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Introduction: Iron oxide nanoparticle-nucleic acid (DNA and RNA) conjugates

1.1. INTRODUCTION

The study of biomedical applications involving iron oxide
nanoparticle-nucleic acid (IONP-NA) conjugates merges nanotechnology
with biological systems. IONPs, with their unique magnetic properties, and
NAs (the building blocks of genetic material) and their conjugates offer a
promising avenue in various biomedical fields, including targeted drug
delivery, imaging, and therapeutic interventions. Magnetic properties enable
precise navigation within the body, allowing for targeted delivery of

therapeutic agents to specific sites.

Research in this area aims to optimize the synthesis, and application
of these conjugates, considering their biocompatibility, stability, and
targeting efficiency. By exploring the conjugation of IONPs and NAs,
researchers endeavor to unlock new frontiers in biomedical science,

diagnostics, therapies and ultimately improving patient care.

Research based on IONPs is accelerating the development of
nanotechnology. ‘Nano’ form of particles possesses novel optical, magnetic,
and electrical properties due to quantum size effect. For example,
superparamagnetic behavior will be increased and ferromagnetic behavior
will deteriorate as nanoparticle size decreases [1]. Figure 1.1 illustrates the

wide range of important uses for IONPs in various fields.
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Figure 1.1. Applications of iron oxide nanoparticles (IONPs).

Uniform synthesis of IONPs can be performed by regulating
parameters like temperature, concentration, pH, stirring rate, particle

distribution, size control, control over shape, and nanoparticle composition
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Introduction: Iron oxide nanoparticle-nucleic acid (DNA and RNA) conjugates

and structure, including crystallinity, and purity. Among various IONP
synthesis methods (like microwave, spray pyrolysis, laser pyrolysis, pulse
wire discharge, chemical vapor condensation, thermal decomposition,
micro-emulsion, polyol, sol-gel, sonochemical, biological, and co-
precipitation), the commonly used one is chemical co-precipitation due to its
easy and rapid synthesis, cost-effectiveness, and control over size. IONPs
need to follow certain criteria for their biomedical applications; (a) size
should be less than 20 nm, (b) cost-effective preparation, and (c) surface
should be free from any entities so that desired surface modification would

be possible on it [2].

Various polymers and surfactants are used, including polyvinyl
alcohol (PVA), polyvinyl pyrrolidone (PVP), polyethylene glycol (PEG), oleic
acid, and polyacrylic acid (PAA) for the surface modification of IONPs.
Although modification improves shape and prevents aggregation, it may
change the characteristics of nanoparticles. Surfactants and polymers are
very expensive and their natural degradation is difficult. As a result, their
utilization limits the uses of IONPs in medicinal science and may possibly
have negative environmental effects [1, 2]. To limit such drawbacks, surface
modifications can be performed using biomolecules. This helps in mimicking
biological system and skipping immune reactions. Biomolecules like, nucleic
acids, protein can be conjugated with IONPs to carry out desired biomedical

applications [3].

Nucleic acids; deoxyribonucleic acid (DNA), and ribonucleic acid
(RNA) carry genetic information, which is read by cells to produce the RNA
and proteins that allow living organisms to function. This genetic
information is duplicated and passed on to the next generation. Adenine,
guanine, cytosine, and thymine are the four bases which make up DNA.

Likewise, RNA is made up of Adenine, guanine, cytosine, and uracil [4].

Both DNA and RNA are chains of related monomers and they are
chemically similar. The building blocks of DNA and RNA are nucleotides that

contain the nitrogenous base, phosphate, and 5-carbon ribose sugar.
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Introduction: Iron oxide nanoparticle-nucleic acid (DNA and RNA) conjugates

Compared to DNA, RNA is more labile and does not typically form stable

secondary structures [3-5].

The structural differences between DNA and RNA have been shown
in Figure 1.2. Both RNA and DNA can be conjugated with IONPs due to their
chemical resemblance [6, 7]. As mentioned earlier, DNA and RNA have some
structural differences. DNA possesses deoxyribose sugar and RNA contains
ribose sugar. DNA generally occurs in double stranded form and RNA often

has single strand.

rooocoes DNA vy RNA romemen

DESXTRIBONVCLIC AID | RBonuCLuic AcD

COUBLE-STRANDED USUALLY SINGLE-STRANDED
SUGAR® PMOSPHATE

SUGAR™ PHOSPHATE b
¥ DEOXYR1BOSE .~ % RIBOSE
o o

|
|
'
I
I
s ! o
}
|
H H BasE AR | H H
| SINGLE
|
|
|

ov H NUCLEQBASE o OH
o 0
o %\(k - \ hu(x\(nn:ikﬁ N »
" lf/k"- 9 v\\‘ i Sny ﬁ 0
i S G g L N\ 2 AN
Thought

Figure 1.2. Major types of nucleic acids - DNA and RNA [4].

Irrespective of their structural differences, both DNA and RNA
molecules make similar interactions with IONPs. These interactions result

into IONP-NA conjugate formation.

Figure 1.3 provides visual representation of different interactions
between IONPs and NA. Figure 1.3 a provides electrochemical interactions
between temporarily-charged IONPs and negatively charged NA. These
interactions are comparatively less stable due to unstable positive charge on
pristine IONPs. Hence, surface modification with positively-charged entities

is strongly recommended on pristine IONPs.

