
Fluorescence microscope (DM 2500 Leica, Japan), Field emission Scanning Electron
Microscope (FESEM) using INSPECTF50 (FEI, Netherland) and EVO 18 Special Edition,
Carl Zeiss, Germany, Image J software for size distribution analysis. Energy Dispersive X-ray
(EDAX) spectrum is also used to determine the elemental composition. The optical properties
of the samples are studied using an Ultraviolet-visible spectrophotometer (Epoch microplate
reader, Bio-Tek, USA)) and Photoluminescence (PL) spectroscopy (Cary Eclipse Fluorescence
Spectrophotometer, Agilent). A fluorescence microscope (DM 2500, Leica, Germany) and
Spectroscope (Hitachi, Japan) were employed for the ROS study. Ultrasonic bath sonicator is
used for preparing different types of suspensions. All bacterial studies were performed in a

biosafety cabinet.
6.2.4. Evaluation of antibacterial activity

6.2.4.1. Determination of minimum inhibitory concentration (MIC) and minimum

bactericidal concentration (MBC)

The microdilution method was applied to determine the MIC and MBC values [80]. Total

assays were performed in a biosafety cabinet to prevent any undesirable contamination.
6.2.4.2. Tolerance level

The tolerance level of each bacterial strain towards synthesized nanoparticles can be predicted
by the values of MIC and MBC. The tolerance level was determined by using the following
formula [80].

Tolerance level = (MBC) / (MIC).....oniiii i e (eq.1.)
6.2.4.3. Agar well diffusion method

The susceptibility of pathogenic bacteria to synthesized nanoparticles was examined by the

Mueller-Hinton Agar well diffusion method according to a previously reported protocol [80].
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Intracellular ROS generation

2, 7-dichlorofluorescein diacetate (DCFH2-DA) assay was employed to determine the bacterial

intracellular ROS generation [237].
Morphological changes of bacterial cells observed by FESEM

The treated (at their MBC value) and untreated (control) 4 bacterial strains were incubated for

16 hours at 37 © C. Next, the cells were prepared following a standard protocol [238].
6.3. Statistical analysis

We repeated these experiments three times and the data were expressed by calculating the
standard deviation of all the experiments. Comparisons of the mean were done with the help
of amodel | ANOVA test (using a statistical package, Origin Pro 8, Northamptom, MA 01060,
USA) with multiple comparison t-tests, p < 0.05 as a limit of significance. The data is the
average of three experiments + SD. = = represents p value < 0.05, ** = represents p value <

0.01, =** = represents p value < 0.001.
6.4. Results and Discussion

6.4.1. Physical characterization

6.4.1.1. XRD analysis
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Figure.6.1. XRD analysis nanoparticles
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From XRD graph of the biosynthesized ZnS@Gd@AgNPs clearly indicates their crystalline
nature (Figure.6.1a). The prominent diffraction peaks (20) were found at 29° ,48° , and 57° in
the case of ZnS. Doping with Gd causes these to be lowered and wider in the case of ZnS@Gd
and ZnS@Gd@Ag NPs. The substitution doping becomes favorable between the comparable
ionic radii of two elements. As the ionic radius of Ag®* is comparatively close to Zn?* than to
S, Ag®* can simply substitute with Zn?* in the ZnS lattices [235-245]. The highest intense
peak was considered for determining the average size of ZnS@Gd@Ag NPs by employing the
Debye—Scherer equation (eq.1)

D=0.9k/Bcost, B=(BaMB2S) 2. . o (eq.1)

where D is the diameter of the nanoparticle, k is the X-ray wavelength (1.5418 A), Bm and Bs
are the measured peak broadening and the instrumental broadening in radian respectively, the
full width at half maximum (FWHM) of the diffraction peak and ‘0’ is the Bragg angle of the
reflection. The calculated average particle sizes are shown in Table.6.1.

Sample FWHM  Avg Crystallite Diameter
Gd@ZnS@Ag 0.022784 6.28 nm
Gd@ZnS 0.037025 3.87 nm
ZnS 0.021167 6.76 nm

Table.1. Calculated average particle sizes

6.4.1.2. Fourier Transform Infrared spectroscopy analysis

FTIR analysis was carried out in order to determine the chemical structure and identify the
presence of various functional groups in nanoparticles. The obtained intense bands
1102cm?,1219 cm™, 1405 cmtand 2932 cm™ corresponds to the formation of ZnNS@GA@Ag
NPs (figure.6.2.). The bands at 612 cm™ are assigned to the ZnS band due to Zn-S vibrations
[1. (232,239)]. 1560 cm™ spectrum corresponds to O—H stretching vibration representing the
water absorption. Bands between 420 cm™ and 430 cmispecifies that ZnS were not oxidized

during synthesis [1. (234)]. Another peak at 1102cm™ cm stands for C—O stretching.
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Figure.6.2. FTIR analysis nanoparticles

6.4.1.3. FESEM analysis and EDAX study

The FESEM micrograph is shown in Figure.6.3. clearly depicts the morphology of
ZnS@Gd@Ag nanoparticles. The agglomeration reveals the weakly bound collection of
nanoparticles. From the EDAX study Figure.6.3. (b) we obtain the elemental composition of
the synthesized nanoparticles. Our sample mainly consists of Zn, Ag, S, Gd, and O without any

impurity which confirms the formation of ZnS@Gd@Ag nanoparticles.

Figure.6.3. @ _ ®)

Figure.6.3. (a) FESEM micrograph and (b) EDAX study of
IZnS@Gd@Ag nanoparticles
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6.4.1.4. Dynamic Light Scattering (DLS) and Zeta Potential

The polydispersity index (PDI) and zeta potential of the nanoparticles were determined by DLS
(Table 2). P.D.1 of ZnS@Gd@Agis 0.254 which confirms the homogeneous nature. The zeta
potential of the ZnS@Gd@Ag was 15.4 mV which indicates the moderate stability of the
sample. DLS and zeta potential study suggests that the particle is suitable for biological

applications.

Table.6.2. Zeta Potential

SAMPLE NAME PDI ZETA POTENTIAL (mV)
ZnS 0.571 128+1.2
ZnS@Gd 0.506 147+ 2.3
ZnS@Gd@Ag 0254 154+19

6.4.1.5. Transmission Electron Microscopy

TEM image reveals the nanosized crystal form of the ZnS@Gd@Ag in Figure.6.4. (a). The
shape of the ZnS@Gd@Ag nanoparticle is found to be spherical. The average diameter of the
particles has been estimated through Gaussian distribution and found to be 12 nm

approximately which is graphically represented in Figure.6.4. (b).
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Figure.6.4. (a) TEM image and (b) Particle size analysis
of ZnS@Gd@Ag nanoparticles
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6.4.1.6. Photoluminance spectroscopy analysis

In our current investigation, we observed a distinct red shift in the photoluminescence (PL)
peaks of the entire sample when excited at a specific excitation wavelength (Aexc= 320nm), as
depicted in Figure.6.5. Our study revealed that smaller-sized particles (ZnS@Gd) result in a
wider band gap. The maximum PL emission occurs when the band gap of the particles closely
matches the excitation wavelength. In other words, at a particular excitation wavelength, the

PL emission corresponds to a specific value of band gap energy for particles of a certain

dimension,
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Figure.6.5. PL analysis of
ZnS@Gd@Ag nanoparticles

and the intensity of emission depends on the number of particles involved in the process.
Consequently, for a given sample, the maximum emission peaks shift towards higher
wavelengths with an increase in the average particle diameter. This phenomenon consistently
occurred across different particle sizes, with the emission spectra showing a similar trend for
ZnS@Gd@Ag. Additionally, when the size of the particles deviates from the exact excitation
wavelength, the peak intensity diminishes due to an incompatible bandgap with the excitation

wavelength.
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6.4.2. Antibacterial activity

6.4.2.1. Determination of MIC & MBC

Table.3. Determination of MIC and MBC values

Antibacterial effectiveness of ZnS@Gd@AgNPs
Bacterial strain MIC value (pg/ml) MBC value (pg/ml)
Enterococcus faecalis 36.0+2.24 58.20 + 2.30
Staphylococcus aureus 44.8+1.34 73.08 £1.92
Pseudomonas aeruginosa 48.7+2.31 70.95 £ 3.03
Escherichia coli 24.0+£1.50 68.00 * 3.65

Antimicrobial properties of ZnS@Gd@AgNPs were studied by colony counting method on E.
feacalis, S. aureus, P. aeroginosa, E. coli. The bactericidal activity of ZnS@Gd@Ag NPs
against both the Gram-positive and Gram-negative strains is confirmed from Table.6.3 which

clearly depicts the MIC and MBC values of our sample against these bacterial strains.

6.4.2.2. Agar well diffusion

Figure.6.6. Agar plate diffusion treated with
IZnS@Gd@Ag nanoparticles
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For the agar well diffusion method, 100 pl of overnight grown bacterial culture (cell density
107 CFU ml*) was dispersed over the petri dish. The solution of the synthesized nanoparticle
is placed into the well on the agar petri plate containing solid media. Then the plates were
incubated at 37 ® C overnight. Figure.6.6. confirms the distinct zone of inhibition against E.

feacalis, S. aureus, P. aeroginosa, and E. coli against ZnS@Gd@Ag.
6.4.2.3. Tolerance level

Tolerance is a significant parameter that implies the bactericidal nature of any antibacterial
agent. For a particular bacterial strain, if the MBC / MIC ratio is less than or equal to 4, then
antibacterial agents are considered bactericidal agents. Table.6.3. we can clearly suggest the

bactericidal potential of ZnS@Gd@AgNPs against four different bacterial strains.

6.4.2.4. Evaluation of ROS Generation
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Figure.6.7. Bacterial ROS generation

The ZnS@GA@AQ has the potential to reduce bacterial cell survivability at their respective
MBC value. As shown in Figure.6.7, To envisage the mechanisms behind the bactericidal
activities of our synthesized samples DCF-DA solution was used as a specific probe for
determining the amount of ROS generated within the bacterial cells. As depicted in Figure.6.7.
The results indicate that the treated pathogenic bacterial cells gradually enhanced ROS
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generation with increasing concentrations of NPs. This augmented intracellular ROS
production contributes to the bacterial cell membrane disruption that leads to bacterial cell lysis

and leakage of the cellular content.

6.4.2.5. Bacterial morphology study by FESEM

P, aeruginosa Control P. aeruginosa treated with GA@/nS@Ag

Figure.6.8. FESEM Bacterial image treated and
untreated with ZnS@Gd@Ag nanoparticles

The treatment with ZnS@Gd@AQg causes alterations in the structural morphology of the
bacterial cells as shown in the FESEM results. The untreated bacterial strains as shown in
Figure.6.8. retain their respective morphology. But in the case of treated bacterial cells, we
observe that the membrane is damaged, and cytoplasmic leakage leads to agglomerated cell
debris. FESEM images confirm that the bacterial membrane is disrupted and perforated due to
penetration of ZnS@Gd@AgNPs or might be due to ROS generation.
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6.5. Conclusions

The present study reports the synthesis, comprehensive physical characterization and
assessment of the biological activity of Gadolinium capped synthesized ZnS nanoparticles
conjugated with silver (ZnS@Gd@AQgNPs). These nanoparticles exhibit potent antimicrobial
effects by disrupting cell wall synthesis or cross-linking of polymers as well as causing
degradation of intracellular DNA, lipids, and proteins, ultimately leading to pathogenic
bacterial cell death. Notably, ZnS@Gd@AgNPs demonstrated remarkable efficacy against
both Gram-positive (S. aureus, E. faecalis) and Gram-negative (E. coli, P. aeruginosa), as
confirmed through various assays including MIC, MBC, and Agar well diffusion studies.
Furthermore, the DCFDA assay revealed that ZnS@Gd@AgNPs efficiently induce an increase
in intracellular ROS levels, contributing to the demise of bacterial cells. Moreover, the
nanoparticles were tagged with Gadolinium to enable facile bio-imaging applications.
Remarkably, this study represents the first instance of biogenic ZnS@Gd@AgNPs with
enhanced therapeutic and diagnostic attributes. Consequently, this ZnS@Gd@AgNPs holds
significant potential as a cost-effective platform for numerous therapeutic and bio-imaging

applications.
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Conclusion
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In conclusion, the studies presented in our work highlight the significant potential of various
nanomaterials, including Vanga Bhasma nanoparticles, phytofabricated silver nanoparticles,
Hydroxyapatite, Gum Acacia capped Zinc nanoparticles, and Gadolinium doped Zinc sulfide
conjugated with silver NPs as promising therapeutic agents against a broad range of diseases,
such as cancer and different bacterial infections. These nanomaterials have demonstrated
remarkable antimicrobial effects by inducing oxidative damage through increased ROS
generation, leading to the disruption of bacterial cell wall synthesis and the death of pathogenic

bacterial strains.

Table.7.1. Comparison of size, MIC, MBC and LDso of the synthesized nanopatrticles.

NAME DLS SIZE (d.nm) | MIC (pg/ml) | MBC (pg/ml) LDso (ng/ml)

VBNPs 124.8 30 116.75 59 ng/ml

AgNPs 101.8 39.5 137.5 46 pg/ml
GA@ZnONPs 253.8 28.75 105.75 48 pg/ml

HAPNPs 343.9 19.88 70 0.1g/ml
Gd@ZnS@Ag | 12 nm (from TEM) 38 67.25

Furthermore, the biogenic nanoparticles have shown promising results in inducing apoptosis
in breast cancer cells, providing a potential avenue for anticancer treatments. The use of eco-
friendly green synthesis methods for these nanoparticles makes them cost-effective, non-toxic,
and environmentally friendly, which adds to their appeal for various medical and biological
applications. Additionally, the development of Hydroxyapatite encapsulating Vancomycin and
folic acid for selective recognition and killing of pathogenic multi-drug resistant Enterococcus
faecalis represents a significant advancement in treating drug-resistant bacterial infections.
These functionalized HAPNPs have shown excellent antibacterial activity against MDR
strains, making them potential candidates for preclinical applications in various disease

treatments.

Moreover, the synthesis of Gadolinium-capped ZnS nanoparticles conjugated with silver
(Gd@ZnS@AQgNPs) demonstrates a novel approach to achieving both antimicrobial efficacy

and bio-imaging capabilities. These nanoparticles have exhibited potent antimicrobial effects
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against a wide range of bacteria and have the potential for future therapeutic and diagnostic

applications.

Overall research data indicates that all these five types of nanomaterials have high potential in
their antibacterial property and their cytotoxicity is negligible. Moreover, they are specific to

cancer cells depending on pH sense, so they do less harm to normal cells.

The nanoparticles were tagged with fluorescence material to enable bio-imaging applications.
This study represents enhanced therapeutic and diagnostic attributes. Consequently, these
nanoparticles hold significant promise as a cost-effective platform for numerous therapeutic

and bio-imaging applications.

Thus, in the course of our work, dual therapeutic, biocompatible, and non-conventional drug
delivery have been successfully synthesized and modified which will be suited for advanced

biomedical applications in the future.

Future Scope

1. Mechanistic Elucidation: Investigating the precise mechanism of action of
functionalized nanoparticles against MDR bacteria can provide deeper insights into
their antibacterial activity. For anticancer properties, more detail is required about the

molecular pathways.

2. In vivo studies: Conducting animal studies to evaluate the therapeutic potential and
safety profile of these functionalized nanoparticles in vivo can bridge the gap between
in vitro experiments and clinical applications. This can include assessing the bio-
distribution, pharmacokinetics, and efficacy of the nanoparticles in relevant animal

models.

3. Clinical translation: Translating the findings from laboratory studies to clinical
applications is crucial. Conducting clinical trials to evaluate the safety, efficacy, and
feasibility of functionalized nanoparticles in human patients, can pave the way for their

potential use as a novel therapeutic approach.

4. Combination Therapies: Exploring the synergistic effects of these nanoparticles in
combination with other treatments, such as conventional chemotherapy or antibiotics,
could lead to enhanced therapeutic outcomes. Combination therapies may also help

mitigate potential resistance mechanisms.
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Abstract

The persistent dissemination of resistant bacterial strains is a grave contemporary global
impediment in hospital-acquired infections which needs to be mitigated with immediate effect.
In particular, infections from pathogenic multidrug-resistant (MDR) Gram-positive bacteria (like
Enterococcus faecalis) which are resistant to conventional antibiotic therapy are attracting
immediate global attention. Here we report the synthesis of nanoscale hydroxyapatites (HAPs),
which are the well known biomimetic ceramic material having needle shaped morphologies. We
have encapsulated vancomycin (VAN) within these nanoparticles and have conjugated the
targeting ligand (folic acid) by a facile synthesis process in order to enhance the therapeutic
efficacy against MDR E. faecalis. These functionalised HAPs are thoroughly characterised by
employing field emission scanning electron microscopy (FESEM), powder x-ray diffraction
(PXRD), ultraviolet—visible spectroscopy (UV-Vis) and dynamic light-scattering (DLS)
techniques. Our results suggest that these functionalised HAPs could successfully transport
vancomycin across the cell wall of MDR E. faecalis through endocytosis. The determination of
selective antibacterial activity has been envisaged with the help of extensive in-vitro assays like
the minimum inhibitory concentration (MIC), minimum bactericidal concentration (MBC) and
the generation of reactive oxygen species (ROS). This study vividly establishes that this folic
acid conjugated HAPs are promising antibacterial agents against MDR E. faecalis and related
pathogenic resistant bacterial strains.