Figure 1.3 b provides interactions between surface-modified IONPs
and NA. Surface modifications can be carried out with specific ligands or
molecules to pertain positive surface charge on IONPs. Such positively-

charged IONPs tend to attract negatively charged NA as shown in figure.
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Further, Figure 1.3 c¢ shows co-precipitation interactions. Co-
precipitation involves the formation of a precipitate containing both IONPs
and NA. In this process, the nanoparticles and NA are mixed in a solution
containing a precipitating agent, leading to their simultaneous precipitation
and co-localization. These interactions are often used to immobilize NA onto

the surfaces of IONPs for various applications in biomedicine.

Figure 1.3 d gives overview of hydrogen bonding interactions
between IONPs and NA. These IONPs form hydrogen bonds with NA,
particularly through phosphate backbone and nitrogenous bases of NA. This
interaction is specific and depends on the NA sequence. Complementary
hydrogen bond formation can be utilized for the NA hybridization assays and

targeted drug delivery systems.

Figure 1.3 e shows targeted non-covalent interactions which involve
the formation of covalent bonds between functional groups on the surface of
IONPs and specific chemical entities present in the NA. These interactions
can be engineered to be highly selective and stable, allowing for the precise

conjugation of NA to IONP. Targeted non-covalent interactions are essential

molecular imaging probes.

for the design of NA-based therapeutics, gene delivery systems, and
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Figure 1.3. Interactions of IONP-NA conjugates; (a) pristine IONP-NA
electrochemical interactions, (b) surface functionalized I0ONP-NA
electrochemical interactions, (c) co-precipitation, (d) complementary
hydrogen bonding, and (e) targeted nano-covalent interactions [8].

(e) (d)

These conjugation interactions between IONPs and NA enhance

properties like nucleic acid stability and cell permeability as well as the
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biocompatibility of nanoparticles. In fact, the IONP-NA conjugate system can
be used for gene analysis in diagnostics and therapeutics by utilizing the
superparamagnetic properties of nanoparticles, which have a well-
established role in biomedicine, in addition to the ability of NA to target DNA
and RNA sequences in a very specific manner. Despite of their biomedical

importance, insufficient literature is available on IONP-NA conjugates [6-9].

Hence, present thesis focuses on the study of biomedical applications
that are based on IONP-NA conjugation. The study makes clear that the
mechanism involved in the IONP-NA conjugation is covered with related
biomedical applications like bacterial pathogen detection, magnetofection,
and virus detection. The detailed description of above mentioned topics has

been given below.

1.2. NANOTECHNOLOGY BASED BIOMEDICAL APPLICATIONS

Biomedical research deals with the study of science that
focuses on human health and healthcare. Biomedical nanotechnology, a
recent subfield of biomedicine that uses different nanomaterials (metallic,
polymeric, etc.) for human well-being and health management in terms of
precautions as well as therapy as shown in Figure 1.4. The figure shows
different types of nanomaterials which are being used for biomedical

applications [13-18].

Metalic Nanomaterial Hydrogel Nanomaterial
: - %% T\

@
2
8

Polymer Dendrimer Silicon

Figure 1.4. Types of nanomaterials used in biomedical applications.
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The intersection of nanotechnology and the biomedical field makes
cost-effective, easily available, and accessible diagnostics and therapies.
Recently, nanotechnology-based personalized health care management is
designed for the diagnosis and therapeutics [10]. Additionally, artificial
intelligence, bioinformatics, and bio-statistical analyses can be possible by
converging nanotechnology with biomedicine [11].

Nano-materials exhibit tunable surface modification, molecular,
physical, optical, as well as electrochemical properties, etc. However, the
choice of nanomaterial depends on the targeted application. For example,
magnetic nanomaterials are being widely used as contrasting agents in
magnetic resonance imaging (MRI). Likewise, gold nanoparticles are used in
optical biosensors as they exhibit optical (color change) properties. They
tend to detect targeted biomolecules at low concentrations. Hence, early-
disease diagnosis becomes achievable. Metal nanoparticles (gold, iron oxide,
and quantum dots) with a diameter one-thousandth the width of a strand of
hair exhibit details about the prevalence of the diseases, and therapeutic
interventions, and assess pathogen or infectious agents. The Food and Drug
Administration (FDA) has approved nanoparticle-based thermal therapy,
imaging, therapeutic monitoring, and iron supplements for chronic kidney
disease as a result of significant investment in the research and development
of nanotechnology [12].

Table 1.1 describes exosome, mxene molecule, carbon nanochips,
metal nanosheets, aptamers, drugs like vancomycine, probes, polymers,
grapheme-based nanocomposites, which have been tested for cancer
therapy, antibacterial potential, bacteria like Staphylococcus aureus
detection, virus like SARS-CoV-2 detection, and fungal detection, extraction
of nucleic acids, etc. Nanoparticles like iron oxide, gold, silver, zinc are used

for different types of biomedical studies.
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Table 1.1. Nanotechnology-based biomedical applications.