Keywords: hydroxyapatite nanoneedle, vancomycin, folic acid targeting, multidrug-resistant,
enterococcus faecalis, antibacterial drug delivery
Classification numbers: 2.04, 2.05, 5.00, 5.08, 5.09

1. Introduction this issue. This has given rise to the need of the development

of alternate strategies that would help in overcoming the

The emergence of drug-resistant bacteria has posed a grave
threat to the modern society. The antibiotic-resistant bacteria
are the primary driving force behind millions of deaths that
occur every year worldwide as mentioned in the previous
reports [1, 2]. Furthermore an incessant decline in approved
antibiotics in the past decade is responsible for aggravating

2043-6262/19/045017+11$33.00

resistance in bacterial strains. Numerous active strategies
including the development of novel antibiotics have been
implemented for the treatment of multidrug-resistant (MDR)
bacteria. The functionalisation of nanomaterials is a very
effective process to develop antibacterial agents for the
treatment of MDR bacteria. The fluorescent-carbon quantum

© 2019 Vietnam Academy of Science & Technology
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dots capped with spermidine have been successfully imple-
mented against MDR bacteria by Li et al [3]. Furthermore,
different nanoparticles mediated approaches are being
implemented as ameliorative agents for infections caused by
MDR bacteria [4]. These nanoparticles are not only undesir-
ably hazardous but their process of synthesis is quite tedious.
Therefore, there is an urgent need for the development of
facile, effective synthesis of non-hazardous antibacterial
agents. Enterococcus faecalis is a predominant pathogen that
accounts for infection in the urinary tract, nosocomial bac-
teremia, post-surgical infections and is gradually developing
resistance towards the conventional therapies. The lack of
proper diagnosis and treatment in case of such infections
could be responsible for the loss of innumerable lives. Fur-
thermore, its MDR phenotype is posing a grave threat to the
global public health [5]. In order to curb the E. faecalis
infection, different antibiotics have been used, but recently
none have been found to be effective against various strains
of E. faecalis [6, 7]. The resistance to the different antibiotics
like penicillin, vancomycin and methicillin has been found in
more than 90% of E. faecalis strains [8]. The antibiotic drug
vancomycin which was used clinically to treat E. faecalis
infections is the latest inclusion in the list of the antibiotics to
develop resistance after penicillin (in 1940), and methicillin
(in 1961) [9, 10]. In order to overcome this drug resistance
and to combat the MDR E. faecalis infection, there is a ser-
ious need for the development of antibacterial agent that
could effectively overcome MDR E. faecalis. Although
recently some work has been carried out on the modification
of the materials that are effective against MDR pathogenic
strains like S. aureus [11-13], there is an urgent need for the
development of additional surface modifications that could
amplify the antibacterial activities of glycopeptide antibiotics
like vancomycin (VAN) [14]. Though, vancomycin is pre-
dominantly used for the treatment of Gram-positive bacteria,
like S. aureus and E. faecalis, unfortunately these bacterial
strains also exhibit a resistance towards it. In order to combat
this problem, a number of researchers have implemented a
series of VAN-modified nanoparticles that can be employed
against multidrug-resistant S. aureus (MRSA) [15-19]. Tak-
ing clue from their work, here we report the development of
nanoscale hydroxyapatite (HAPs) conjugated with VAN for
the treatment of MDR E. faecalis. In recent years, HAPs have
shown great potential in many applications, especially for
bioactive molecule delivery [20, 21]. In recent times, the
modification of HAPs for therapeutic applications has drawn
considerable interests. This is primarily due to their attributes
like large surface area, very high porosity and easily modified
surface [22, 23]. Wu et al and Ghosh et al have established
that hydroxyapatites possess the ability to enhance the anti-
bacterial effects of common antibiotics like vancomycin
[24, 25]. Due to all these attributes, we here emphasise the
development of functionalised HAPs for the treatment of
MDR E. faecalis. It is also well known that folic acid (FA) is
a vital nutrient required for nucleotide synthesis for bacteria.
Therefore the folic acid conjugated antibiotic encapsulated
nanoparticles are readily internalised by the bacteria through

the process of endocytosis and thereby the delivery of the
encapsulated antibiotic to the bacterial cells can be aggravated
to a great extent. The folic acid targeting has been previously
implemented for the delivery of antibiotics to the resistant
cells [15, 16].

In our present study, we have designed folic-acid-mod-
ified HAP nanoparticles conjugated with VAN as an ameli-
orative agent against vancomycin resistant bacteria strains.
The detailed in vitro assays like minimum inhibitory con-
centration (MIC), minimum bactericidal concentration
(MBC), agar diffusion method have been used in order to
envisage the antibacterial efficacy of our prepared sample.
The results vividly implicate that our prepared material has
the potential to emerge as a promising ameliorative agent for
different disease-causing MDR bacterial strains. Our present
work depicts that functionalised HAPs are endowed with such
attributes that could unlock new vistas in the treatment of
MDR E. faecalis as well as other similar pathogenic resistant
bacterial strains.

2. Experimental section

2.1. Materials and bacterial strains used in this study

Calcium nitrate tetrahydrate [Ca(NOj3),.4H,0] (0.1 M) and
di-ammonium hydrogen phosphate [(NH4),.HPO4] (0.1 M)
were obtained from Merck, India. The antibiotic, vancomy-
cin, a pure drug was procured from HiMedia, India. Ultrapure
grades of bacterial culture media, fluorescence stains, various
chemicals and reagents used for biological purposes were
procured from Merck Ltd, and SRL Pvt. Ltd, Mumbai, India.
Therefore mentioned reagents were utilised without any type
of purification or modification. All the experiments were
performed with deionised (Millipore) water with a resistivity
of at least 18 MQcm. The glass-wares were thoroughly
cleaned with aqua regia solution and were subsequently
rinsed with ultrapure water.

MDR pathogenic bacterial strain and antibiotic sensitive
strains were used throughout the antibacterial study. The
antibiotic resistant E. faecalis (ATCC 52199) and antibiotic
sensitive E. faecalis bacteria (ATCC 29212) were obtained
from ATCC. The resistant strain, E. faecalis (ATCC 52199) is
totally resistant to the various traditional antibiotics like
vancomycin, amikacin, ciprofloxacin, tetracyclin, penicillin,
methicillin, and erythromycin. All the synthesised HAPs and
drugs were sterilised by UV radiation technique prior to the
antibacterial experiments.

2.2. Synthesis of nano-hydroxyapatite (HAP)

Stock solution was prepared by dissolving calcium nitrate
tetrahydrate [Ca(NOj3),.4H,0O] (0.1 M) and di-ammonium
hydrogen phosphate [(NHy4),.HPO,4] (0.1 M) in 50 ml distilled
water. To yield the final solution, di-ammonium hydrogen
phosphate was added dropwise to calcium nitrate tetrahydrate
(figure 1). The pH of the reacting suspension was maintained
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Figure 1. (a) Schematic representation of synthesis of HAP nanoparticles, (b) schematic representation of the delivery of vancomycin by the
functionalised HAP nanoparticles for selective recognition and killing of pathogenic MDR E. faecalis.

at 5. After vigorous stirring for 2-3h the solution was
transferred to a Teflon-lined stainless steel hydrothermal
reactor. Reactions were performed by placing the unit in a
dust-free electric oven for 48 h at a temperature of 200 °C and
naturally then cooled to room temperature. The reacted
solutions were washed several times with distilled water
followed by air drying at ~50 °C for 72 h. The obtained
sample was named as HAP and was sent for further
characterisations.

2.3. Synthesis of vancomycin encapsulated nanoscale HAP
(HAP@VAN)

The synthesised HAP was dissolved in Millipore water and
vigorously stirred for 24 hrs. The vancomycin was solubilised
in water in another glass tube and stirred for 4 hrs. The
vancomycin solution was then introduced dropwise into the
HAP solution. The resulting solution was vigorously stirred
for 24 hrs. vancomycin encapsulated HAP nanoparticles were
collected by means of centrifugation at a speed of 10,000 rpm
for 10 mins. Afterwards, the solution was dried by normal
lyophilisation method. Finally, the dried powder was mor-
tared in an agate mortar to achieve finer grains. The sample,
HAP@VAN was used for further characterisations.

2.4. Folic acid tailoring on vancomycin loaded HAP NPs
(HAP@VAN@FA)

The ethyl (dimethylaminopropyl) carbodiimide/N-hydro-
xysuccinimide (EDC/NHS) reaction was carried out to activate
the carboxyl group (COOH) of folic acid (FA). At first, FA
was solubilised in dimethylformamide (DMF). The EDC/NHS
was incorporated into the FA solution in order to activate the
FA. In a dark condition the activated FA was added dropwise
into HAP@VAN solution maintaining the pH of the solution at
7. The FA conjugated HAP@VAN NPs (HAP@VAN@FA)
were subjected to centrifugation at 10,000 rpm for about
10 mins and washed thoroughly. Ultimately, the FA conjugated
HAP@VAN was obtained employing lyophilisation method.

2.5. Characterisation of HAP NPs

The x-ray diffraction (XRD) patterns of the powdered nano-
particle samples were analysed by x-ray diffractometer

model-D8 Bruker AXS, Winconsin, USA, employing Cu-Ka
target with the help of a target wavelength of 1.5418 A. The
XRD was operated at 35kV with a scan speed of 1s/step.
The Fourier transform infrared spectroscopy (FTIR) study
was done using FTIR-8400S, Shimadzu, Japan in the wave-
number range from 400 cm ' to 4000 cm ', The field emis-
sion scanning electron microscope (FESEM) was carried out
for the morphological study employing INSPECT F50 (FEI,
the Netherland). The nanoparticles were thoroughly dispersed
in MilliQ water in a bath-type ultrasonicator for 30 mins to
form a suspension having a concentration of 2mgml~'. The
UV visible spectrophotometer (Epoch microplate reader, Bio-
Tek, USA) was used to estimate the absorbance intensity of
the nanoparticles after being dispersed completely in MilliQ
water. The average particle diameter, size distribution and
zeta potential of HAP NPs were measured by employing
Zetasizer NANO ZS90, Malvern Instruments Ltd, UK).

2.6. Antibacterial activity determination

2.6.1. Determination of minimum inhibitory concentration (MIC)
and minimum bactericidal concentration (MBC). The
microdilution method was employed in order to envisage
the MIC and MBC values [26]. Precisely, 10 pl of bacterial
culture containing 2.5 x 10° CFU/ml bacteria was
individually added to the several 1-ml nutrient broths (NBs)
which were exposed to different concentrations of our
synthesised HAPs and were incubated for 24 hrs at 37 °C.
Prior to this, the HAP nanoparticles were thoroughly
sonicated in a bath ultrasonicator in order to prepare a pure
suspension. The MIC values were then estimated by
examining the turbidity of the bacterial growth which can
be correlated to the near absolute (99%) inhibition of the
bacterial growth.

The MBC was performed with the MIC dilutions of
bacterial cultures grown onto agar plates. The cultures
were then incubated for 24 hrs at a temperature of 37 °C.
The minimum concentration required for total killing of the
bacteria is regarded as its MBC value. The assays were
meticulously performed in a biosafety cabinet.

2.6.2. Tolerance level. The values of MIC and MBC also
gave a clear indication about the tolerance levels of each
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bacterial strain towards our synthesised samples. This
tolerance level was determined with the help of the
following formula [27].

Tolerance level = (MBC) /(MIC). @))]

2.6.3. Agar well diffusion method. The agar well diffusion
method gives a clear indication about the efficacy of our
samples HAP@VAN and HAP@VAN@FA against the
pathogenic MDR bacterial strain E. faecalis. The strain was
grown until the turbidity of the bacterial culture reached 0.5
McFarland standards which are approximately 10® CFU /ml.
Then 100pl of this bacterial culture was inoculated on
petridish having a diameter of 90 mm and was filled with
30 ml of Mueller Hinton agar (MHA). Afterwards, the wells
having a diameter of approximately 0.563 cm were punched
within the agar plates and were treated with HAP,
HAP@VAN, HAP@VAN@FA NPs at their respective
MBC concentrations. The resistant E. faecalis strains were
grown on the MHA and incubated overnight at a temperature
of 37°C. Then, the zone of inhibition or the inhibitory
diameter was measured [28]. The autoclaved distilled water
was used as negative control and standard antibiotic,
methicillin was used as positive control in this experiment.

2.6.4. Bacterial cell viability assay. The bacterial cell
survivability was envisaged with the help of the 3-(4,
5-dimethylthiazol-2-yl) -2, 5-diphenyltetrazolium bromide
(MTT) assay following a standard protocol [26]. The cell
viability was examined after exposure to different
concentrations of HAPs and was incubated for 24 hrs at
37°C. The bacterial cells were then collected and were
centrifuged at 1400 rpm for 10 mins at 4 °C. The collected
cells were then washed thrice with the help of autoclaved
phosphate buffered saline (PBS, pH 7.4). The fresh culture
media containing 0.5mgml~' of MTT reagent were then
added by replacing the previous medium and were incubated
for 3hrs at a temperature of 37 °C. The solution of HCI-
isopropanol was added and was incubated for 15 mins at
room temperature. Then the absorbance of solubilised MTT
formazan product was estimated by UV-vis spectrophotometer
(Epoch microplate reader, Bio-Tek, USA) at a wavelength of
570 nm.

2.6.5. Study of intracellular uptake. The HAP nanoparticles
were labeled with quinine sulfate (QS), a fluorescent dye in
order to establish the successful internalisation of the drug
encapsulated nanoparticles by the bacteria. At first, the freshly
grown bacterial cultures were subjected to centrifugation at
1400 rpm at 4 °C for 10 mins. Then, the obtained pellet was
thoroughly washed with PBS (pH 7.4), treated with QS-
labelled HAPs) and incubated in the dark at 37 °C for 12 hrs.
Meanwhile, the bacterial cells treated with unlabelled HAP
nanoparticles were taken as negative control. The cells were
then washed and re-suspended in PBS. A drop of this
suspension was then placed onto a glass slide. The images

were taken with the help of a fluorescence microscope (DM
2500, Leica, Germany) at excitation wavelengths of
330-360 nm.

2.6.6. Intracellular ROS generation. 2, 7-dichlorofluorescein
diacetate (DCFH,-DA) assay was used to determine the
amount of intracellular ROS generation within the bacteria
followed by a standard protocol [26]. The generated ROS
readily reacts with the DCFH,-DA which in turn leads to its
oxidisation which results in the production of a highly
fluorescent compound, 2, 7-dichlorofluorescein (DCF). After
the exposure of bacteria cells with HAPs, they were cultured
overnight. The overnight culture was then centrifuged at
5000 rpm for 5 mins and was thoroughly washed with PBS
solutions. Afterwards, the cells were incubated with DCFH2-
DA in the dark conditions at 37 °C for a period of 30 mins.
Ultimately, the images of bacteria cells were obtained with a
fluorescence microscope (DM 2500, Leica, Germany) at an
excitation wavelength of 504 nm and emission wavelength of
529 nm.

2.6.7. Morphology change of bacterial cells. The bacterial
cells were grown in 5 ml culture media and were incubated in
shaking condition at 198 rpm at 37 °C for 12 hrs [26]. Then
the cells were treated with three different concentrations of
HAP@VAN@FA (with respect to the MBC concentration).
The cells which were not treated with the HAPs were taken as
negative control. Then the cells were centrifuged at 5000 rpm
for 5mins and were washed thoroughly with PBS. The
obtained bacterial pellet was later fixed with the help of 2.5%
glutaraldehyde and was then washed thrice with sterile PBS.
Afterwards, one drop of the fixed pellet was placed on the
surface of a glass plate and was vacuum oven dried. The plate
was then gold coated and alterations in the bacterial cell
morphology were observed with a scanning electron
microscope (SEM, EVO 18 Special Edition, Carl Zeiss,
Germany).

2.6.8. Cell survivability assay. The cell survivability of the
human lung fibroblast cells WI-38 when treated with HAP
nanoparticles 4s were envisaged by employing a standard
protocol [29, 30]. Briefly, the WI-38 cells were exposed to
different concentrations of HAP nanoparticles and were then
examined by MTT assay. The cells were grown in each well of
96-well plates at a density of 1 x 10* cells per well at 37 °C for
22-24 hrs. The cells were then exposed to HAP NPs at different
concentrations of 0-500 ugml ' for 24 hrs. The cells after
incubation were thoroughly washed with 1 x PBS and
incubated with solution of MTT at a concentration of
450 ugml~" for a period of 34 hrs at 37 °C. The resulting
formazan crystals were then dissolved in a buffer which could
solubilise the crystals. Then, the absorbances were measured at a
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Figure 2. (a) XRD analysis of HAP nanopatrticles, (b) FTIR spectra of HAP, (c) HAP@VAN and HAP@VAN@FA, and (d) FESEM analysis

of HAP nanoneedles.

wavelength of 570 nm with the help of a spectrophotometer
(Epoch microplate reader, BioTek, USA).