No Blon_ledl_cal Nanomaterial involved Interactions/mechanisms involved Ref.
application
1 | Targeted cancer | M1-exosome nanoconjugates | Exosome-mediated CD47 antibody and [5]
therapy CD47 surface antigen on tumor cell
interactions
2 | Site-specific Carbon nanochips (CNC) CNC-MMT-mediated reactive oxygen [19]
cancer therapy combined with mineral species (ROS) generation for the
montmorillonite (MMT) destruction of site-specific tumor cells
3 | Hyperthermia Fe304nanoparticles combined | Fe304-Mxene-mediated photo-thermal [20]
with Mxene breast tumor eradication
4 | Cancer imaging Lanthanide-based porphyrin | Doxorubicin-loaded MOF-NSs for cancer [21]
and therapy metal-organic framework Imaging (by fluorescence) and targeted
(MOF) nanosheets (NSs) therapy
5 | Cancer therapy | Isolongifolene-loaded chitosan | Nanoparticles acted as adjuvants for [22]
nanoparticles combating multi-drug resistant solid
tumors
6 | Cancer sulfasalazine (SAS) and Fe304-mediated apoptosis of cancer cells [23]
immunotherapy | platelet (PLT) membrane- via inhibition of the glutamate-cystine
loaded mesoporous magnetic | antiporter system X pathway
nanoparticles (Fe304)
7 | Antibacterial Zn0-NiO nanoparticles Against gram-positive and gram-negative [24]
property microbes
8 | Detection of Fe304 conjugated with aptamer | Magnet-responsive calorimetric detection | [25]
Staphylococcus and vancomycin and gold of Gram negative bacteria - S. aureus
aureus nanoparticles
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9 | Detection of Tryptamine-functionalized pH-responsive electrostatic interactions [26]
Salmonella MNPs (Indole@MNPs) between Salmonella enterica and
enterica indole@MNPs
10 | Extraction of Magnetic nanoparticles Accelerated denaturation bubbles [27]
nucleic acids mediated strand exchange amplification
(ASEA) using a Pasteur pipette for nucleic
acid amplification testing (NAAT)
11 | Detection of Red probe-conjugated gold Calorimetric detection and absorption [28]
SARS-CoV-2 nanoparticles spectrum analysis using an achromatic
nanosensor producing a green color
12 | Detection of Yellow probe-conjugated Calorimetric detection and absorption [28]
Staphylococcus silver nanoparticles spectrum analysis using an achromatic
aureus nanosensor producing a purple color
13 | Detection of Blue probe-conjugated triangle | Calorimetric detection and absorption [28]
Staphylococcus silver nanoparticles spectrum analysis using an achromatic
typhimurium nanosensor producing an orange color
14 | Detection of Polymer nanoparticles Polymers promote ionic and electronic [29]
Escherichia coli transport properties via antifouling
15 | Detection of Fe304 @polyethyleneimine Surface-enhanced Raman scattering [30]
Candida albicans | conjugated with positively (SERS)-mediated interactions between
charged silver nanoparticles Candida albicans and positively-charged
nanoparticles
16 | Detection of S. aureus protein A conjugated | Surface-enhanced Raman scattering [31]
Staphylococcus Fe304and gold (Au) (SERS)-label immunodetection via protein
aureus nanoparticles A and antibody interactions
17 | Detection of 3D graphene nanohybrids Laser induction-mediated impedimetric [32]
Escherichia coli | conjugated with AuNPs immunosensing
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18 | DNA sensing Metal-doped polydopamine DNA adsorption onto polydopamine [33]
nanoparticles
19 | DNA sensing Acrydite-modified DNA- Poly-adenyl chain mediated DNA [34]
functionalized hydrogel hybridization on Acrydite-modified DNA-
functionalized hydrogel
20 | DNA sensing Gallium plasmonic Immobilization of thiolated capture probe | [35]
nanoparticles from Helicobacter pylori onto gallium
plasmonic nanoparticles
21 | MicroRNA Multipedal polydopamine Ca2* mediated interactions between probe | [36]
sensing nanoparticles coupled with sequence and microRNA
DNA
22 | Adenosine Hydrogel-capped magnetic Synthesized nanomaterial-mediated [37]
sensing mesoporous silica interactions between DNA-coated hydrogel
nanoparticles and adenosine-free unit through
Chemiluminescence
23 | Lead ion (Pb*) Copper nanomaterial based on | Interactions between sticky ends on DNA [38]
sensing DNA scaffold and lead metal
24 | DNA sensing of | Neutral red molecule- Fluorescence and hybridization between [39]
E. coli sequence | conjugated quantum dots synthesized quantum dots and single-
stranded and double-stranded DNA
25 | DNA sensing Citrate-reduced gold Optical response i.e. color change when [40]

nanoparticles

interactions between particles and DNA
happen
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1.3. MAGNETIC NANOPARTICLES (MNPS)

MNPs are made up of the magnetic elements iron (Fe), cobalt (Co),
manganese (Mn), and nickel (Ni). Due to their large spin magnetic moments
and low toxicity, magnetic iron oxide nanoparticles (IONPs) are often used

in biological activities.

The modification of MNPs with various substances, such as organic
polymers, inorganic materials, drugs, fluorescent dyes, or antibodies, allow
for their use in a broad range of biomedical domains. Recent developments
using multifunctional MNPs have been made in many sectors, including
biosensing and pathogen detection, magnetic resonance imaging (MRI) and
biomarker tracking, magnetofection and gene therapy, hyperthermia and
chemotherapy, drug delivery and targeted cell killing, bio-imaging and
therapeutics, stem cell detection and therapy, tissue engineering and organ
transplant, nano-vaccines and immune system activation, microbe targeting
and destruction, and COVID19 prevention and treatment. MNPs are
becoming increasingly popular in the fields of nanotechnology,

nanomedicine, nanochemistry, nanoelectronics, and nanotherapy [42-52].

MNPs possess three layers in terms of structure: the surface layer,
which shows functionalized small molecules, doped metals or polymers,
antibodies, proteins, etc.; the shell layer which shows chemical components
other than the prominent component; and the core layer which contains the

main chemical entity, which is typically a nanoparticle [52].

Figure 1.5 suggests the synthesis of MNPs using co-precipitation
method followed by their surface modification with modifying entities like
carbohydrates, proteins, etc. Further, the modified MNPs are dried in the
powder form and used for according biomedical applications. They are
frequently being used in biomedical applications due to their intrinsic
tunable physical and chemical characteristics, size, crystalline or amorphous
structure, biocompatibility, cost-effectiveness, low-cost synthesis, easy
availability of precursors, quick synthesis, in-vitro and in-vivo transport,

magnetic switchability, versatility in surface functionalization, manipulation
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in the magnetic nature of nanoparticles with an external magnetic field, etc.
[53]. The figure also shows the common surface modifications of MNPs that

allow them to be used in several biomedical applications.

Dried
Powder

Surface Modifying
Modification - Entities

b=

Membrane

Co-precipitation

Figure 1.5. Synthesis and Surface Modification of MNPs.
1.4. IRON OXIDE NANOPARTICLES (IONPs)

[ron is the foundation of earth's chemical composition in the crust. It
contributes in many biological and geological processes. Iron (Fe) and
oxygen (0) combine to form IONP in its natural condition. Among many,
three most prevalent types of IONPs are magnetite (Fe304), maghemite

(YFe203), and hematite (aFe203) as shown in Figure 1.6.

Undiscovered
mFeQO-nFe, 04
compounds
Fe;0,
Magnetite a-Fe.0

Hematite

FeO
Wiistite

Figure 1.6. Diversity of types of magnetic iron oxide nanoparticles [54].
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Hematite is produced when magnetite undergoes further oxidation.
Compared to other types of IONPs, magnetite has recently attracted
significant study focus. They have notable advantages including super-
paramagnetism, a greater surface area, a high surface-to-volume ratio, and a
quick and simple technique of separating the target molecule from the
solution due to change with respect to an external magnetic field. As a result,
Fe304 (magnetite) IONPs have undergone outstanding research and are

being used in the disciplines of biomedicine [55].

1.5. BIOMEDICAL IMPORTANCE OF MAGNETITE (Fe304)

IONPs (particularly Fe304) have been extensively incorporated in
biomedicine as discussed earlier. These Fe304 nanoparticles are surface-
modified to achieve desired applications. Additionally, it is suggested that
surface modification with biocompatible molecules provides overall

biocompatibility to Fe304 nanoparticles [56, 57].

The surface of Fe304 can be modified with different chemical (organic
or inorganic) and biological moieties depending on the area of application.

Fe304 coated with organic materials have several potential uses.

Despite numerous noteworthy advancements in the synthesis of
organic material-functionalized Fe30s, it is still difficult to regulate the
structure, stability, biocompatibility, and magnetic characteristics of these
materials at the same time. Additionally, the use of Fe304 in catalysis, bio-
labeling, and bio-separation is particularly promising. Silica, metal, non-
metal, metal oxides, and sulfides are some of the inorganic materials used as

the coating [58].

Toxicity of Fe304 can be reduced by surface functionalization with
biocompatible entities (such as polymers, antibodies, aptamers, antibodies,
fluorophores, etc.) that cover the entire surface of Fe304 and thereby provide

biocompatibility and easy entry inside the cell and immune escape [49].
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1.6. SURFACE MODIFICATION OF MAGNETITE (Fe304)

According to the data from Table 1.2, surface modification of Fe304
nanoparticles is occurred through three types of modifying agents viz.
organic, inorganic, and biological. The selection of modifying agent is
completely dependent on the availability of resources as well as targeted

biomedical application.

Both natural, as well as synthetic polymers, are extensively used in
cancer therapy and imaging applications as surface modifying agents. Silica,
dextran, Poly D, L-lactide, PLA, PEG, PEI, and starch are commonly used as
surface modifying entities. Chitosan and silica functionalized Fe304 are
reported for possessing around 80 % DNA adsorption and 98 % DNA elution
efficiency from human saliva samples [59]. Surface functionalization with
reactive groups like -COOH, -NHz, -OH, and -SH act as a surface modifiers.
Mercaptopropyltriethoxysilane (MPTES)-modified Fe304 along with APTES
acts against inflammation and osteoclast activity [60]. Polyethylenimine
(PEI) is another molecule that provides better functionalization on the
surface of Fe304 and is hence used for various applications. [61]. Another
approach to exert therapeutic application for the treatment of cancer was
reported by oleic acid functionalized magnetic Fe304-based hyperthermia. It

was observed that the material possessed efficient tumor destruction [62].

Surface functionalization or modification by using biomolecules has
been used in applications like biosensing [63]. Nucleic acids, biotin-avidin,
proteins, enzymes, antibodies, and serum albumin are used in recent
research [64]. Surface functionalization with inorganic materials like
manganese or cobalt provides better magnetic moment whereas
functionalization with gold or silver gives robust visual adsorption and
higher electron density [65]. Graphite-activated carbon functionalized Fe304
are used to develop screen-printed electrode sensors which show rutin
(Vitamin P) detection [66]. It was also reported that surface
functionalization of Fe30s4 prevents their oxidation due to air and makes

them efficient for related applications [67].
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Table 1.2. Surface modifications of IONPs (Fe304) used for biomedical applications.