2.7. Statistical analysis

We repeated these experiments three times and the data were
expressed by calculating the standard deviation of all the
experiments. Comparisons of the mean of bacterial cells
treated with HAP nanoparticles were made by a model I
ANOVA test (using a statistical package, Origin Pro 8§,
Northamptom, MA 01060, USA) with multiple comparison #-
tests, p < 0.05 as a limit of significance. The data is the
average of three experiments + SD. x = represents p
value < 0.05, #x = represents p value < 0.01,
represents p value < 0.001.

Kk =

3. Results and discussions

3.1. Structural and morphological characterisations of the
nano-HAP

Synthesised nano-HAP sample shows prominent diffraction
maxima which corresponds to the fact that this ceramic
nanomaterial is well crystalline (figure 2(a)) [31, 32]. The
formation of hexagonal phase pure synthesised HAP nano-
needles has been confirmed by using the JCPDS card (No:

74-0566). Absence of any unwanted diffraction maxima
confirms the purity of the sample.

In case of our synthesised HAP nanoneedles, absorption
peaks at 1460, 882 and 670 cm ™' correspond to the presence
of the carbonate ions [33, 34]. The carbonate ions may arise
due to a reaction between atmospheric carbon dioxide and
solution during the synthesis process (figure 2(b)). The
characteristic bands for PO43~ are exhibited at 471.2 (v,
PO,37) [35], 565 and 602.7 (v4 PO437) [36], 962 (v; PO437)
[36], 1031 and 1095 (v3 PO,3) [37], and 1248 cm™' (P-O
stretching vibration of PO,3~) [38]. The band at 1382 cem ™!
occurs due to the N-O stretching mode of NO*~ [39]. A broad
band at 1633 and 3197 cm™' corresponds to the presence of
adsorbed water [37, 38]. The medium band at 1355 is
attributed due to the OH in-plane bend [40].

The presence of the characteristic peaks of the bare folic
acid at 3549, 3115, 1679, 1600, 834 cm ™! establishes that
folic acid is successfully attached on the surface of the HAP
nanoparticles as shown in figure 2(c). The peak of vanco-
mycin and folic acid in case of HAP@VAN@FA gets almost
merged since they possess identical functional groups. The
broadness of the region 2900-3300 cm ™' with prominent FA
peaks confirms the presence of VAN within the matrix of
HAP nanoparticles and the folic acid conjugation on the
surface of HAP nanoparticles. Thus we can conclude that the
FTIR spectra confirm the successful conjugation of the drug
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Figure 3. Analysis of activity of HAP, HAP@VAN, HAP@VAN@FA by MIC method in (a) MDR E. faecalis strain and (b) vancomycin

sensitive E. faecalis strain.

Table 1. The hydrodynamic size and zeta potential of the synthesised nanoparticles.

Samples DLS size (d.nm) PDI Zeta potential (mV)
HAP 83.8 +2.43 0.225 + 0.08 11.23 £ 1.82
HAP@VAN 181.4 + 3.47 0.261 + 0.07 4.84 + 197
HAP @VAN@FA 343.9 + 4.86 0.295 £ 0.0 —9.87 £ 2.35

molecule (VAN) and targeting ligand (FA) with the HAPs
(HAP@VAN@FA).

The surface morphology and size of biomimetic HAP
nano-carrier were investigated by FESEM analysis, as shown
in figure 2(d). The synthesised HAP NPs represents very well
dispersed and nearly needle-like uniform nanostructures
having a thickness of 70-80 nm and length of these needles
are in the range of 1 ym. The small size of these HAP
nanoneedles leads to the highest amount of cohesive force
between the grains of this sample, which may be the reason
for high agglomeration rate in HAP.

3.2. Determination of hydrodynamic size and surface charge of
synthesised HAP nanoparticles

Vancomycin encapsulated HAP NPs show a hydrodynamic
diameter of 1814 £ 347 dnm and a zeta potential of
4.84 £ 1.97mV (table 1). The encapsulation of vancomycin
does not reverse the zeta potential, but leads to the enhance-
ment of its hydrodynamic diameter. The bare HAP nano-
particles possess hydrodynamic size of 83.8 4= 2.43 d.nm. The
conjugation of folic acid to the HAP nanoparticle increases the
hydrodynamic diameter of the nanoparticles to 343.9 + 4.86 d.
nm and the zeta potential of the nanoparticles reduces to
—9.87 £ 2.35mV [31]. This moderate negative zeta potential
of the nanoparticle increases their stability. The polydispersity
index (PDI) values of the samples are quite low, which is
an indication that they form a homogenous solution [30].
This homogenous solution is quite conducive for biological
applications.

3.83. Functionalised HAP nanoparticles successfully
overcomes bacterial resistance in E. faecalis

Bare vancomycin does not exhibit any antibacterial activity
against the MDR E. faecalis [41]. HAP nanoparticle and the
targeting ligand folic acid also do not show any antibacterial
activity (figure 3) but VAN encapsulated HAP (HAP@VAN) and
folic acid conjugated HAP@VANHAP@VAN@FA) show
antibacterial activity to combat bacterial resistance in the case of
E. faecalis. The bactericidal activity of our synthesised HAPs,
HAP@VAN and HAP@VAN@FA was envisaged separately
against vancomycin sensitive E. faecalis and vancomycin resistant
E. faecalis strains. In the case of vancomycin sensitive E. faecalis
strain the MIC values of HAP@VAN and HAP@VAN@FA
were 1846 £ 1.2 ug ml~" and 15.54 + 143 pgml™! respec-
tively, while that of bare vancomycin was 22.77 4 1.03 ug ml ™.
Again in the case of resistant E. faecalis strain vancomycin and
HAP@VAN nanoparticles failed to show any effect while
HAP@VAN@FA showed considerable antibacterial effect with a
MIC value of 19.88 + 2.04 ug ml ™.

The misinterpretation due to the turbidity of insoluble
HAPs in the broth tube was avoided by performing the MBC
assay. Briefly, both the bacterial strains were cultured with the
MIC dilutions on the sterile agar plates and the MBC was
examined [26].

The MBC concentrations are noted in cases where no
visible bacteria growth was observed on the agar plates. The
MBC values of HAP@VAN@FA were observed to be
70 ug ml~" in case of the resistant E. faecalis strains as shown
in figure 4(a). The decrease in bacterial growth is contingent
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Figure 4. (a) Determination of MBC value of HAP@FA against MDR E. faecalis and vancomycin sensitive E. faecalis strain,
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three experiments &+ SD. % = represents p value < 0.05, **x = represents p value < 0.01, %% = represents p value < 0.001.

upon the increase in the concentration of HAP@VAN@FA.
In this method, the bacterial growths were effectively inhib-
ited by the internalisation of HAP@VAN@FA into the
resistant E. faecalis cells. Chakroborty et al reported that the
MIC value of folic acid conjugated vancomycin encapsulated
chitosan nanoparticles against vancomycin resistant S. aureus
strain was 2 pg/ml [15]. Qi er al found that in case of
mesoporous silica encapsulated vancomycin nanoparticles the
MIC value against S. aureus was 200 g ml~' [17]. Chowd-
huri et al have developed folic acid conjugated mesopporous
ZIF nanoparticles for the delivery of vancomycin to multi-
drug-resistant Staphylococcus aureus strains (MRSA). Their
MIC and MBC values were 8 ugml™' and 16 ugml™'
respectively [19]. Previous findings have depicted that
hydroxyapatite nanoparticles have augmented the activity of
vancomycin [24, 25]. Wu et al reported that the vancomycin
loaded hydroxyapatites showed antibacterial activity at
0.5-10 ugml~" against common non-resistant pathogenic
bacterial strains [24]. Ghosh et al observed that a composite
containing 0.02g of vancomycin and hydroxyapatite is
required for antibacterial activity against the pathogenic
bacterial strains [25]. Therefore, we can conclude from this
study that significant bactericidal activity is exhibited by the
HAP@VAN@FA nanoparticles against resistant E. faecalis
strains.

3.4. Selective bactericidal activity of HAP @ VAN @FA
confirmed by disc diffusion method

This study was performed to visualise the comparison of
antibacterial activity of different HAP samples. The zone of
inhibition of Gram-positive vancomycin resistant E. faecalis
against HAP@VAN@FA, HAP@VAN, VAN, distilled water
(as a negative control), standard antibiotic, methicillin (as a
positive control) is shown in figure 4(b). In case of the
HAP@VAN, VAN and distilled water no zone of inhibition
was observed. But a clear zone of inhibition is observed
around the disc in case of HAP@VAN@FA. Zone of inhi-
bition having a diameter of around 18 4+ 0.5 mm is observed
when MDR E. faecalis strain is treated with HAP@-
VAN@FA at a concentration of 70 uygml~' (MBC conc.).

Chowdhuri et al have found that the zone of inhibition in case
of disc agar diffusion study of ZIF@VAN@FA in case of
MRSA is 14 = 0.5 mm [19]. This study vividly elucidates the
efficacy of HAP@VAN@FA against the resistant E. faecalis.

3.5. Functionalised HAPs show excellent bactericidal activity

The tolerance level of E. faecalis strains against HAP@-
VAN@FA was estimated from the respective MIC and MBC
values. Our results suggest that the tolerance level of Gram-
positive vancomycin resistant E. faecalis to HAP@-
VAN@FA was 4.02. The values of the tolerance level help in
the differentiation between the bactericidal agents and bac-
teriostatic agents. Previous studies [15] showed that the folic
acid conjugated vancomycin loaded chitosan nanoparticles
exhibited a tolerance level of 5 towards vancomycin resistant
S. aureus strains. Chowdhuri et al observed that the value of
tolerance level in case of the ZIF@VAN@FA against resis-
tant S. aureus strain was 2.0 [19]. The bactericidal agents are
known to be responsible for the killing of the bacteria while
the bacteriostatic agents lead to the inhibition of bacterial
growth. When the ratio of MBC/MIC is more than or
equivalent to 16 for a specific bacterium, antibacterial agents
are noted as bacteriostatic and when this ratio is equal to or
less than 4, the nanoparticles are regarded as bactericidal
agents [27]. Here, the MBC/MIC ratio is considered impor-
tant paradigm in examining the antibacterial capability of our
synthesised nanoparticles, HAP@VAN@FA. Our results
reflect that HAP@VAN@FA has the potential to be con-
sidered as an effective bactericidal agent against the MDR E.
faecalis.

3.6. HAP nanopatrticles exhibit excellent biocompatibility

The in vitro cytotoxicity of the HAP nanoparticles is esti-
mated for checking the biocompatibility on WI-38 cell line
(figure 5). The HAP nanoparticles exhibit toxicity at a very
high concentration of 0.1 gml~'. No such toxicities were
observed when the cells were treated with HAP nanoparticles
at lower concentrations. Therefore we can conclude that the
HAP NP has commendable biocompatibility and is ideal for
biological application. According to previous report the ICsq
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Figure 5. Cell viability assay of HAP nanoparticles on human lung
fibroblast cells, WI-38.

value of hydroxyapatite-silica nanocomposite was 0.1 g ml™"'
[42]. In this case the ICsy value of our synthesised hydro-
Xyaptite nanoparticles was 0.127 gml ™.

3.7. Treatment of MDR E. faecalis with HAP @ VAN @ FA
significantly diminishes the bacterial cell viability

HAP@VAN@FA significantly decreased the viability of the
MDR E. faecalis to 37.57% in comparison to the control
group at 70 ug ml~' (MBC conc.) as displayed in figure 6(a).
This may take place due to the successful internalization of
HAP@VAN@FA within the E. faecalis cells which in turn
inhibits the bacterial growth and causes bacterial cell death.
According to the previous report of Chowdhuri et al, the
treatment with ZIF-8@FA@VAN diminished the cell viabi-
lity of multidrug-resistant S. aureus at 8 ug ml~' (MIC conc.)
and 16 ugml™' (MBC conc.) by 38.57% and 84.03%,
respectively [19]. The results suggest that the folic acid
conjugated vancomycin encapsulated HAP nanoparticles
show bacteriostatic as well as bactericidal activities.

3.8. Mechanisms behind bactericidal activity of
functionalised HAP

3.8.1. Functionalised HAP exhibits promising intracellular
internalisation. The primary requisite for the action of an
antibiotic is binding with the cell wall and its subsequent
cellular internalisation. To prove the HAPs uptake by MDR
E. faecalis, QS-labelled HAPs were treated with bacterial
strains and fluorescence images were taken (figure 7(a)). The
results show that the QS-labelled HAP@FA is successfully
internalised into the resistant E. faecalis cells, whereas the QS
labelled HAP failed to do so. The QS labelled HAP@FA
were found to be uniformly dispersed within the cytoplasm,
which proves its successful internalisation within the E.
faecalis cells. The internalisation of nanoparticles is generally
contingent upon various physical characteristics like size,
shape as well as surface charge. In general, this internalisation

takes place in two steps. At first the binding of the
nanoparticles to the cell membrane occurs followed by their
subsequent internalisation into the cells. In this scenario, the
internalisation of QS labelled HAP@FA is mediated by
endocytosis that occurs through the folate receptors that are
present on the membrane of E. faecalis. The endocytosis
process involves the uptake of HAPs by membrane
invagination that leads to the formation of intracellular
vesicles that encapsulate the nanoparticles and facilitate its
transportation within the cells [19]. Similar internalisation
mechanism was studied with FITC tagged vancomycin
encapsulated mesoporous silica nanoparticles in E. coli and
S. aureus bacterial strains by Qi et al [17]. Chowdhuri et al
also delineated similar mechanism of internalisation of their
synthesised functionalised nanoparticles, ZIF@VAN@FA
[19]. From this observation we can conclude that following
similar endocytotic pathway HAP@VAN@FA nanoparticles
can successfully deliver vancomycin inside the MDR E.
faecalis.

The photoluminescence studies confirm the distinct peak
at 429 nm in case of the sample HAP@QS (figure 7(b)). This
peak is congruent with that of the emission spectra of quinine
sulphate [43, 44]. This indicates the successful encapsulation
of quinine sulphate within the HAP nanoparticles. The bare
HAP nanoparticles are optically inactive. However a
prominent bend is observed at 468 nm in case of HAP@-
QS @FA which is possibly due to the conjugation of folic acid
which has emission spectra at 490 nm [45].

3.8.2. HAP@VAN @FA enhances intracellular ROS generation
which culminates in the bacterial cell death. The production
of intracellular ROS was thoroughly envisaged in order to
delve into the mechanisms behind the bactericidal activities of
HAP@VAN@FA, as elucidated in figure 6(b and c). The
DCFH-DA was used as intracellular ROS indicator for the
estimation of ROS inside the HAP@VAN@FA-treated
bacterial cells. The results clearly depicts the enhanced
generation of ROS which is indicated by the augmented
fluorescence intensity in case of the bacterial cells treated with
HAP@VAN@FA while the wuntreated cells exhibits
negligible fluorescence intensity. The enhancement of ROS
also occurred in the case of delivery of vancomycin via
ZIF@FA as observed by Chowdhuri et al [19]. Thus we can
conclude enhancement of intracellular ROS generation is
responsible for the antibacterial activity of the
HAP@VAN@FA. The increased production of intracellular
ROS is responsible for the disruption in the electronic
transport chain, degradation of the genetic materials and also
causes damage to the bacterial cell membrane [26].

3.8.3. Physical interactions of HAP@VAN@FA nanoparticles
with the bacterial cells. The images obtained from SEM of
vancomycin resistant E. faecalis cells treated with
HAP@VAN@FA and untreated cells are displayed in
figure 8. The SEM images reveal that the untreated cells are
smooth, unaltered and possess features that are similar to the
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Figure 6. (a) Bacterial viability study upon treatment of HAP, HAP@VAN and HAP@VAN@FA nanoparticles by MTT assay.

(b) Intracellular ROS generation of control, VAN, HAP@VAN and HAP@VAN@FA in MDR E. faecalis strains by spectrophotometry.
(c) Intracellular ROS generation of control, VAN, HAP@VAN, HAP@VAN@FA in MDR E. faecalis strains by fluorescence microscopy.
The data is the average of three experiments £ SD. * = represents p value < 0.05, ** = represents p value < 0.01, x** = represents

p value < 0.001.
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Figure 7. (a) Intracellular uptake of HAP@QS@FA, HAP @QS and
HAP in MDR E. faecalis strains. (b) Photoluminescence spectra of
HAP@QS@FA, HAP @QS and HAP nanoparticles at different
excitations.

native cells. On the other hand, the treated resistant E. faecalis
cells bear the signs of maximum membrane damage. A
substantial number of treated E. faecalis cells exhibit signs of
fragmentation, leakage, perforation and innumerable gaps in
the cell membrane. Our study clearly depicts that the treatment
with HAP@VAN®@FA is the reason behind the aberration
in the bacterial membrane morphology. This in turmn leads
to the enhanced permeability that crucially favors the cell
membrane mediated transport of the nanoparticles. The damage
in the DNA and the perturbance of cellular response are due
to the penetration of the HAP@VAN@FA into the bacterial
cells and its subsequent interaction with the DNA. According
to the previous report by Qi et al vancomycin encapsulated
mesoporous silica was able to cause intense membrane damage
in E. coli and S. aureus bacterial strains [17]. Chowdhuri
et al also reported that ZIF@ VAN @FA caused cell membrane
damage towards the multidrug-resistant S. aureus [19]. The
most probable mechanism behind antibacterial activity of
HAP@VAN@FA is that it can easily penetrate into the cell by
means of endocytosis via the folate receptors and effectively
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Figure 8. (a) FESEM images showing the morphology of untreated MDR E. faecalis cells, (b) FESEM images of MDR E. faecalis cells
treated with HAP@VAN@FA at a concentration of 20 g ml~", (c) FESEM images of MDR E. faecalis cells treated with HAP@ VAN @FA
at a concentration of 40 ug ml~" and (d) FESEM images of MDR E. faecalis cells treated with HAP@VAN@FA at a concentration of

70 pugml™".

produce ROS which in turn is leading into the bacterial cell
growth inhibition.