No. Material Modification Multifunctional Applications Ref.
1 | Fe304 PVA To reduce the toxicity of NPs and gas vacuole | [68]
formation
2 | Fe304 PEO For intracellular targeting and cytotoxicity [69]
3 | Fe304 PDMAEMA For targeted drug delivery and controllable release [70]
4 | Fe304 FA-TEG- PGA MRI applications and multi-modal bioimaging. [71]
5 | Fe30a4 Sophorolipids Biocompatibility and biomedical application [72]
6 | Fe304 polypyrrole (PPY) | For intracellular cancer cell targeting and |[73]
hyperthermia treatment of cancer tumors.
7 | Fe304 PVP For MRI and biosensors. [74]
8 | Fe304 Chitosan Cell targeting and hyperthermia cancer therapy [75]
9 | Fe304 Chitosan Cancer cell targeting and hyperthermia application [76]
10 | Fe304 Dextran Hyperthermia and chemotherapy [77]
11 | Fe304 PEG Hyperthermia and chemotherapy [78]
12 | Fe304 PEG For drug delivery and magnetic resonance imaging | [79]
application
13 | Fe304 Fluorescent For in-vivo imaging and hyperthermia application [80]
polystyrene
14 | Fe304 Casein For in-vivo hyperthermia and chemotherapy [81]
15 | Fe304 Arginine Chlorella sp harvesting and biodiesel production [82]
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16 | Fe304 Natural rubber | Higher magnetization and stabilization for biomedical | [83]
latex applications
17 | Fe304 Arginine Drug delivery and anti-cancer activity against breast | [84]
cancer
18 | Fe304 Glycan Biosensing and pulmonary tuberculosis detection [85]
19 | Fe203 Alumina Cathepsin B detection for drug delivery and | [86]
biosensing applications
20 | Fe304 Quantum dots Optical biosensing and detection of Streptococcus | [87]
agalactiae
21 | Fe304 PSA antibody Immunosensing and detection of prostate-specific | [88]
antigen (PSA)
22 | Fe304 Stem cell Targeting cancer cells and destruction of carcinoma | [89]
membrane cells
23 | Fe304 Stem cell Targeted gene delivery of siRNA for photothermal | [90]
membrane therapy and gene therapy
24 | Fe30a4 Calcium Scaffold preparation and biocompatibility for bone | [91]
phosphate tissue engineering
25 | Fe304 Bacterial cellulose | Scaffold preparation and biocompatibility for bone | [92]

tissue engineering
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1.7. IRON OXIDE NANOPARTICLE -NUCLEIC ACID (Fe304-NA)
CONJUGATES

The interaction between NA (DNA and RNA) surfaces with Fe304
leads to diagnosis and therapy of diseases. Magnetic properties of Fe304
aid in the development of risk-free and efficient gene delivery vectors for the
treatment of diseases like cancer. The Fe304-NA interactions also allow
diagnosis of diseases by separating and detecting NA of related pathogens.
However, both of these applications face significant challenges in the

advancement of their respective applications [7].

The conjugation between Fe304 and nucleic acid fragments (DNA and
RNA) is arobust example of combinations of magnetic properties and target-
specific selectivity that aims to enhance the capability of disease diagnosis
and therapy. Fe304-NA conjugates have emerged as a novel area of research,

combining the unique properties of IONPs with the functionality of NAs.

The formation of iron Fe304-NA conjugates involves a series of steps
that aim to establish a stable and efficient linkage between the two
components. Various strategies have been explored, such as covalent
bonding, electrostatic interactions, and physical adsorption to achieve the
desired conjugation. Covalent bonding methods often involve surface
modifications of Fe304, allowing for the attachment of functional groups that
can react with nucleic acids. Electrostatic interactions, on the other hand,
rely on the charge interactions between the negatively charged nucleic acids
and the positively charged iron oxide surface. Physical adsorption methods
exploit the affinity of nucleic acids towards iron oxide surfaces, facilitating

their non-covalent attachment [93-100].

The resulting Fe304-NA conjugates exhibit unique properties and
functionalities that can be tailored based on the choice of nucleic acids and

the conjugation methods employed as described in Table 1.3.
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Table 1.3. Biomedical applications based on Fe304-NA (DNA and RNA) interactions.

No | MNP Surface modifier Binding entity | Biomedical activity Ref.
1 | Fe304 Silica DNA Binding and elution of [93]
bacterial DNA
2 | Fe304 Polyacrylic acid Pyrrolidinyl Adsorption of DNA [94]
peptide
3 | Fe304 Arabinogalactan Aptamers Anticancer activity - [95]
Carcinoma cells
4 | Fe304 Bovine serum dsDNA Anticancer activity - [96]
albumin osteosarcoma cell line
5 | Fe30s-silica - DNA Pathogen (S. aureus) [97]
oligonucleotide | detection
6 | Fe304 Hyaluron Aptamer Drug delivery for [98]
colorectal cancer
7 | Fe304 Polyethylene glycol - | siRNA Prostate cancer gene [99]
polyethylenimine therapy
8 | Fe304 Bovine serum Genomic DNA | Adsorption and elution of | [100]
albumin calf thymus DNA
9 | Fe304 Silica, Chitosan Genomic DNA | Adsorption and [59]

purification of genomic
DNA
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As research in this field progresses, novel synthesis strategies and
innovative applications are expected to emerge, further expanding the

potential of Fe304-NA conjugates in diverse areas of science and technology.

1.8. ADSORPTION AND DESORPTION STUDIES OF IRON OXIDE
NANOPARTICLES (Fe304) WITH NUCLEIC ACIDS (NA)

1.8.1 ADSORPTION STUDIES

Fe304-NA interactions possess adsorption of NA on Fes30s4 and
desorption of NA from Fe304 in controlled manner. The on-and-off magnetic
switchable properties of Fe304 pave the way into regulation of several

biomedical applications.

Understanding the nature of these interactions is crucial for
designing Fe304-NA conjugates and harnessing their unique properties. The
interactions between IONPs and NAs can occur through different
mechanisms, including electrostatic interactions, hydrophobic interactions,

and specific binding [8].