4. Conclusion

Here we have successfully encapsulated vancomycin within
the HAP nanoparticles and modified their surface through
folic acid conjugation by a facile synthesis process. We have
laid emphasis on the functionalisation of biocompatible
hydroxyapatite nanoparticles by folic acid conjugation in
order to deliver vancomycin to the resistant pathogenic MDR
E. faecalis. Our results clearly depict that the functionalised
HAPs exhibited good biocompatibility and excellent selective
antibacterial activity towards the MDR E. faecalis. Our
strategy could thus be instrumental in the delivery of several
other conventional antibiotics such as penicillin, methicillin,
erythromycin, amikacin, ciprofloxacin, tetracyclin, oxacillin,
cefotaxime, etc. to the several multidrug-resistant strains
similar to E. faecalis. Thus we can conclude that our syn-
thesised biocompatible HAPs fulfill all the criteria to emerge
as a promising ameliorative agent against a wide range of
multidrug-resistant bacterial infections that are crippling the
modern society.
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Abstract
The zinc oxide nanoparticles (ZnONPs) have gained prominence in different biomedical
applications nowadays. The phytochemical mediated synthesis of ZnONPs (green synthesis) is
cost-effective, facile and generates negligible hazardous impact. In the present study we have
utilised the leaf extract of abundantly available well known medicinal plant, Ocimum sanctum
(Tulsi) for the phytosynthesis of ZnONPs via a facile process. Gum acacia, a widely recognised
natural polymer was used as a capping agent of the biogenic ZnONPs in order to enhance its
bioavailability and its therapeutic efficacy. These nanoparticles were tagged with a fluorescent
dye, rhodamine-B to observe the cellular imaging applications. The nanoparticles were
characterised by different biophysical methods like UV—-vis spectroscopy, XRD, FTIR and
FESEM for confirmation of their successful synthesis and their antibacterial and anticancer
efficacy was then validated. The result clearly suggests that these nanoparticles are able to induce
the oxidative stress in both eukaryotic and prokaryotic cells which in turn is responsible for their
efficacy against both the pathogenic bacterial strains and hepatocellular cancerous cells.
Moreover, these nanoparticles possess pH responsive behaviour and hence it fulfils the essential
criteria of cancer therapeutic delivery system. Furthermore, these rhodamine-B tagged
nanoparticles are endowed with fluorescence property which can be utilised for bioimaging
applications. These nanoparticles could be conjugated with cancer specific targeting ligands in
the future that could further augment their therapeutic and diagnostic credentials. Therefore,
these nanoparticles could truly emerge as unique promising multifunctional therapeutic
intervention in the near future.

Keywords: phytochemical synthesis, zinc oxide nanoparticles, gum acacia, rhodamine-B,
antibacterial activity, anticancer property
Classification numbers: 2.04, 2.05, 5.00, 5.08, 5.09

1. Introduction effective antimicrobial agent [1, 2]. Several natural polymers

and green synthesised metals were used in biological field
ZnONP has a great reputation in biomedical field. In recent [3—12]. Many endeavours have been made to enhance the
times research interest are increasing to modify ZnO for bioavailability of zinc by encapsulating within a natural or
enhancing its property and making it more biocompatible. In  synthetic polymer matrix. [13—40]. For example, ZnONPs in
recent past, ZnONPs have also gained fair reputation as an  combination with several natural polymers and synthetic

2043-6262,/20/035015-+11$33.00 1 © 2020 Vietnam Academy of Science & Technology
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polymers like collagen, dextran, gelatine, polyvinyl alcohol
have been widely reported as a wound dressing material by
several researchers [41-51]. The natural polymers like gum
acacia (GA) extracted from acacia tree have been recently
used in extensive biomedical applications since it is highly
biocompatible and biodegradable. [52—-60]. Chopra et al [61]
have designed alginate/gum acacia encapsulated GA@Z-
nONPs and have envisaged their antibacterial efficacy against
pathogenic Pseudomonas aeruginosa. Bajpai et al [62] have
also fabricated ZnONPs loaded gum acacia/poly sodium-
acrylate hydrogels and have validated their antibacterial
efficacy against E. coli (details in the supplementary table S).
But no efforts had been previously made to augment the
functionalities of these polymer encapsulated ZnONPs.

There are several studies of producing zinc from different
plants [63-66]. In the present study, we have synthesised
ZnONPs via an ecofriendly and cost-effective route by using
well known medicinal plant, Ocimum sanctum (Tulsi). Aro-
matic and cooling leaves of this plant have anticancer, anti-
inflammatory, diuretic and various other properties [67-71].
The Tulsi leaves contain several phenolic phytochemicals like
quercetin, luteolin, cyclopropylidene, eugenol, germacrene,
[-caryophyllene, [(-elemene, carvacrol, etc [72]. The pre-
dominance of flavonoids like quercetin in the Ocimum
sanctum helps in the formation of chelating complexes with
the zinc ions that help in stabilisation of these metallic ions
[73]. Moreover, these phenolic compounds are also capable of
reducing the metallic salts into metal oxides with the transfer
of electrons and functionalising the surface of the particles.
Therefore, the aqueous extract of O. sanctum plays a pivotal
role in synthesising the ZnONPs by colloidal precipitation
method [72].

We have successfully encapsulated these biogenic
ZnONPs with the biopolymeric matrix of GA and have
thoroughly characterised them with the help of UV-vis
spectroscopy, XRD, FTIR and FESEM. We have used both
bacterial strains and hepatocellular cancer cell line as our
study models and have found that our green synthesised
polymer capped ZnONPs have a significant dual therapeutic
effect through the initiation of oxidative stress in both
eukaryotic and prokaryotic cells [74—77]. Bioimaging appli-
cations were also studied by incorporating rhodamine-B into
the matrix of the GA@ZnONPs, which showed its ability to
penetrate eukaryotic cells. Our synthesised GA@ZnONPs
also possess pH sensitive rhodamine-B release attribute which
can be utilised for the delivery of cancer therapeutics without
exerting hazardous effects on the normal cells. Some future
endeavours could be made for conjugating these nanoparticles
with cancer specific targeting ligands for specific labelling
and transporting the therapeutics to the cancer cells. We can
conclude from our present study that biocompatible polymer
GA@ZnONPs can emerge as a promising therapeutic inter-
vention and bioimaging tool.

2. Experimental details

2.1. Materials

All the reagents and chemicals used for this study including
bacterial culture media, fluorescence stains, MTT reagent,
glutaraldehyde, rhodamine-B were purchased from Merck
Ltd, and SRL Pvt. Ltd, Mumbai, India. AR-grade zinc nitrate
(ZnNO3) was purchased from Sigma-Aldrich Chemicals.
Fresh Ocimum sanctum (Tulsi) leaves were purchased from
the nearby market. Throughout the study deionised (Milli-
pore) water of resistivity at least 18 M{Q2-cm has been used.

2.1.1. Bacterial strains. The Gram-positive strains used in
microbiological experiments were Staphylococcus aureus 740
and Enterococcus faecalis 441. Escherichia coli 443 and
Pseudomonas aeruginosa 1688 were the Gram-negative
strains used in this study. These bacterial strains were
procured from the Microbial Type Culture Collection
(MTCC), IMTECH, Chandigarh, India.

2.2. Experimental methods

2.2.1. Preparations. Preparation of Tulsi leaf extract: The
leaves of Tulsi were washed thoroughly with deionised water
and kept at room temperature for drying. Powder of dry
leaves was prepared by mortar and pestle and about 2 g of the
dried powder was taken into 100 ml distilled water for boiling
for 2-3 min. Solution was then cooled at room temperature
and filtered using Whatman filter paper.

Preparation of zinc nitrate solution: 1.0 mM ZnNOj; was
added into distilled water (20 ml) and stirred continuously for
2 to 4h.

Synthesis of zinc xide nanoparticles: 10 ml of filtered leaf
extract was added dropwise into 200 ml of prepared zinc
nitrate stock solution. Then it was heated in a water bath at 90
°C for 1h.

Purification of synthesised ZnO: The obtained ZnONPs
were purified by centrifugation at 9000 rpm for 25 min in
room temperature. The precipitate was re-dispersed in
distilled water after removing the supernatant. The whole
purification procedure was performed thrice.

Capping of ZnONP with gum acacia and tagging with
rhodamine-B: GA was dissolved in lukewarm distilled water
(kept at 45 °C) and continuously stirred for 24 h. Then the
solution of ZnONPs was added to the GA solution in 2:1 w/v
ratio. The rhodamine-B was solubilised in water and was
mixed thoroughly by constant stirring for 12 h in a separate
test tube. This rhodamine-B solution was then added slowly
within the GA@ZnONPs solution in 1:4 w/v ratio and was
continuously stirred for another 24 h. Ultimately, the final
solution was centrifuged at 10000 rpm for 10 min in room
temperature to obtain the rhodamine-B labelled GA @ZnONP
(GA@ZnONP@RB). After discarding the supernatant, pre-
cipitate was kept in vacuum desiccators at room temperature
for drying. Ultimately, the dried powder was mortared to
achieve fine grains for further characterisations.
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2.2.2. Physical characterisation of GA@ZnONPs. The
GA@ZnONPs were characterised with the help of
ultraviolet-visible  spectrophotometer  (BioTek);  x-ray
powder diffractometer model D8, Bruker AXS, Winconsin,
USA, using Cu-K,, target operating at 35kV (A = 1.5418 A
and scan speed 1s/step); field emission scanning electron
microscope (FESEM) wusing INSPECTF50 (FEI, the
Netherlands) and EVO 18 Special Edition, Carl Zeiss,
Germany for bacterial image; Image] software for size
distribution analysis; Fourier transform infrared
spectroscope (FTIR)-8400S, Shimadzu, DLS (dynamic light
scattering) (NANO ZS90, Malvern Instruments Ltd, UK),
fluorescence microscope (DM 2500 Leica, Japan).

2.2.3. Antibacterial activity determination. Determination of
minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC): The microdilution
method was applied to determine the MIC and MBC values
[78]. Total assays were performed in a biosafety cabinet to
prevent any undesirable contamination.

Tolerance level: Tolerance level of each bacterial strain
towards GA @ZnONPs can be predicted by the values of MIC
and MBC. Tolerance level was determined by using
following formula [78].

Tolerance level = (MBC) /(MIC). (D

Agar well diffusion method: The susceptibility of
pathogenic bacteria to GA@ZnONPs was examined by
Mueller-Hinton agar well diffusion method according to a
previously reported protocol [78].

Bacterial cell viability assay: The bacterial cell surviva-
bility was evaluated with the aid of 3-(4, 5-dimethylthiazol-2-
yl) -2, 5-diphenyltetrazolium bromide (MTT) assay by
adhering a standard protocol [79, 80].

Intracellular ROS generation: 2, 7-dichlorofluorescein
diacetate (DCFH,-DA) assay was employed to determine the
bacterial intracellular ROS generation [75, 80].

Morphological change of bacterial cell observed by
FESEM: The treated (at their MBC value) and untreated
(control) bacterial strains were incubated for 16 h at 37 °C.
Next, the cells were prepared following a standard proto-
col [78].

2.2.3.1. Anticancer activity determination. Cytotoxicity
assay: The viability of HepG2 cells after exposure to
various concentrations of GA@ZnONPs was determined by
3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay [76, 78].

2.2.3.2. Intracellular ROS generations were checked by
DCFDA  method. 2, 7-dichlorofluorescein  diacetate
(DCFH,-DA) assay was employed to determine the
bacterial intracellular ROS generation [77, 78].

Study of intracellular uptake: Biogenic GA@ZnONPs is
labelled with the fluorescent dye, rhodamine-B for confirming
the internalisation of nanoparticles within the bacterial surface

[81-84]. The images were obtained under a fluorescence
microscope at an excitation wavelength of 510-550 nm.

Apoptotic cell quantification by AnnexinV-FITC stain-
ing: The quantification of the apoptotic cells was conducted
with the help of AnnexinV-FITC/PI double staining method
by following a standard protocol [79].

2.2.3.3. Drug release study. In vitro rhodamine-B released
from the core of GA@ZnONP@RB was examined to confirm
the amount of impregnated rhodamine-B released in different
intervals of time by following a standard protocol [76, 77] at
544 nm from a standard curve of rhodamine-B [81].

3. Results and discussion

3.1. Structural, morphological and spectroscopic analyses of
the GA@ZnONPs

XRD pattern of the biosynthesised GA@ZnONPs clearly
indicates their crystalline nature, figure 1(a). The prominent
diffraction peaks (26) were found at 31.48, 34.32, 36.36,
47.53, 56.52, 62.88, 67.82 and 76.5 degrees. The highest
intense peak was considered for determining the average size
of ZnONPs by employing the Debye—Scherrer equation.

D =09)\/0 cos 6. 2)

where (3 represents the full width at half maxima of the dif-
fraction peak (radian), Bragg’s angle is denoted by € in
degree. The particle size of these GA@ZnONPs was in
accordance with the relevant literature [2, 41]. FWHM
(8 =0.01117. Average diameter (D1o1) of
ZnO = 13.04nm. These peaks are for crystallisation of
GA@ZnONPs. All the peaks can be assigned with the PDF
code No. #00-036-1451. The amorphous nature in the dif-
fraction pattern for the 26 value ranges from 10 to 20° and is
also more scattering throughout the XRD pattern due to very
low crystallisation of gum acacia extract.

The FTIR spectra of the biosynthesised GA@ZnONPs
are displayed in figure 1(b). The FTIR was performed to
determine the purity of the nanoparticles and confirmed the
prevalence of different phytochemicals in the O. sanctum leaf
extract. The characteristic peaks at 1634 and (600, 450) cm !
for the synthesised ZnONPs are congruent with that of the
Zn—-O vibration arising due to stretching and deformation
[69, 70]. The prominent bands are at 3408 cm™! (-OH
stretching), 2936 cm ! (stretching of —CH) and characteristic
peaks of vibration at 1624 cm ™' and 1427 cm ™' (asymmetric
as well as symmetric stretching of -COO-) also suggest the
presence of GA@ZnONPs.

In figure 1(c) results of UV-visible absorption are
shown, which confirm the formation of GA@ZnONPs. The
characteristic peak of GA@ZnONPs is found around 350 nm,
due to their large excitation binding energy at room temper-
ature [69].

The morphological modification of synthesised GA@Z-
nONPs is determined by the FESEM analysis (figures 1(d)
and S1). The micrograph of GA@ZnONPs shows that they
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Figure 1. (a) XRD pattern, (b) FTIR spectra, (c) UV-vis spectra, (d) FESEM image, (e) Size distribution curve of gum acacia capped

ZnONPs.

had a spherical shape and uniform distribution. The FESEM
results explain the presence of spherical ZnONPs within a
sheath of the biopolymer gum acacia with size range between
300-380 nm, figure 1(e) (average particle size of 340 nm).
From the FESEM images GA@ZnONPs capping was
confirmed.

The size distribution of the GA@ZnONPs was deter-
mined by DLS (table 1). Particle size distribution curve
divulges that GA@ZnONPs obtained are homogeneous in
nature, having a polydispersity index (PDI) of 0.225 with an
average diameter about 254 nm. The zeta potential of the
GA@ZnONP was 12.23 mV which indicates the moderate

Table 1. Hydrodynamic size and zeta potential of gum acacia capped
ZnONPs.

Zeta poten-
Sample name DLS size (nm) PDI tial (mV)
Gum acacia 253.8 £ 44 0.225 £ 0.075 1223+ 14
capped zinc
nanoparticles
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Figure 2. (a) Analysis of antibacterial activity by MIC, (b) Bacterial viability study upon treatment with GA@ZnONPs in pathogenic

bacterial strains.

stability of the sample. DLS and zeta potential study suggests
that the particle is quite conducive to biological applications.

3.2. Biosynthesised GA@ZnONPs exhibit significant
antibacterial activity against pathogenic bacterial strains

The antibacterial activity of the synthesised GA@ZnONPs
was determined by separate treatment against Gram-negative
and Gram-positive bacterial strains. MIC values of GA@Z-
nONPs against E. coli, P. aeruginosa, E. faecalis, S. aureus
were 3646 £ 1.8, 4232+£29, 1554 +137 and
22.48 + 2.4 ugml ™' respectively as shown in figure 2(a).

The MIC dilutions of all the bacterial strains were
streaked on the sterile agar plates and were kept at 37 °C for
18-22h in order to evaluate their respective minimum bac-
tericidal concentrations (MBC) [76, 80]. The concentration at
which no visible bacterial growth is observed on the agar
plate after treatment with GA@ZnONPs is considered as the
MBC. The MBC values of GA@ZnONPs in case of E. coli,
P. aeruginosa, S. aureus, E. faecalis are found to be 135, 148,
59, and 81 pugml~', respectively. The result clearly depicts
significant bactericidal activity of GA@ZnONPs in different
bacterial strains.

Tolerance level of bacterial strains E. coli, P. aeruginosa,
S. aureus, E. faecalis against GA@ZnONPs is 3.7, 3.5, 3.9,
3.6, respectively. Tolerance level states the difference
between bacteriostatic agents and bactericidal agents. When
the value of MBC/MIC for a particular strain is greater than
or equal to 16, this may be considered as bacteriostatic type
and when the value is less than or equal to 4, it may be
considered as bactericidal agent [76, 80]. The result clearly
suggests that GA@ZnONPs exhibit significant bactericidal
activity against pathogenic bacterial strains.

The agar diffusion study was performed to the compare
the antibacterial activity of different strains treated with
GA@ZnONPs. The inhibition zone of Gram-positive and
Gram-negative bacteria is shown in figure S2. This study
reconfirms the bactericidal activity of GA@ZnONPs against
different pathogenic bacterial strains.

The bacterial MTT assay suggested that the GA@Z-
nONPs significantly decreased the cell viability significantly
from the control group in the case of all the four pathogenic
strains as shown in figure 2(b). Therefore the GA@ZnONPs
can be considered as an ideal bactericidal agent.

The treatment with GA@ZnONPs causes alterations in
the structural morphology of the bacterial cells as shown in
the FESEM results. The untreated bacterial strains as shown
in figure 3 retain their respective morphology. But in the case
of treated bacterial cell we observe that the membrane is
damaged, and cytoplasmic leakage leads to agglomerated cell
debris. FESEM confirms that the bacterial membrane is dis-
rupted and perforated due to penetration of GA@ZnONPs or
due to ROS generation.

3.3. Anticancer activity of GA@ZnONPs

The in vitro cytotoxicity was estimated by exposing the
HepG2 cells to different concentrations of GA@ZnONPs for
24 h. This was followed by MTT assay. It is noted that the
GA@ZnONPs exhibit significant anticancer activity with an
LDs, of 48 + 3.24 ugml~" as shown in figure 4(a). There-
fore we can conclude that the GA@ZnONPs have promising
anticancer property.

3.4. Mechanisms behind the bactericidal and anticancer
activities of functionalised GA @ ZnONPs

The content of intracellular ROS was intricately evaluated for
investigating the cellular mechanisms responsible for the
antibacterial activity of GA@ZnONPs as depicted in figure 5.
The enhanced fluorescence intensity in case of GA@ZnONPs
treated bacterial cells is a positive indicator of increased levels
of intracellular ROS. On the other hand, the untreated bac-
terial cells exhibit negligible fluorescence intensity. The
increased production of intracellular ROS is responsible for
the disruption in the electronic transport chain, degradation of
the genetic material and damage to the bacterial cell mem-
brane [75, 76, 80].
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Figure 3. FESEM analysis of gum acacia capped ZnONPs treated pathogenic bacterial strains.

Similarly, in case of the eukaryotic cells, 2/, 7 dichlor-
ofluorscence diacetate (DCF-DA) is employed as a specific
probe in order to envisage the reactive oxygen species (ROS)
[77, 78]. The reactive oxygen production is measured in case
of hepatocellular cancer cells, HepG2 where the cells are
treated with GA@ZnONPs at their LD5, dose for a period of
12 h. The results procured from the fluorescence microscope
and spectrofluorometer clearly delineate the enhancement of

green colour fluorescent intensity in case of the treated
HepG2 cells after the incubation time of 12 h as depicted in
figures 4(b) and (c).

The confirmation of apoptosis was conducted with the
aid of AnnexinV-FITC staining and was estimated by FACS
Verse. Figure 6 depicts that upon treatment with 40 and
60 pgml~" of NPs, cells shifted towards early to late apop-
tosis with time. Almost 43% and 62.5% apoptotic cells were
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Figure 5. (a) Intracellular ROS generation by treatment with gum acacia capped ZnONPs in pathogenic bacterial strains and (b) FESEM
image depicting bacterial membrane damage of E. coli due to the treatment of GA@ZnONPs.

observed in 40 and 60 ugml~' of GA@ZnONPs treated
HepG2 cells for 24 h respectively.

3.5. Intracellular uptake of rhodamine-B encapsulated
GA@ZnONPs

The rhodamine-B encapsulated GA@ZnONPs exhibit an
absorbance peak at 544 nm which is quite similar to that of
bare thodamine-B as shown in figure 7(a). This confirms the
encapsulation of rhodamine-B within the GA@ZnONP. The
photoluminescence spectra of our synthesised GA @ZnONPs
show a luminescent maximum centered at 575 nm shown in
figure 7(b).

The incorporation of rhodamine-B dye in GA@Z-
nONP@RB is indicated by the peaks at 2740, 2407,
1362cm™" respectively corresponding to C—H stretching,
NH;" symmetric and C=S stretching vibration, which are
similar to the absorbance peaks of rhodamine-B (figure
S3(a)). This result confirms the conjugation of rhodamine-B
within the matrix of GA@ZnONPs.

GA@ZnONPs tagged with rhodamine-B was success-
fully internalised into the HepG2 cells as seen in figure 7(c).
The result clearly exhibits that the GA@ZnONP@RB was
distributed throughout the cytoplasm, which indicates its
successful internalisation into HepG2 cells. These nano-
particles possibly penetrate into the cells through the
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Figure 8. Schematic representation illustrating the mechanism behind the antibacterial and anticancer activities of GA@ZnONPs.

endocytotic pathway. Thus these fluorescent biocompatible
nano-platforms are quite conducive to bioimaging
applications.

Drug release study: Approximately 25 and 31% rhoda-
mine-B are released from GA@ZnONP@RB after 12 and
24 h, respectively at pH 7.4 as shown in figure S4. On the
other hand the release values are 41 and 55% respectively in
case of pH 5.5. The results indicate that the discharge of
rhodamine-B in pH 5.5 (similar to the pH of the cancer cells)
is faster than that of the physiological pH of 7.4. This
pH sensitive attribute is quite conducive to cancer ameliora-
tion and also circumvents adverse effects on the normal cells.

4. Conclusion

The present study depicts the synthesis, detailed physical
characterisation and biological activity determination of gum
acacia capped green synthesised ZnO nanoparticles
(GA@ZnONPs). They have disrupted the cell wall synthesis
or cross linking of polymers as well as degradation of intra-
cellular DNA, lipids and proteins which in turn resulted in the
pathogenic cell death. These nanoparticles exhibited quite
significant activities against pathogenic bacterial strains like
Gram-positive (S. aureus, E. faecalis) and Gram-negative
(E. coli, P. aeruginosa), which was confirmed by performing
MIC, MBC and agar well diffusion studies. The DCFDA
assay results clearly suggested that GA@ZnONPs is effective
in initiating augmented intracellular ROS which culminates in
bacterial cell death. Furthermore, GA@ZnONPs also lead to
the enhanced generation of ROS in human hepatoma cell as
depicted by the DCFDA assay. The AnnexinV/FITC study

confirms the induction of oxidative stress mediated apoptosis
in the HepG2 cells. The detailed schematic representation
illustrating the mechanism behind the antibacterial and
anticancer efficacy of GA@ZnONPs is depicted in figure 8.
These nanoparticles were then tagged with rthodamine-B for
facilitating the bioimaging applications. We have additionally
performed a pH responsive drug release assay at two pH (5.5
and 7.4) keeping rthodamine-B as the model drug. The result
suggests that the discharge of rhodamine-B over a period of
time was significantly higher at lower pH (which corresponds
to the intracellular pH of the cancer cells). Therefore this
pH responsive behaviour of our nanoparticle can be instru-
mental for the transport of anticancer therapeutics, specifically
to the cancer cells without having any adverse effect on the
normal cells. Future endeavours could be made towards the
conjugation of various cancer specific target molecules like
folic acid, lactobionic acid, etc for specifically delivering
therapeutics to the cancer cells. The attachments of these
targeting moieties to these rhodamine-B tagged nanoparticles
could also result in cancer specific labelling that in turn can be
exploited for the cancer cell discrimination. To the best of our
knowledge, this is the first time the biogenic GA@ZnONPs
have been endowed with enhanced therapy diagnostic (i.e.
both therapeutic and diagnostic) attributes. Henceforth, we
can conclude that this hydrophilic GA@ZnONPs have
undoubtedly paved the way for the development of a cost-
effective platform for multiple therapeutic and bioimaging
applications.
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ARTICLE INFO ABSTRACT

Keywords:
Herbometallic medicine
Anticancer agent and antibacterial agent

Vanga Bhasma, a herbometallic mixture compound is used as gastrointestinal digestive medicine in ayurveda.
Here, we have studied its bioaccessbility as antibacterial and anti cancer agent. Their characteristic FESEM, XRD,
FTIR, UV absorption spectra were determined, which indicates high mineral content in Vanga Bhasma nano-

particles. Biological studies like MIC, MBC evaluate its antibacterial property, bacterial ROS generation enhance
the ravages of peptidoglycan layer of bacterial cell wall. Further anti-cancerous potential of synthesized Vanga
Bhasma nanoparticles was also studied on breast cancer cell line showing its potential to induce apoptosis
through oxidative damage and mitochondrial membrane damage. Our studies thus successfully establish the
dual therapeutic attribute of Vanga Bhasma nanoparticles as anticancer and antibacterial agent.

1. Introduction

Antibiotics treatments are common and in recent times enormous
antibiotics are available in the market worldwide. However, because of
their rampant use and sometime due to incompletion of prescribed
course, the bacterial strains become resistant. Also many of the anti-
biotics are not used because of their side effects. Evidences shows that
resistant pathogenic strains of Staphylococcus aureus, Pseudomonas aer-
uginosa has the potential to cause enormous deaths. Penicillin in 1940,
methicillin (in 1961) and in recent times vancomycin-resistant S. aureus
strains were found in U.S.A (in 2002) and in India (in 2005) [1] were
found to be resistant. Infact this causes become a challenge for re-
searchers to develop new drug or to modify the previous ones. More-
over, now-a-days, new system called metal-organic frameworks are
showing their potential in biological field [2-4]. In recent days, her-
bometallic compound also has come into spotlight because of their
novel synthesis process.

From centuries, metal and metallic ions have been utilized at very
low concentration as antimicrobial and anticancer agent due to their
minimal toxic effects [5-11]. In eastern countries herbometallic drugs
had been used traditionally against diseases [12-17] without
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understanding their action mechanism. In our present studies, we at-
tempt to understand the mechanism and their physical character of one
of the drug, locally named as Vanga Bhasma (VB) with the help of
advance technologies.

Vanga Bhasma(VB) is mainly used as ayurvedic medicine, are or-
ganometallic compound with reduced particle size [18]. VB is com-
posed of some elements which are essential for the body. Main com-
posites in it is Tin oxide (SnO,) [18,19]. VB is tasteless and odourless
fine powder. pH of VB is 8.75 [18]. VB is carefully prepared to focus on
immunodulation and ability of drug targeting to the site [20-22]. In
previous studies only the synthesis, purification [23] and physical
characterization and biocapability for gastric digestion and gastro-in-
testinal digestion of VB were observed [24]. VB was used to determined
as a gastrointestinal drug used for diabetes, urinary disorders, anaemia,
asthma and gastric ulcer [25]. But its antibacterial and anticancer ac-
tivity has not been delved in details.

In our present study, we have investigated the mechanism of a
naturally processed drug VB which has been in use for years as an
ameliorative agent against gastro-intestinal diseases in oriental medi-
cine. We have also established the potential of Vanga Bhasma nano-
particles (VBNP) as antibacterial and anticancer agent. The detailed
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physical charecterisations like XRD, FTIR, UV-vis Spectra, DLS, Zeta
Potential, FESEM were performed to confirm its nano-size, structure,
functional group and bonding. The assays like Minimum Bactericidal
Concentration (MBC), Minimum Inhibitory Concentration (MIC), Agar
well diffusions were carried out to confirm its antibacterial property.
The efficacy of the VBNPs was envisaged against the MDA-MB 468,
human breast carcinoma cells and was observed to have significant
lethal activities. Furthermore we have also delved into the mechanism
leading to the cancer cell death. Our detailed studies have established
that the VBNP induces the enhancement of the intracellular ROS and
disrupts the mitochondrial membrane potential which in turn initiates
apoptosis that culminates in cell death. Thus our results implicate the
mechanism behind the promising anticancer and bactericidal activities
of this herbometallic nanodrug and we can also conclude that the
VBNPs could emerge as effective dual therapeutic agent.

2. Materials and methods
2.1. Materials

All analytical grade of chemicals were used for mentioned experi-
ments and were purchased from Sigma-Aldrich. Reagents used for ba-
terial studies, MTT reagents, glutaraldehyde, fluorescence stains were
of Himedia. All the glass wares were washed with Aqua regia solution,
then rinsed with the aid of ultrapure water and was ultimately dried.
For the synthesis and characterization of material ion-free water
(Millipore) was employed with a minimum resistivity at 18Q. For fur-
ther use the deionised water was utilised.

2.2. Bacterial strain and cell line

Bacterial strains used in our study are gram negative Pseudomonas
aeruginosa 1688, Escherichia coli 443 and gram positive Staphylococcus
aureus 740, Enterococcus faecalis 441. Bacterial strain were procured
from the Microbial Type Culture Collection (MTCC), IMTECH,
Chandigarh, India.

MDA-MB-468 and MCF-7 (human breast cancer cell) and WI38
(human lung fibroblast) cell lines were procured from the Central Cell
repository of National Center for Cell Science (NCCS), Pune, India. All
the above cell lines were cultured in the presence of Dulbecco’s
Modiefied Eagles Media (DMEM) supplemented with 10 % FBS, 1 mM
sodium pyruvate, 2 mM L-glutamine, non—essential amino acids, in the
presence of antibiotic solution comprising of 100 mg/L penicillin and
100 mg/L streptomycin. The cells were grown in a humidified atmo-
sphere at a temperature of 37° C in presence of 5% CO-.

2.3. Drug description

Vanga Bhasma (VB) was provided by the Department of Pharmacy,
J. B. Roy State Ayurvedic Medical College and Hospital, Kolkata, West
Bengal, India. It was further purified following other improved ex-
traction method.

2.4. Extraction procedure of VBNPs

As per reference the extraction procedure included three stages
namely, purification and incineration. In brief, the general purification
was done by using lime water for seven times. Then the specific pur-
ification process was done by adding Nirgundi (Vitex nigundo Linn.) and
powderised Haridra (Curcuma longa Linn., Turmeric) for three times.
Then the mixture was incinerated by heating and rubbing the purified
Vanga along with whole plant of Achyranthes aspera in open atmo-
sphere. The roasted Vanga was triturated with Aloe vera juice and in-
cinerated using electric muffle furnace at temperature 600 °C for an
hour. This was repeated six times in order to obtain Vanga Bhasma
following classical literature [19].
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2.5. Physical characterisations

Inductively coupled plasma optical emission spectra (ICP-OES);
Thermo iCAP 7000 series, (Thermo Fisher Scientific, USA) and atomic
absorption spectra (AAS; Perkin Elmer 2800, USA) were checked to find
out the total cation concentration of the VBNPs after acid digestion
(HNOB3:HCI; 1:3ratio) reported elsewhere [22]. To perform ICP-OES, a
standard solution (1000 ug/ml) compatible with multiple parameter
was procured from Merck, Kolkata, India. Each individual element was
characterized at RF power 1160 W, plasma and nebulizer argon flow
rate of 10.00 and 0.50 L/min, respectively, at a auxiliary argon flow
rate of 0.50 L/min. During each cycle of operation, the callibration
supported by an intermediate standard after every five samples and was
repeated thrice. The AAS analysis was performed by keeping VBNPs in
water at a horizontal shaker for 6 h at room temperature following an
18h equilibration for filtration of the aqueous solution. The instru-
ments were fine-tuned using standard solutions (analytical grade) of
each element and the analytical procedure was checked by blank ana-
lysing reagents routinely as per manufacturer’s protocol. Elemental
detection ranges were varied from 1 to 0.001 ug/ml for the experiment.
Final data were recorded following the formula: (Instrument
reading X final volume make up) / actual weight or volume of sample.
To investigate the functional groups in the biomolecules possibly pre-
sent in the material, we have examined the Fourier transform infrared
spectroscopy (FTIR) with the help of FTIR-8400S (Shimadzu) between
the wavelengths of 400 cm ™! and 4000 cm ™. To observe the crystal-
line property of VBNP, X-ray diffraction (XRD) pattern were analysed
using the Model D8, Bruker AXS, Wincosin, USA with a voltage of 40kv
having a scan speed of 0.2 s/step in the range of 26 from 20° to 80° and
with Cu Ka radiation-1.5418 A. To measure the absorbance spectra of
VBNPs at a wavelength of 250—800 nm, Ultraviolet-visible spectro-
photometer were used (Bio-tek, India). Dynamic light scattering (DLS)
were performed by employing Zetasizer (NANO ZS90, Malvern Instru-
ments Ltd., UK) to determine the size distribution of VB nanoparticles.
With the help of Field Emission Scanning Electron Microscope we vi-
sualize fine morphological character of the material by using INSPECT
F50 (FEI, Netherland). Biological effect of VBNP were confirmed by
Bacterial SEM (ZEISS). Energy-dispersive X-ray (EDX) spectroscopy of
synthesized VBNPs were examined with Supra 55 (ZEISS).For de-
termining the shape and size of the material we have performed the
TEM analysis using JEOL JEM 2100 h.