Electrostatic interactions are primarily driven by the charge
characteristics of both Fe30s4 and nucleic acids. Fe30s4 modified with
positively charged modifier typically carry a net positive charge on their
surface, whereas nucleic acids, such as DNA and RNA, possess negatively
charged phosphate backbones. This charge complementarity allows for
strong electrostatic interactions, facilitating the binding of nucleic acids onto

the iron oxide surface [8].

Hydrophobic interactions, on the other hand, arise from the nonpolar
regions of nucleic acids and the hydrophobic patches present on the surface
of iron oxide nanoparticles. These interactions play a role in the adsorption
and stabilization of nucleic acids onto the nanoparticle surface. Furthermore,
specific binding interactions can occur between functional groups present
on nucleic acids and specific ligands or surface moieties on the Fe304. These
specific interactions can enhance the stability and selectivity of the

conjugates, allowing for precise control over their properties. The strength
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and nature of Fe304-NA interactions can be influenced by several factors,
including pH and surface modifications of the nanoparticles. Understanding
these factors and their impact on the interactions is crucial for optimizing
the conjugation process and tailoring the properties of the resulting

conjugates [8].

Overall, the study of Fe304-NA interactions provides valuable insights
into the design and development of advanced functional materials. By
unraveling the intricacies of these interactions, researchers can pave the
way for innovative approaches in drug delivery, imaging, biosensing, and
other fields, where the combination of Fe304 and nucleic acids can lead to
significant advancements [7-8]. By incorporating nucleic acids, such as DNA
or RNA, into Fe30s4, the resulting conjugates can selectively target specific
cells or tissues, improving the efficacy and reducing off-target effects of
therapeutic interventions. Additionally, the magnetic properties of Fe304
allow for precise imaging and tracking of the conjugates in-vivo, aiding in
diagnosis and monitoring of diseases. Overall, Fe304-NA conjugation
provides distinct biomedical applications with improved specificity,

sensitivity, and therapeutic outcomes [101-103].

1.8.2. DESORPTION STUDIES

Desorption of NAs from Fe304 is an essential process to consider in
applications such as controlled release or recycling of the conjugates. Several
factors influence desorption of nucleic acids, including the strength of the

binding interactions and the surrounding environmental conditions.

One method for elution is the use of competitive agents. By
introducing molecules with a higher affinity for the nanoparticle surface, the
nucleic acids can be displaced and released. For example, introducing an
excess of negatively charged molecules, such as citrate ions, can compete
with the negatively charged nucleic acids, leading to their detachment from
the nanoparticle surface. pH can also be utilized to control elution. Altering
the pH can disrupt electrostatic interactions between the positively charged

Fe304 and negatively charged nucleic acids. Increasing the pH to a basic
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range can weaken the binding, resulting in the release of nucleic acids.
Temperature can impact elution as well. Higher temperatures can increase
the mobility and energy of the nucleic acid molecules, weakening their
interactions with the nanoparticle surface and promoting release. However,
the temperature should be optimized to prevent the denaturation or

degradation of nucleic acids.

Furthermore, enzymatic degradation can be employed for
desorption. Enzymes that specifically target nucleic acids, such as nucleases,
can be used to degrade the bound nucleic acids, allowing their release from
the Fe30s4. The choice of desorption method depends on the specific
application and the desired release profile. By understanding and
manipulating these desorption factors, researchers can achieve controlled
release of nucleic acids from Fe304, enabling precise temporal and spatial
control in applications such as drug delivery, gene therapy, or recycling of

the conjugates for repeated use [104].

1.9. IRON OXIDE NANOPARTICLES-NUCLEIC ACID (Fe304-NA)
CONJUGATES IN BIOMEDICAL APPLICATIONS

Fe304-NA conjugates have following biomedical applications.
1.9.1. BIOMOLECULE SEPARATION

Fe304-NA conjugates can be utilized for biomolecule separation. In
this approach, the conjugates are functionalized with specific affinity ligands,
such as antibodies or aptamers, which can selectively bind to target
biomolecules of interest. The magnetic properties of the Fe304 allow for the
efficient capture and isolation of the conjugates, along with the bound
biomolecules, by applying a magnetic field. Subsequently, the conjugates can
be separated from the biomolecules by altering the environmental
conditions, such as pH or temperature, to disrupt the conjugation. This
strategy enables the rapid and specific separation of biomolecules, offering
a valuable tool for various applications, including protein purification,

diagnostics, and biosensing [102].
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1.9.2. MAGNETO-SEPARATION OF NUCLEIC ACIDS

Magneto-separation of nucleic acids using Fe304-NA conjugates is an
effective technique for their rapid and selective separation. When a magnetic
field is applied, the conjugates are attracted and aggregated, facilitating the
efficient capture and isolation of NAs. Subsequently, the magnetic field is
removed, and the separated NAs can be collected for downstream
applications. This approach eliminates the need for traditional separation
methods like centrifugation or filtration, providing a simple and efficient
alternative. Magneto-separation of nucleic acids using IONP-NA conjugates
holds promise for various applications in biotechnology, diagnostics, and

genomics research [105, 106].

1.9.3. BIOSENSING AND PATHOGEN DETECTION

Fe304-NA conjugates have emerged as promising tools for biosensing
and pathogen detection due to their unique properties. These conjugates
combine the high surface area and magnetic properties of Fe304 with the
specific binding capabilities of NA. The nucleic acid component can be
designed to target specific pathogen sequences, enabling highly sensitive
and selective detection. The magnetic properties of the nanoparticles
facilitate the separation and concentration of the target pathogens from
complex samples. Furthermore, the conjugates can be easily functionalized
with various labels or signaling molecules to achieve signal amplification or
visualization. This innovative approach holds great potential for rapid and
reliable pathogen detection in diverse applications, ranging from clinical
diagnostics to environmental monitoring [107].