3. Experimental section
3.1. Antibacterial activity screening

The antibacterial activity of VBNPs against the two Gram negative
and two Gram positive bacterial strains were envisaged with the help of
MIC, MBC and agar diffusion processes.

3.2. Minimum inhibition concentration

Fresh culture of E. coli, E. feacalis, S. aureus and P. aeroginosa were
prepared in nutrient broth, which were used for treatment at different
concentration of VBNPs. These were kept in a shaker and incubated for
18— 20 hrs. After incubation uv-absorption spectrum was observed to
obtain MIC against positive control.

3.3. Minimal bactericidal concentration

The above mentioned four strains were streak with MIC dilutions
growth on agar plate to observe the MBC. They were incubated for
18—20hrs at 37° C. MBC is the minimum concentration of VBNP at
which bacterial strain is completely killed. Bacterial assays were done
in a biosafety cabinet in order to prevent contamination.
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Fig. 1. (a) XRD analysis of VBNP and (b) Thermogravimetric analysis of VBNP.

3.4. Tolerance level

To evaluate tolerance level of bacterial strain against VBNP, we use
the following equation,

Tolerance = (MBC) / (MIC) (€9)]

3.5. Agar well diffusion method

Fresh culture of two Gram negative and Gram positive bacterial
strains were spread on Muller Hinton agar plate for disc diffusion. After
that wells of 90 mm were made to add VB at their MIC concentration
along with a negative control i.e. sterile water and a positive control
and incubated for overnight. A growth inhibition zone will be observed.
To determine the susceptibility of the drug VB, the zone of inhibition
diameter were measured surrounding the well.

3.6. Bacterial cell survivability assay

The survivability of the bacterial cells were determined with the aid
of 3-(4, 5-dimethylthiazol-2-yl) -2, 5-diphenyltetrazolium bromide
(MTT) [26]. The bacterial cells were treated with various concentra-
tions of VBNPs and were incubated for a time span of 24h at a tem-
peratute of 37° C. These bacterial cells were collected via centrifugation
at 1400 rpm for 10 min. and were then washed thrice with the help of
sterilised phosphate buffered saline (PBS) having a pH of 7.4. Then the

fresh culture media containing 0.5 mg.ml ™' of MTT reagent was added
by replacing the previous culture medium and was then incubated in
dark condition at a temperature of 37° C for 3 h. Then, a solution of HCI-
isopropanol was added and was incubated for 15min. at room tem-
perature. Ultimately the absorbance of the MTT formazan product after
being solubilised in HCl-isopropanol was examined in a Shimadzu
UV-vis 1800 spectrophotometer at a wavelength of 570 nm.

3.7. Study of the intracellular ROS generation

The 2,7-dichlorofluorescein diacetate (DCFH,-DA) was used as a
specific probe for envisaging the amount of ROS generation withion the
bacterial cells. The DCFH,-DA shows passive intracellular pentetration
and subsequently reacts with the cellular ROS,which in turn results in
the generation of 2, 7-dichlorofluorescein (DCF), which is a fluorescent
compound [27]. The bacterial cells were at first treated with different
concentrations of VBNPs and were incubated overnight at 37° C. The
bacterial cells were collected with the help of centrifugation and were
washed thoroughly with PBS solutions. Afterwards the cells were in-
cubated with adequate DCFH,-DA solution for 30 min. at a temperature
of at 37° C. Ultimately, the visualisation of the bacterial cells were
performed with the help of a fluorescence microscope (Leica).

3.8. Study of bacterial cells by SEM

The degree of damage to the bacterial cells, post-treatment, by
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Fig. 2. (a) FESEM of VBNPs, (b) TEM with size distribution curve, (c) FTIR spectra of VBNPs (c) UV-vis analysis of VBNPs.

Table 1
Determination of hydrodynamic size and surface charge of synthesized VBNP
nanoparticles.

SAMPLE NAME DLS SIZE PDI ZETA POTENTIAL
(d.nm) (mV)
VBNP 124.8 = 2.13 0.185 + 0.09 10.83 + 1.48

VBNP was analysed by SEM. Samples subjected to SEM study were
prepared following overnight incubation of both the treated and control
bacterial cells at 37 °C [26]. Centrifugation (4 min., 4000 rpm) of 1 mL
of these incubated cultures (both control and treated) were performed
to obtain the pellet. After washing the pellet three times with sterile and
filtered PBS containing 2% glutaraldehyde, the bacterial cells were
dehydration. Bacterial cells were then fixed on cover slips using drop-
casting method and were finally dried by placing under laminar air
flow. SEM analysis was then performed followed by gold coating and
placing on carbon tape (FEL, INSPECT F50, Netherlands).

3.9. Cytotoxicity assay

The 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) dye was used to determine the survivability of the breast cancer
cells and normal lung fibroblast cells treated with different concentra-
tions of VBNPs [27]. Briefly, around 1 X 10* cells per well of cell cul-
ture plates containing 96 wells were treated with different concentra-
tions (0, 20, 40, 60, 80, 100 ug/mL) of VBNPs at 37° C for 24 h in the
presence of 5% CO,. Following this, 10 ul MTT solution at a tempera-
ture of 37° C were kept for 4h in the presence of 5% CO,. These,
generated crystals of MTT-formazan were dissolved in a MTT solubili-
zation buffer. Ultimately a microplate reader (Biorad) was employed to
analyse the absorbance at a wavelength of 570 nm. The data were

formulated comparing with the control ones.

3.10. Intracellular ROS generations were checked by DCFDA method

Normally, the DCFDA makes intracellular penetration and it sub-
sequently reacts with the reactive oxygen which results in the genera-
tion of a green fluorescent colour compound, dichlorofluorescein
(DCF). DCFDA stock solution(10 mM) was prepared in methanol. The
stock solution was diluted in PBS in order to make a working con-
centration (100 uM). At first, MDA-MB 468 cells were exposed to VBNPs
for a timespan of 12 h at a temperature of 37° C. The cells were washed
thoroughly with ice-cold 1 x PBS and were then incubated with DCFDA
for 30 min. in dark condition at a temperature of 37° C [28]. The
fluorescence intensity was examined both spectroscopically (Hitachi,
Japan) and under a fluorescence microscope in MDA-MB 468 cells
(Leica) at wavelengths of 485 nm (excitation) and 520 nm (emission).

3.11. Intracellular GSH & NADPH measurement

In order to examine the intracellular antioxidant level in MDA-MB-
468 cells on treatment with different concentrations of VBNPs, the in-
tracellular GSH (Glutathione) and NADPH sensing luminescence were
performed. GSH-Glo™ are used to record the experimental data.
Glutathione Assay kit (Promega) for GSH measurement and Amplite™
Fluorometric NADPH Assay kit (Advancing Assay & Test technologies
[AAT] Bioquest, USA) for NADPH measurement with the aid of
Microplate reader (Bio-Tek).

3.12. Assessment of mitochondrial membrane potential with JC-1 staining

The mitochondrial membrane potential was examined with the help
of JC1 staining [30]. JC-1 dye was used for specific indication of
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Fig. 3. (a) Analysis of activity of VBNP by MIC method in pathogenic bacterial strains E.coli, S.aureus, E.faecalis, P.aeroginosa, (b) Bacterial viability study upon
treatment of VBNP by MTT assay (c) Intracellular ROS generation in bacterial strains treated with VBNPs.

Table 2
Determination of MIC and MBC values of VBNPs.

Antibacterial effectiveness of VBNPs

Bacterial strain MIC value (ug/mL) MBC value (ug/mL)

Enterococcus faecalis 26.0 = 2.64 100.88 + 2.12
Staphylococcus aureus 24.8 = 1.64 98.2 = 2.43

Pseudomonas aeruginosa 38.7 = 2.51 147.06 + 3.23
Escherichia coli 34.0 £ 1.70 122.4 + 4.56

Table 3
Evaluation of antibacterial efficacy of VBNPs by disc diffusion assay.

Bacterial strain Inhibitory diameter

Enterococcus faecalis 16.0 = 2.64
Staphylococcus aureus 18.8 = 1.64
Pseudomonas aeruginosa 19.7 = 2,51
Escherichia coli 18.2 = 1.80

mitochondria depolarization. A cationic dye, JC-1 shows accumulation
within the mitochondria in a potential-dependent manner. This is in-
dicated by a transition of fluorescence from red to green which takes
place due to the mitochondrial damage and subsequent loss of mem-
brane potential. The treated MDA-MB-468 cells were afterwards wa-
shed thoroughly with the help of phosphate buffered saline (PBS) and
incubated in dark for 30 min. with (10 pg/mL) JC-lat 37° C. Finally
images were captured with the aid of fluorescent microscope (Leica).

3.13. Mitochondrial ROS measurement with the help of MitoSOX™

MitoSOX™ Red is a fluorescent dye which acts as a specific probe for
quantifying the superoxide present within the mitochondria of live

cells. At first, 5 x 10* cells cultured on coverslips and were then ex-
posed to the different concentrations of VBNPs. The cell were after-
wards fixed with the help of 3.7 % formaldehyde and was thoroughly
washed with 1 X PBS. Subsequently, the cells were incubated for
10 min. at 37° C in dark using a working solution of MitoSOX™ Red
reagent(5 uM). Ultimately the coverslips were mounted on slides and
were immediately observed with the help of a fluorescence microscope
(Leica). Again, a spectrofluometer (BioTek) was used to analyse the
Fluorescence intensity at excitation of 510 nm and emission at 580 nm.

3.14. Nuclear morphology examination with the help of DAPI staining

The nuclear morphology of the treated and untreated breast cancer
cells werer envisaged by by DAPI staining. The cells were exposed with
different doses (40 pg/mL and 60 pug/mL) of VBNPs for a time span of
12 h. Afterwards, the cells were washed with 1 X PBS and were stained
with the help 4’,6-diamidino- 2-phenylindole (DAPI) (Vector
Laboratories Inc.). The nuclear morphology of the cells were ultimately
observed with the aid of a fluorescence microscope (Leica).

3.15. Apoptotic cell quantification by Annexin V-FITC staining

The Annexin V-FITC/PI staining was performed after flow cyto-
metry in order to confirm the initiation of apoptosis by employing the
Thermo Fischer kit [31]. In brief, the cells were treated with different
concentrations of VBNPs.Then the cells were washed thoroughly in ice-
cold 1 x PBS. These cells were then resuspensed in a binding buffer
(100 pL) and were incubated for 15 min after the addition of Annexin V-
FITC (5 pL) and PI (5 pL). The cells were incubated in dark condition at
room temperature following the guidelines of the manufacturer.
Afterwards the Flow cytometric analysis was performed by employing a
FACS Verse instrument (BD).
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Fig. 4. FESEM images showing the morphology of untreated and treated bacterial strains E.coli,S.aureus, E.faecalis, P.aeroginosa.

Table 4

Determination of LD 50 values of VBNPs.
Compound MDA-MB 468 MCF-7
VBNPs 58.7 + 3.4 60.2 = 4.8

3.16. Statistical analysis

We repeated these experiments three times and the data were ex-
pressed by calculating the standard deviation of all the experiments.
Comparisons of the mean were done with the help of by a model I
ANOVA test (using a statistical package, Origin Pro 8, Northamptom,
MA 01060, USA) with multiple comparison t-tests, p < 0.05 as a limit
of significance. The data is the average of three experiments = SD. x =
represents p value < 0.05, #x = represents p value < 0.01, xxx = re-
presents p value < 0.001.

4. Result and discussions
4.1. Morphological and structural analysis of VBNPs

The results of ICP-OES of VBNPs (ST1) clearly exhibit the presence
of water-soluble elements like magnesium (Mg), potassium (K), calcium
(Ca), sodium (Na) and iron (Fe) at a low concentration. The heavy
metals manganese (Mn), Silver (Ag), zinc (Zn), copper (Cu) and Arsenic
(As) were also prevalent but at low concentration. On the other hand Sn
is quite predominant in the amalgamate of VBNPs. Henceforth we can
conclude that the prevalence of these cationic elements are responsible
for the antibacterial and anticancer activity of the VBNPs.

Fig.1a represent the X-ray diffraction (XR) of VBNP. The diffraction
peaks are approximately at 26.5°, 31.7°, 34.5°, 36.2°, 56.5°, 62.9°,
66.26°, 67.7°, 72.4°, 76.9° corresponding to (110), (111), (101), (200),
(002), (310), (301), (202), (321) plane. The formation of VB NPs has
been in good agreement with the Joint Committee on Powder Diffrac-
tion Standards (JCPDS) card no.—71-0652 for SnO, and 37-1497 for
CaO. The average nanocrystalline diameter of all the samples has been

% of cell survivabili

mmm MDA -MB 468
~— MCF-7

(0]

Concentration(ug/ml)

Fig. 5. Assessment of cytotoxicity on triple negative breast cancer cell lines, MDA-MB 468, MCF-7 by MTT assay which shows dose dependent decrease in cell

survivability in cells treated with VBNPs.
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estimated using Debye-Scherrer equation from the broadening of the
most intense peak (200) present in the diffraction pattern.
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Here, D is the average nanocrystalline size, A is the wavelength of
the incident Cu-K% beam (A = 1.54 A), 6 is the corresponding Bragg’s
angle, {3, is the full width at half maximum (FWHM) of the (200) peak
and K is the shape factor having the constant value of ~ 0.9. The FWHM
(B,,,) of the sample has been calculated after broadening the (200) peak
and it is around 0.00424. Also the corresponding average nanocrys-
talline diameter (D) is found to be ~ 34.4 nm.

In thermogravimetric analysis, nearly 85 % weight loss was ob-
served at 464 °C due to the decrease in the labile organic as well as
mineral contents of VBNPs (Fig. 1b) whereas, other identified minerals
were found to be thermally stable within this temperature. Thus from
the TGA data it could be assumed that the major fractions of VBNPs
contain organic substances along with a relatively lower amount of
metallic components which are quite capable for the antibacterial and
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anticancer activities.

For further morphological confirmation of VB were studied by
FESEM. Microstructure of VB is shown in Fig. 2b which has rod shaped
morphology.

The elemental composition was determined using EDX analysis. The
presence of Tin, Zinc, Calcium, Iron were predominant in EDX spectra
(Fig.S1).

From the TEM image it is demonstrated that the VBNPs is nearly
monodisperse, nanosized crystals. The average crystallite diameter has
been estimated through Gaussian distribution and found to be around
31.8 nm (Size histogram shown in Fig. 2b). Particles are crystalline with
very low agglomeration and visualized mostly regular rod in shape.

4.2. Spectroscopic analysis of VBNPs

In Fig. 2c The presence of organic compounds in VBNP was clearly
observed by FTIR analysis reflecting the presence of different types of
organic bonds like C-H, C—N, C—0, C=0, and so on.

In Fig. 2d the UV-vis spectrum of VBNP does not show any char-
acteristic peak or hump upon spectral scanning within a range of
300—800 nm.

4.3. The determination of hydrodynamic size and surface charge of VBNPs

As depicted in Table 1 VBNPs exhibit a hydrodynamic diameter of
124.8 = 2.13nm with a low P.D.I value of 0.185 = 0.09. This low
P.D.I value indicates that the solution is aquaeous solution of VBNP is
homogenous in nature which is quite conducive for biological appli-
cations. The Zeta potential of VBNPs are 10.83 *= 1.48 mV.The col-
loidal stability of the prepared samples was studied by dynamic light
scattering (DLS) measurements. No observable aggregation ofnano-
particles was found even after 21 days as observed in DLS results shown
in Fig. S2. The hydrodynamic diameter of water dispersed VBNP na-
noparticles after 21 days wasalmost the same (suggesting the higher
colloidal stability of the nanoparticles.

4.4. The antibacterial activity determination of VBNPs

To determine the bactericidal activity of VBNPs against both the
gram negative as well as and gram positive strains were treated with
different concentrations of VBNPs. In Fig. 3a depicts a dose dependent
inhibition of growth in different bacterial strains due to the treatment
with VBNPs. Table 2 represents the respective MIC values in case of E.
coli, E. feacalis, S. aureus and P. Aeroginosa bacterial strains.

MIC dilution was streaked to sterile agar plates to estimate the MBC
value. The repective MBC values for E. coli, E. feacalis, S. aureus and P.
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Fig. 7. Intracellular antioxidant level determination in MDA-MB 468 cells treated with VBNPs.
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membrane potential transition in cells treated with the compound VBNPs;(c),(d),Mitochondrial ROS determination by Mitosox on MDA-MB 468 along with quan-
tification data which clearly indicates the generation of mitochondrial ROS in cells treated with VBNPs.

aeroginosa are also given in Table 2. The results clearly depicts that the
VBNPs exhibit significant bactericidal activity against a wide range of
bacterial strains.

4.5. Vanga bhasma nanoparticles exhibit excellent bacteriocidal activities
against pathogenic strains

Tolerance level was calculated from MBC and MIC value [32]. When
the MBC/MIC ratio is greater or equal to 16, the agent is considered to
be bacteriostatic for specific bacteria.On the other hand when this ratio
is less than or equal to 4 it is considered to be bactericidal for that

specific bacteria. The values of the tolerance level of VBNPs in case of E.
feacalis, S. aureus, P. aeroginosa, E. coli were 3.88,3.96,3.8,3.6 which
further confirms the bactericidal charecteristics of VBNPs.

4.6. Antibacterial efficacy confirmation of VBNPs by agar well diffusion
methods

The agar well diffusion method was performed in order to confirm
the growth inhibition of different strains at their MIC concentration
with the control treated with sterile water [32]. As depicted in the Fig
S3 distinct zones of inhibition are observed in case of the pathogenic
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strains like E. coli, E. feacalis, S. aureus and P. aeroginosa. The values of
the diameter of Zones of inhibition of different bacterial strains are
given Table 3.

4.7. Treatment of E.coli, E.feacalis, S.aureus and P.aeruginosa with VBNPs
significantly diminishes the bacterial cell viability

VBNPs are responsible for reducing the bacterial cell survivability at
their respective MBC conc. as depicted in Fig. 3b. The reason behind it
may be the intracellular ingression of VBNPs. This penetration of the
VBNPs are responsible for cutailing the survivability of the bacterial
cells. Hence we can conclude that these VBNPs can be considered as
promising bactericidal agent [32].

4.8. Mechanisms behind bactericidal activity of VBNPs

The VBNPs had the capability to induce intracellular ROS genera-
tion which in results culminates in the bacterial cell death. In order to
envisage the mechanisms behind the bactericidal activities of VBNPs,
the DCF-DA solution was used as a specific probe for determining the
amount of ROS generated within the bacterial cells as depicted in
Fig. 3c. The results indicate that the treated pathogenic bacterial cells
enhanced the generation of ROS. This augmented intracellular ROS
production contributes to the bacterial cell membrane, disruption in the
cellular genetic content which subsequently leads to the death of the
bacterial cells [33].

4.9. Treatment with VBNPs exerts significant effect on bacterial morphology

After analysing the SEM images (Fig. 4) it can easily be concluded
that, membrane was severely damaged in case of VBNP treated bac-
terial cells resulting in loss of morphological integrity of the cells. On
the other hand, membrane integrity was intact in case of control cells.
Bacterial cell death was an obvious consequence as a result of mem-
brane destruction and perforations leading to expulsion of cytoplasmic
contents [26].

4.10. Anticancer activity of VBNPs

In-vitro cytotoxicity of the VBNPs are evaluated for determining the
cytotoxic effects on MDA-MB 468 and MCF-7 cell line [27]. The cells
were treated with various concentrations of VBNPs (0 — 120 ug/mL) for
a time span of 24 h and was afterwards followed by MTT assay. It was
observed that, VBNPs depicted a decrease in the cell survivability in a
dose dependent manner. The details of LDsq values in case of these two
cell lines are provided in Table 4. The VBNPs showed negligible toxi-
cities on the normal WI38 cells. Therefore the results clearly suggest
that the VBNPs could exert encouraging anticancer activity without
exhibiting any significant toxicity on the normal cells exhibited in
Figs. 5 and S4.

5. The treatment of VBNPs induces the generation of intracellular
reactive oxygen species

The Reactive oxygen species (ROS) is examined with the help of
both Spectro fluorometer and fluorescence microscopy with the help of
2/, 7’ dichlorofluorscence in diacetate (DCF-DA) as a probe [31]. The
generation of reactive oxygen species is evaluated in case of human
breast carcinoma cells, MDA-MB 468 with VBNPs at concentrations of
40 pg/mL and 60 pg/mL for 12 h.The fluorescence microscopic images
clearly depicts the occurrence of enhanced green fluorescence intensity
in case of treated MDA-MB 468 cell lines after 12h (Fig. 6).
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5.1. The intracellular redox balance is impaired due to the treatment with
VBNPs

The homoestasis of the ROS level is critically maintained inside the
cell and solely regulated by intracellular antioxidant level (NADPH and
GSH) in mitochondria and cytosol. Therefore, the investigation of the
intracellular antioxidant system was in the central concern, as it elim-
inates NADPH and GSH, which are very important antioxidants in mi-
tochondria and cytosol to defend cells against the oxidative stress
mediated cellular death [34,35]. In this experiment, the results exhibit
a drastic dose dependent diminish in the percentage of GSH and
NADPH level with 100 pg/ml of VBNP treatment compared with control
one (Fig. 7).

VBNPs mediate the mitochondrial membrane permeability transi-
tion which inculminates in the initiation of apoptosis mediated cell
death in breast cancer cells

Moreover, reports suggest that a pivotal role is played by the in-
tracellular ROS in altering the mitochondrial permeability [30].
Therefore we envisaged mitochondrial damage by JC-1 upon treatment
with VBNPs (Fig. 8a and b). The mitochondrial membrane permeability
transition is depicted by the drastic transition of fluorescence from red
to green and by a decreased the red/green ratio. Henceforth, these re-
sults confirm that the VBNPs mediate intracellular ROS generation
which in turn drastically disrupts the mitochondrial membrane poten-
tial [30].

The mitochondrial ROS production in presence of the MitoSOX™
Red reagent was also envisaged. MitoSOX™ Red reagent effectively
penetrates into the mttochondria of the live cells and gets immediately
oxidosed by the mitochondrial superoxide. The oxidized product emits
a prominent red fluorescence when it binds to nucleic acid. A distinctly
augmented level of fluorescence is observed in case of cells treated with
different concentrations of VBNPs as seen in Fig. 8c and d. Henceforth,
we can conclude that the VBNP mediates the enhanced mitochondrial
ROS production which in turn leads to the apoptosis mediated cell
death.

Apoptotic morphology were evaluated in case of the breast cancer
cells treated with VBNPs for 12 h with the aid of DAPI staining. In case
of the untreated cells no morpholical anomalies like nucleus shrinking
or polynuclear fragmentation were observed. While in case of the
treated cells, a distinct polynuclear fragmentation and nucleus
shrinking was prevalent [Fig. S5]. Our results show that 34 % and 46 %
of cells showed dominant signs of apoptosis when treated with a dose of
40 ug/mL and 60 ug/mL of VBNPS.

As a confirmation of apoptosis,Annexin V-FITC staining was carried
out with the help of FACS Caliber. As depicted in Fig. 9a and b, the
treatment with LDs, dose of VBNPs resulted in the drastic transition of
the cells shifted towards early to late apoptosis.The percentage (%) of
apoptotic cells were predominant in case of the breast carcinoma cells
treated VBNPs for 24 h compared to the untreated cells. In case of the
MDA-MB 468 cells treated with VBNP, approximately 60 % of the cells
depicted the signs of apoptosis after 24 h. On the other hand, only 1% of
apoptotic cells were oberved in case of the untreated cells. The results
suggests that the VBNPs are capable of initiating apoptosis mediated
cell death in the breast cancer cells via a series of intracellular events
like enhancement of ROS generation, impairment of the intracellular
redox balance and mitochondrial membrane damage [31].

6. Conclusion

Both the field of cancer and resistant antibiotics becoming threaten
in these days. Moreover, the side effects of promising chemotherapy
required more efficient therapeutics in order to diminish this problem.
Our studies confirm that these nano material, VBNP is applicable for
combined therapeutic system which are in great demand nowadays.
From our studies we believe that these nanoparticles can emerge as a
promising ameliorative agent against a broad range of diseases like
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cancer as well as bacterial diseases including urinary tract infection,
surgical infection, skin infection, etc In the present study with VBNPs,
the probable reason behind the bacterial cell wall destruction might be
the disruption in the steps of signaling cascades that in turn is the
reason behind the disrupted synthesis of cell wall resulting from en-
hanced ROS generation [26,29] in case of both Gram-negative and
Gram-positive strains of bacteria. Furthermore, our study clearly de-
picts the enhancement of intracellular ROS generation in breast carci-
noma cells brought about by the treatment of Vanga Bhasma nano-
particles.This aggravated ROS is responsible for the transition of the
mitochondrial membrane potential of the cells which in turn culminates
in the apoptosis mediated breast cancer cell death. In conclusion, our
studies suggest that these Vanga Bhasma nanoparticles can emerge as a
dual ameliorative agent against pathogenic bacterial strains and breast
cancer cells.
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Abstract

The silver nanoparticles have found prominence
in different fields such as medicine, catalysis,
nanoelectronics, textile field, pollution and water
treatment due to their unique attributes.
Applications of silver nanoparticles are
increasing rapidly in the medical purpose
including drug delivery, treatment, diagnosis,
medical device coating. Various chemical and
physical methods are use to synthesize the silver
nanoparticles (AgNP) conventionally. But these
synthesis processes are expensive and also
involves side effects. To solve these savior
problems by modification in synthesis process for
safer and more efficiency, Green Nanotechnology
comes to play a very crucial role for synthesis of
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silver nanoparticles. Synthesis of biogenic silver
nanoparticles from plant extract is referred as
Green Nanotechnology. In this study, we have
mentioned the green synthesis of silver
nanoparticles using by Ocimum sanctum (Tulsi)
leaf extract, which act as reducing agent as well
as capping agent. Synthesized Ag nanoparticles
were thoroughly characterized and their
antibacterial and anticancer activities were
observed. The development of brown color by the
addition of Ocimum sanctum (Tulsi) signifies the
formation of silver nanoparticles. UV-Vis
absorption spectroscopy, XRD and zeta potential
were applied to estimate the quantitative
formation of silver nanoparticles. FTIR analysis
was applied to reveal that the AgNPs were
stabilized by eugenols, terpenes, and other
aromatic compounds present in the extract. The
antimicrobial and anticancer properties of
AgNPs were assessed by various in vitro cellular
assays. Our present study confirms that AgNP
can be used as a dual therapeutic option for
combating pathogenic microbial strains and
hepatocellular cancer.

Introduction

Nanotechnology is the field for development of more consistent process for the synthesis of
nanomaterials more than a range of size (with good monodispersity) and chemical composition [1].
Metallic nanoparticles have been gaining a lot of significance in the past few years due to their
applicability in the field of physics, chemistry, medicine, biology and material science [2]. Metallic
nanoparticles due to their high specific surface area and surface atoms have outstanding physicochemical
characteristics, including optical, catalytic, electronic, magnetic and antibacterial properties. Synthesized
metallic nanoparticles are enormous due to their influential applicability in various fields such as
electronics, chemistry, energy, and medicine development [3]. Metallic nanoparticles, particularly noble
metals are influential mainly because of their dominant optical absorption in the visible region caused
by the exciting group of the free electron gas [4]. The silver nanoparticles have a wide range of interest
as they have a larger number of apposite: nonlinear optics, spectrally selective coating for solar energy
absorption, good electrical conductors, bio-labeling, antibacterial materials, intercalation materials for
electrical batteries as optical receptors, chemically stable materials and catalyst in chemical reactions [5,
6] In the medical field, silver and silver nanoparticles have broad applications, especially in skin
ointments and creams to avoid infection of burns and open wounds [10]. Silver possess an inhibitory
action toward many bacterial strains and microorganisms commonly present in medical and industrial
processes [7]. The general method of synthesizing silver nanoparticles in chemical reduction is as
colloidal dispersions in water or organic solvents [8]. The green synthesis method is an imperative
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technique, utilizes nontoxic chemicals, eco-friendly solvent and renewable materials [9] and has
capability to reduce metal by specific metabolic pathway. Many biological approaches of green synthesis
have been reported till date using plant leaf extracts from different plants [9, 10, 11]. These
biosynthesized nanoparticles act as an antibacterial agent [12-18].

From ancient time leaves of Ocimum sanctum (Tulsi) is used as a remedy to cure stomachache,
headache, diarrhea, dysentery, cough and cold, intestinal infections, etc. [19-24]. The leaves of the plant
is aromatic, cooling, mucilaginous, diuretic and anti-inflammatory and used to treat digestive,
carminative, spasmodic affections, vitiated conditions of inflammations well as a anticancer agent [25,
26, 27]. The major phytochemicals eugenol, f-caryophyllene, f-elemene, cyclopropylidene, carvacrol,
linalool, germacrene, etc. present in O. sanctum plant are supposed to be responsible for bioreduction of
silver metal ions followed by stabilization of the nanoparticles formed.

Here we have observed the effect of these biogenic AgNPs on the prokaryotic and eukaryotic cell.

The phytofabricated AgNPs had a positive effect against Gram-positive (S. aureus, B. subtilis) and
Gram-negative (E. coli, P. aeruginosa) pathogenic bacterial species. We have also studied the
mechanism behind the bacterial growth inhibition. Our present experiments with biogenic AgNP,
destruction of bacterial cell wall might have caused due to one or multiple steps of signaling cascades
resulting in defective cell wall synthesis or impaired cross-linking of polymer units, which have occurred
due to the ROS generation in both Gram-positive and Gram-negative bacterial strains [28, 29].
Silver ions have a great impact on altered cellular metabolism inhibiting proliferation and metastasis of
cancer cells. Reactive oxygen species (ROS) generation plays a crucial role in the maintenance of the
redox balance in most cancer cells and an elevated ROS level may promote oxidative damage leading to
cellular abnormalities or death [30, 31]. In this study, we investigated (AgNPs) and their antimicrobial
as well as anticancer activities against different pathogenic bacterial strains and hepatocellular cancer
cell lines. Thus, the development of these phytofabricated, non hazardous, eco-friendly AgNPs has the
potential to emerge as an effective dual therapeutic agent.

Materials and Methods

1. Materials

AR-grade silver nitrate (AgNO3) was purchased from Sigma-Aldrich Chemicals and fresh Ocimum
sanctum leaves were collected from local area Kolkata, India. All the chemicals and reagents required
for bacterial culture media, MTT reagent, glutaraldehyde, fluorescence stains, different chemicals and
reagents used for biological purposes were pruchased from Merck Ltd, and SRL Pvt. Ltd, Mumbai, India
at the highest grade available. All the reagents were used without further purification. Deionised
(Millipore) water was used throughout the experiment with resistivity at least 18 MQ-cm. All the glass-
wares used in our experiments were cleaned with aqua regia solution followed by rinsing with ultrapure
water.

Bacterial strain and Cell line

Gram-positive (Staphylococcus aureus 740 and Bacillus subtilis 441) and Gram-negative (Escherichia
coli 443 and Pseudomona aeruginosa 1688) used for the bacterial experiment were procured from
Microbial Type Culture Collection (MTCC), IMTECH, Chandigarh, India.

Hep G2 are used for determine the cytotoxicity assay was obtained from Central Cell repository of
National Center for Cell Science (NCCS), Pune, India.

2. Methods

Preparation of plant leaf extract
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The leaves of Ocimum sanctum were washed by diionized water to remove the dust and dirt particles.
The leaves are then dried at room temperature. About 2 grams of the dried powder leaves was taken in
to the 100 ml distilled water. The leaves were boiled for 5 minutes and then it was allowed to cool. The
solution was filtered and then stored at 4 °C. All synthesis was performed within a week after preparation
of leaf extract.

Preparation of Silver Nitrate Solution

1.0 MM AgNO3 added in to distilled water and stirred continuously at 2 to 4 hours.

Synthesis of Silver Nanoparticles

150 ml of prepared silver nitrate stock solution was taken in a 250 ml beaker. After that, 10ml of leaf
extract was added. At 90°C the mixture was heated in a water bath for 1hr.

Purification of Synthesized Particles

After heating, precipitation was obtained by centrifugation at 9000 rpm for 25 minutes. Then the
precipitation was washed by centrifuged repeatedly (3 times). Thus purified Ag Nps was obtained.

Physical Characterisation of Silver Nanoparticle

The absorbance spectra were measured using Ultraviolet-visible spectrophotometer (Bio-tek) at a
wavelength of 250-800 nm. Silver nano particles were synthesized by reducing silver metal ions solution
with Tulsi leaf extract were initially characterized using UV-Visible Spectrophotometer. The XRD (X
Ray Diffractometer) patterns of the silvernano particle samples were recorded by X-ray powder
Diffractometer model D8, Bruker AXS, Winconsin, USA, using Cu-Ka target employing wavelength of
1.5418 A and operating at 35 kV with scan speed of 2s/step. Particle size and its distribution were
assessed with field emission Scanning Electron Microscope (FESEM) using ZEISS. Electron interacts
with the electrons in the sample, producing various signals that can be detected and that contain
information about surface topography and composition of the samples. The Fourier transform infrared
spectroscopy (FTIR) study was done using FTIR-8400S, Shimadzu in the wavenumber range from 400
cm ! to 4000 cm™!. FTIR Spectrometer to detect the possible functional groups in biomolecules present
in the plant extract. The particle size distribution and stability were measured by DLS (Dynamic light
Scattering) using Zetasizer (NANO ZS90, Malvern Instruments Ltd., UK). The surface charges of the
nanoparticles were also measured by the Zetasizer.