1.9.4. GENE THERAPY

Fe304-NA conjugates offer a promising platform for gene therapy
applications. These conjugates leverage the unique properties of Fe304 and
the specific targeting capabilities of nucleic acids. The nanoparticles can
serve as efficient carriers for delivering therapeutic nucleic acids, such as
plasmid DNA or small interfering RNA (siRNA), to target cells or tissues. The

conjugates can be engineered to possess surface modifications that enhance
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cellular uptake, protect the nucleic acids from degradation, and facilitate
endosomal escape. Additionally, the magnetic properties of the
nanoparticles allow for spatial and temporal control over gene delivery
through the application of external magnetic fields. This innovative
approach holds potential for precise and effective gene therapy treatments,

addressing various genetic diseases and disorders [8].

1.9.5. STEM CELL THERAPY AND REGENERATIVE MEDICINE

Fe304-NA conjugates have emerged as a valuable tool in stem cell
technology and regenerative medicine. These conjugates combine the
unique properties of iron oxide nanoparticles with the therapeutic potential
of nucleic acids. The nanoparticles can serve as efficient carriers for
delivering nucleic acids, such as plasmid DNA or microRNAs, to stem cells.
This enables targeted modulation of stem cell behavior, including
differentiation, proliferation, and migration. The conjugates can also be used
for tracking and imaging stem cells in-vivo due to their magnetic properties.
Furthermore, the nanoparticles can be functionalized with specific ligands
to enhance stem cell targeting and retention at the site of injury or tissue
regeneration. This innovative approach holds promise for advancing stem
cell-based therapies and accelerating the development of regenerative

medicine strategies [108].

Biomedical applications viz. bacteria nucleic acid separation, virus
pathogen detection, magnetofection in breast cancer cells were performed
in subsequent chapters by maintaining the principle of magnetic iron oxide

nanoparticle-nucleic acid conjugate formation.

1.10. STATEMENT OF THE PROBLEM

The optimization of iron oxide nanoparticle-nucleic acid conjugates
for biomedical applications necessitates an understanding of their
properties and interactions to enhance their efficacy in pathogen detection

and nucleic acid delivery.
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2.1. INTRODUCTION

The synthesis of Fe30s4 nanoparticles for biomedical applications
involves the fabrication of nano-scale (1-100 nm) materials with specific
characteristics and functionalities. Various synthesis methods such as co-
precipitation, thermal decomposition, and sol-gel processes have been
employed to produce Fe30s4 with precise control over their size and

composition [1, 2] as shown in Figure 2.1.
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Figure 2.1. Synthesis methods of iron oxide nanoparticles (Fe304).

However, it's important to note that the choice of synthesis method
should be based on the specific needs of the application. Other methods, such
as sol-gel, thermal decomposition, hydrothermal, and microemulsion, have
their own advantages and disadvantages as described in Table 2.1. The
selection of the most suitable method considers the desired properties of the
Fe304, specific requirements of applications, and the expertise and resources
available to the researcher. It's important to choose the method that aligns

“best” with the research goals.
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Table 2.1. Synthesis methods for Fe304, their advantages and disadvantages [3-10].

No. Method Advantages Disadvantages
. . . Complex formulation, limited applicability, time
) ) Precise control, high stability, scalable, p X u ) pp ) Y.
1 | Microemulsion ) A . consuming, cost, complex purification, and energy
versatile, and environment friendly. . .
intensive.
Control over size and shape, high purity, High temperature and pressure, energy intensive,
2 | Hydrothermal crystalline structure, improved magnetic complex equipment, limited scalability, reaction time,
properties, and uniformity. and environmental loss.
3 Thermal Control over particle properties, versatility, Precursor’s sensitivity, complex precursor synthesis,
decomposition high purity, cost-effective, and scalability. special equipment, and reaction time.
. Rapid reaction, precise control, and versatile Complex equipment, safety concern, and potential
4 | Sonochemical p p p quip y p
precursors. agglomeration.
5 | Pechini Broad applicability, simplicity, chelating agents, | Limited scalability, specialized equipment, safety
and uniformity. concern, long reaction time.
6 | sol-eel Homogeneity, tailored composition, uniform Energy consumption, limited scalability, safety concern,
& dispersion, and chemical purity. and specialized equipment.
. . . iabl li 1 imization, limi
. Environment friendly, sustainable, low energy Variable p.rodu.ct quality, c.om].) ex optimization, limited
7 | Green synthesis ) . } control, biological contamination, and scale-up
consumption, and biocompatible.
challenges.
Simple, cost-effective, high yield, magnetic . . .
e s pe, ¢ , BN Y1eld, mag Agglomeration, requirement of high temperature,
8 | Co-precipitation | properties, control over size, easily e .
. . and surface modification required.
available precursors, and less equipment.
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2.2. CHEMICAL CO-PRECIPITATION: THE TOP CHOICE

The choice of the "best" method for synthesizing Fe304 depends on
the specific requirements of the application and the desired properties of the
nanoparticles. The chemical co-precipitation method has several advantages
that make it a preferred choice. Following are some reasons in favor of
chemical co-precipitation as synthesis method [11]. Chemical co-
precipitation is a relatively simple and cost-effective method. It doesn't
require specialized equipment or complex procedures. This method
typically results in a high yield of nanoparticles, making it suitable for large-
scale production. By adjusting reaction conditions, such as temperature, pH,
and reactant concentrations, researchers can control the size of the
nanoparticles, offering a degree of customization. Fe304 synthesized using
this method often exhibit strong magnetic properties, which are essential for
applications like magnetic targeting, drug delivery, and magnetic resonance
imaging (MRI). It can be used to synthesize various iron oxide phases, such
as magnetite (Fe304) and maghemite (y-Fe203), depending on the reaction

conditions.
2.3. ADDRESSING CO-PRECIPITATION DISADVANTAGES

Overcoming the disadvantages associated with the chemical co-
precipitation synthesis of Fe304 requires careful consideration and often
involves various strategies. To reduce polydispersity, the reaction
conditions are optimized such as temperature, pH, and reactant
concentrations. Tighter control of these parameters can lead to a narrower

size distribution.