Antibacterial activity determination

@ Determination of minimum inhibitory concentration (MIC) and minimum bactericidal
concentration (MBC)

According to our previously reported protocol [28, 29], MIC and MBC were evaluated by microdilution
method in Luria broth. Different concentrations of AgNPs were added to the bacterial media containing
the inoculums and incubated for 24 hrs. After incubation, the MIC values were obtained by checking the
turbidity of the bacterial growth with UV absorption. The MBC values were determined by spreading
the MIC dilutions of growth i.e. 10 pl of bacterial strain containing 2.5 x 10° CFU ml™! bacteria were
separately added to the several 1 ml nutrient broths (NBs) onto agar plates and incubating them for 24
hrs at 37°=C. The lowest concentration of AgNPs, at which the bacterial strains were completely
inhibited, was noted as the MBC value. This MBC value of the particles denotes the minimum
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concentration of particles required for 100% bacterial killing compared to the positive control (no
treatment). All assays were performed in a laminar air flow.

(b)  Tolerance level

The tolerance levels of each bacterial strain against AgNP were determined by using the following
formula [28, 30].

Tolerance = (MBC)/ (MIC) ............ (D)

(c) Agar well diffusion method

The susceptibility of pathogenic bacteria to AgNP was examined according to a previously reported
protocol by the Agar well diffusion method. The pathogenic strains were grown on LB Broth at 37<C
overnight till a turbidity of 0.5 Mac Farland standards (102 CFU per ml). About 50pl of this suspension
was used to inoculate 90mm diameter petridish filled with 30ml of Mueller Hinton Agar. Wells
(diameter?= 0.563cm?) were punched in the agar plates and treated with AgNPs at their MBC
concentrations. The zone of inhibition diameter in the bacterial growth surrounding the disc (including
the disc) was measured [28, 30].

(d)  Bacterial cell-viability assay

The viability of bacterial cells was analysed with help of 3-(4, 5-dimethylthiazol-2-yl) -2, 5-
diphenyltetrazolium bromide (MTT) following a standard protocol [28]. Cell viability was determined
after exposure to different concentrations of AgNPs for 24 hrs at 37 =C. After incubation, the bacterial
cells were collected and centrifuged at 1400 rpm for 10 mins at 4 °C then washed three times with sterile
phosphate buffered saline (PBS, pH 7.4). Subsequently, the medium was replaced with fresh culture
media containing 0.5 mg.ml~! of MTT reagent and incubated for 3 hrs at 37 =C. Then, HCl-isopropanol
solution was added and after 15 mins of incubation at room temperature, absorbance of solubilized MTT
formazan product was measured spectrophotometrically at 570 nm in a Shimadzu UV-Vis 1800
spectrophotometer.

(e) ROS generation in Bacterial cell

The bacterial intracellular ROS generation was measured by using 2, 7-dichlorofluorescein diacetate
(DCFH2-DA) according to our previously reported protocol [29]. The DCFH2-DA passively enters the
cells, reacts with the generated ROS and oxidizes as well as forming a highly fluorescent compound: 2,
7-dichlorofluorescein (DCF). After the exposure of bacteria cells with AgNPs, they were then cultured
overnight and washed with PBS solutions. Then, the cells were incubated with the required amount of
DCFH2-DA at 372 C for 30 mins. Finally, the bacteria cells were visualized under fluorescence
microscope.

Anticancer Activity Determination
(a) Cytotoxicity assay

The viability of Hep G2 cells after exposure to various concentrations of AgNP was determined by 3-
(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay [31, 32, 33]. Briefly, around
1 %< 10* cells per well of 96-well plates were exposed to AgNPs at the concentrations of untreated as
control, 20, 40, 60, 80, 100 pg/ml for 24 hrs of incubation at 37° C and 5% CO-. Following this, the cells
were incubated again with 10 ul MTT solution (stock 1 mg/ml) for 4 h at 37°C and 5% CO; following a
wash with 1x phosphate-buffered saline (PBS), and the resulting formazan crystals were dissolved in
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MTT solubilization buffer to measure the absorbance at 570 nm by using a microplate reader (Biorad).
The data were formulated comparing with the control ones.

(b) Intracellular ROS generations were checked by DCFDA method in Hep G2 cells

Normally, the DCFDA enters the cell and reacts with the reactive oxygen to give a green fluorescent
color compound dichlorofluorescein (DCF). Briefly, a stock solution of DCFDA (10mM) was prepared
in methanol and was further diluted with PBS to a working concentration of 100uM. Hep G2 cells were
treated with AgNP at LDso for 12hrs at 37°C, and washed with ice-cold 1< PBS followed by an
incubation with 100uM of DCFDA for 30mins in the dark at 37°C [32, 33]. The fluorescence intensity
was measured both spectroscopically (Hitachi, Japan) and under a fluorescence microscope in Hep G2
cells (Leica, Japan) at excitation and emission wavelengths of 485 nm and 520 nm respectively.

Results and Discussion

X-ray diffraction (XRD)

The crystalline character of these sythesized nanoparticles was confirmed by X-ray crystallography. The
XRD pattern of AgNPs is given in Fig 1a. The pattern clearly shows the main peaks at (20) 38.19 and
44.37 corresponding to the (111) and (200) planes, respectively. By comparing with JCPDS (file no: 89-
3722), the typical pattern of green-synthesized AgNPs is found to possess a prominent structure. The
average crystalline size of the silver nanoparticles was estimated using (Eqg. 2), the Debye—Scherrer’s
equation

D=0.9MB cosO....ccvvvriiiiiiiiii, 2)

By calculating the width of (111) Bragg’s reflection, we evaluate average size of the particle is 14
nm. In addition, three unassigned peaks appeared at 27.78°, 32.34° and 46.29°. These peaks were weaker
than those of silver. This may be due to the bioorganic compounds occurring on the surface of the
AgNPs.

Fourier Transform Infrared Spectroscopy (FTIR)

FTIR experiment was carried out in order to identify the presence of various functional groups in
biomolecules responsible for the bioreduction of Ag and capping/stabilization silver nanoparticles. The
obtained intense bands were compared with standard values to identify the functional groups as in Figure
2b. The bands at 3422 cm! in the spectra corresponds to O—H stretching vibration indicating the presence
of alcohol and phenol group. Bands at 2921 cm™ region arising from C—H stretching of aromatic
compound were observed. The band at 1631 cm™ assigned to C-N and C—C stretching indicating the
presence of proteins. The band at 1450 cm™ was assigned for N—H stretch vibration present in the amide
linkages of the proteins. These functional groups have role in stability/capping of AgNP as reported in
other studies. The bands at 1450 cm™ were corresponds to N—H and C—N (amines) stretch vibration of
the proteins respectively. The band at 1377 cm™ exemplifies the N- O symmetry stretching typical of
the nitro group.

The strong bands at 1074 cm™ are corresponds to ether linkages and suggest the presence of flavanones
adsorbed on the surface of synthesized metal nanoparticles. The immediate reduction and capping of
silver ion into silver nanoparticles in this analysis might be due to flavanoids and proteins. The
flavonoids present in the leaf extract are powerful reducing agents which may be actively involved and
responsible for the reduction of Ag* to Ag’.
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Figure.l.(a) XRD analysis of silver nanoparticles and (b) FTIR spectra

UV-Visible absorption studies

The synthesized AgNPs in agueous solution was monitored to obtain the absorption spectra at a
wavelength range of 250-800 nm as shown in Figure.2a. It was observed that solution of silver nitrate
turned dark brown on addition of leaves extract; it indicated the formation of AgNPs, while no color
change was observed in the absence of plant extract. In the UV Vis spectrum; a single, strong and broad

Surface plasmon resonance (SPR) peak was observed at 450 nm that assign the synthesis of AgNPs.
Particle size distribution and surface charge measurement

Size Determination of Silver Nanoparticle

Size distribution of the AgNPs was determined by DLS (Figure.2b). Particle size distribution curve
reveals that AgNPs obtained are polydispersed in nature having a P.D.l (Polydispersive Index) of
0.231 with average diameter ~100 nm. The low P.D.I value indicates that the solution is homogenous
in nature which is ideal for biological applications. The silver nanoparticles had quite high negative

zeta potential which indicates the stability of the particles in agueous solution. The details are given in
the table below.
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Figure.2.(a) UV-Vis spectra, (b) hydrodynamic size distribution study by DLS and
(c) FESEM analysis of silver nanoparticles.

SAMPLE DLS PDI ZETA
NAME SIZE POTENTIAL
(d.nm) (mV)
AgNP 101.8 0.231 -21.4

Table.1. Hydrodynamic Size Distribution

Field Emission Scanning Electron Microscope (FESEM) analysis

The FESEM images of the silver nanoparticles are shown in Figure.2c. The surface morphology of silver

nanoparticles showed rod AgNP structure. In the present study, the particle size ranges from 25 to 100
nm.

Biosynthesized AgNP nanoparticles exhibits significant antibacterial activity against
pathogenic bacterial strains

@ Determination of minimum inhibitory concentration (MIC) and minimum bactericidal
concentration (MBC)

To evaluate the bactericidal activity of the synthesized AgNPs have been treated separately against Gram
negative E.coli, P.aeruginosa and Gram positive S.aureus, B.subtilis. In the case of E.coli, P.aeruginosa
strains the MIC values of AgNP was 38.46 +1.2 pg/ml, 44.65 £2.2 g/ml and that in case of S.aureus,
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B.subtilis the MIC value was 35.54 £1.43g/ml, 41.3 +2.83 pg/ml respectively as shown in Figure.3.
All bacterial strains were grown with the MIC dilutions on the sterile agar plates to obtain the MBC [28,
29]. The MBC concentrations are noted where complete bacteria growth was inhibited on the agar plate
after treatment with AgNPs. The MBC values of AgNP were at 135 +3.2 pg/ml, 143 4.2 pg/ml, 132
+1.8 pg/ml, 140 =3.7pg/ml in case of E. coli, P. aeruginosa, S. aureus, B. subtilis bacterial strains
respectively. Bacterial growth decreases with an increase in the concentration of AgNP. In the
microdilution method, these may be inhibited due to the easy penetration of AgNP into the cells followed
by bacteriostatic in different bacterial strains.
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Figure.3. Analysis of activity of AgNPs by MIC method in pathogenic strains

(b) Phytofabricated AgNPs show excellent bactericidal activity

The tolerance level of pathogenic strains against AGNP was evaluted from the respective MIC and MBC
values. From these result, it is measured that the tolerance level to AgQNP was 3.5, 3.2 in case of E. coli,
P. aeruginosa and 3.7, 3.4 in case of S. aureus, B. subtilis respectively. The implication of the tolerance
level is the difference between bactericidal agents from bacteriostatic agents. Bactericidal agents always
kill microbes, but bacteriostatic agents inhibit the growth. When the MBC/MIC ratio is greater than or
equal to 16 for particular bacteria, the antibacterial agents are considered as bacteriostatic type and when
this ratio is less than or equal to 4, then the particles are considered as a bactericidal agent [28].Thus, the
MBC/MIC ratio is an important parameter which reflects the bactericidal capacity of the AgNP. In this
study, AgNP exhibits significant bactericidal activity against E. coli, S. aureus, P. aeruginosa, B. subtilis
pathogenic strains.

(c) Selective bactericidal activity of AgNP confirmed by Disc diffusion method

This experiment was performed to observe the comparison of antibacterial activity of different AgNP
samples. The zone of inhibitions of Gram-positive and Gram negative are given in Figure 4. Zone of
inhibition having a diameter is significant when strain is treated with AgNP at their MBC
concentration. So, from this study, it has become clear that the AgNP has really proved to be beneficial
and needs to be administered for pathogenic E.coli, S.aureus, B.subtilis, P.aeruginosa growth
inhibition.
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(d)  Treatment of E.coli, S.aureus, B.subtilis, P.aeruginosa with AgNP significantly diminishes the
bacterial cell viability

AgNP is responsible for diminishing the bacterial cell survivability at their respective MBC conc. as
depicted in Figure.5. This may be due to the ingression of AgNPs into the bacterial cells that can hinder
the growth of the bacteria and acts as an ideal bactericidal agent.
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Figure.5. Bacterial viability study upon treatment with AgNPs
in pathogenic bacterial strains

(e) Mechanisms behind bactericidal activity of functionalized AgNPs

The phytofabricated AgNPs had the capability to induce intracellular ROS generation which in turn
culminates in the bacterial cell death. In order to envisage the mechanisms behind the bactericidal
activities of AgNPs, the intracellular ROS generation in the bacterial cells was determined by employing
DCFH-DA as an intracellular ROS indicator which is depicted in Figure.6. The results indicate that the
AgNP treated pathogenic bacterial cells augment the generation of ROS which is responsible for
bacterial cell death. The enhanced ROS production is correlated with bacterial cell death. The
intracellular ROS production contributes to the bacterial cell membrane damage, disruption in the
electronic transport chain and the genetic material detonation [29, 30].
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Figure.6. Intracellular ROS generation by treatment with AgNPs in
pathogenic bacterial strains.

Anticancer activity of AgNPs
(@)  Cytotoxicity of AgNPs

The in vitro cytotoxicity of the AgNPs is evaluated for determining the cytotoxic effects on HepG2 cell
line. The cells were exposed to different concentrations of AgNPs (0-120 pg/ml) for a time span of 24hrs
and was afterwards followed by MTT assay. It was observed that the AgNPs depicted a dose dependent
decrease in the cell survivability. The LDso of AgNP was calculated to be 46 3.2 pM. Thus we can
conclude that the synthesized phytofabricated AgNPs could exert encouraging anticancer activity as
exhibited in Figure.7.
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Figure.7. Cell viability assay of HAP in human hepatocellular carcinoma, HepG2

(b) Intracellular Reactive oxygen species generation induced by treatment of AgNP

The Reactive oxygen species (ROS) is analysed with the the dual aid of fluorescence microscopy and
Spectro fluorometer by employing 2', 7' dichlorofluorscence in diacetate (DCF-DA) as a probe. The
generation of reactive oxygen species is evaluated in case of hepatocellular carcinoma cells, Hep G2
with AgNPs at concentrations of 80 UM and 100 M for 12hrs. The fluorescence microscopic images
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clearly depicts that the enhancement of green color fluorescent intensity occurred in case of treated
HepG2 cell lines after 12hrs ( Figure. 8a and 8b).

Fold change with respect to control

Concentration(uM)
Control 80 uM 100 pM

Figure.8. Intracellular ROS generation by treatment with AgNPs in
HepG?2 cells observed by (a) spectrofluometry and (b) fluorescence
microscopy

Conclusions

The synthesis of phytofabricated silver nanoparticle is inexpensive, non toxic and ecofriendly. The
AgNPs were thoroughly charecterised with the UV-Vis, FTIR, XRD, DLS and FESEM. The results from
UV-Vis spectral studies testified the presence of surface plasmon resonance of these biogenic silver
nanoparticles. The biomolecules predominant in the O. sanctum leaves were primarily responsible for
reducing and capping of AgNPs which were then analysed by FTIR measurements. Particle size and
stabilization were determined with the aid of DLS and zeta potential techniques. FESEM studies depicted
the formation of rod and uniform shaped silver nanoparticles with a size range of 25-100 nm. The XRD
pattern additionally confirmed the development of the silver nanoparticles via the eco-friendly green
synthetic route.

Although there has been significant progress in cancer diagnosis and treatment, cancer is still posing a
worldwide grave threat. On the other hand, the global dissemination of pathogenic bacterial strains has
emerged as a serious cotemporary challenges with respect to public health. Our results clearly depicts
that the biogenic AgNPs are responsible for initiating the oxidative damage through augmented ROS
generations both in case of prokaryotic and eukaryotic cells. The generated reactive oxygen or
superoxide has the potential to directly interact with the cell metabolism in order to generate the hydroxyl
radicals, which is responsible for damaging the DNA, lipid and proteins. Our results clearly suggest that
these phytofabricated AgNPs can be considered as potential antibacterial agent against Gram-positive
(S. aureus, B. subtilis) and Gram-negative (E. coli, P. aeruginosa) pathogenic bacterial strains.
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In the present study with AgNPs, the probable reason behind the bacterial cell wall destruction might be
the disruption in the steps of signaling cascades that leads to the defective cell wall synthesis.This
phenomenon takes place due to the enhanced ROS generation in both Gram-positive and Gram-negative
bacterial strains. Additionally, the phytofabricated leads to the death of human liver cancer due to
enhanced intracellular ROS. In conclusion, our studies suggest that our phytofabricated AgNPs can
emerge as potential anticancer and antibacterial agents.
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