Surface modification methods like ligand exchange or coating with
stabilizing agent are employed to prevent agglomeration of Fe304. These
methods are performed during synthesis or post-synthesis of Fe3Oas.
Application of ultrasonication can be used to disperse and break up
agglomerates, promoting better dispersion of the Fe304. Purification
techniques such as dialysis, centrifugation, or size exclusion

chromatography can be employed to remove contaminants or impurities
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introduced during the synthesis process. By implementing these strategies,
researchers can significantly improve the outcomes of chemical co-
precipitation synthesis of Fe30s4 and reduce the impact of its inherent

disadvantages [12].

2.4. MODIFYING IRON OXIDE NANOPARTICLES (Fe304) WITH AMINO
ACIDS

Surface modification of Fe30s4 with amino acids holds significant
importance in various fields of research and applications due to its unique

properties and advantages.

Surface modification with amino acids enhances the biocompatibility
of Fe304. Amino acids are natural compounds found in living organisms, and
their presence on the nanoparticle surface can reduce potential toxicity and
immunogenicity. This makes them suitable for various biomedical
applications, such as drug delivery, diagnostics, and therapeutics. Amino
acids act as capping agents, forming a stable and protective layer around the
nanoparticles. Amino acids have functional groups (e.g., amine and carboxyl
groups) that can serve as anchor points for further bioconjugation. This
allows for the attachment of various molecules, including NAs, drugs, and
antibodies, targeting ligands, and imaging agents, to the nanoparticle surface

[13].

Consequently, modified nanoparticles can be tailored for specific
tasks, such as targeted drug delivery or molecular imaging. Fe304 are valued
for their magnetic properties, which are crucial in applications like magnetic
resonance imaging (MRI). Surface modification with amino acids can
preserve or even enhance these magnetic properties, making them ideal for
improving the performance of contrast agents used in medical imaging. They
are pivotal in tailoring these nanoparticles for specific applications,
particularly in the fields of medicine and nanotechnology. The advantages
include biocompatibility, stability, and the ability to attach various
functional groups, enhancing their value in drug delivery, diagnostics,

imaging, and other areas of scientific and technological advancement [13].
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2.5. CHOOSING AMINO ACID - GLYCINE AS A SURFACE MODIFIER

Glycine is an amino acid that holds significant importance in
biomedical applications due to its diverse roles and functions in biological
systems. Glycine acts as a neurotransmitter in the central nervous system,
where it plays a crucial role in transmitting inhibitory signals. It helps to
regulate neuronal excitability and is involved in motor control and the
processing of sensory information [14]. As one of the 20 standard amino
acids, glycine is an essential amino acid for protein synthesis. It is a building
block for various proteins, including enzymes, receptors, and structural
components of cells [15]. It is a vital component of collagen, the most
abundant protein in the human body. Collagen provides structural support
to tissues, including skin, tendons, ligaments, and blood vessels. Thus,
glycine is essential for wound healing and tissue repair [16]. It is a key
component in the synthesis of glutathione, a powerful antioxidant.
Glutathione helps protect cells from oxidative stress and plays a crucial role
in detoxification processes within the body [17]. It has an anti-inflammatory
properties and can modulate the immune response. It is being studied for its

potential in managing inflammatory diseases and conditions [18].

It has been investigated for its neuroprotective effects and potential
in the treatment of neurodegenerative diseases, such as Alzheimer's and
Parkinson's disease [19]. It is involved in various metabolic pathways,
including the one-carbon metabolism cycle. It contributes to the synthesis of
DNA, RNA, and various metabolites, making it important for cell growth and
division [20]. It has been studied for its potential role in improving sleep
quality. It may help individuals fall asleep more quickly, stay asleep longer,
and experience better sleep quality [21]. Due to its involvement in collagen
production and tissue repair, glycine is considered important in the healing
of wounds, burns, and surgical incisions [22]. Emerging research suggests
that glycine and glycine receptors may be implicated in neuropsychiatric
disorders like schizophrenia and bipolar disorder, opening up new avenues

for therapeutic interventions [23]. [t is available as a dietary supplement and
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is commonly used to promote overall health and well-being, particularly for

its potential calming and anti-anxiety effects [22].

Therefore, glycine plays a multifaceted role in various biological
processes and has significant relevance in biomedical applications. Its
involvement in neurotransmission, protein synthesis, collagen formation,
antioxidant defenses, and metabolic regulation underscores its importance
in maintaining health and addressing a range of medical conditions.
Researchers continue to explore and uncover the potential therapeutic
benefits of glycine in the field of biomedicine. Hence, the glycine was chosen
as a surface modifier of Fe304 to carry out different biomedical applications

further.

2.6. SIGNIFICANCE OF SYNTHESIS OF GLYCINE-MODIFIED IRON OXIDE
NANOPARTICLES (glycine@Fe304)

Glycine-modified iron oxide nanoparticles (glycine@Fe304) hold
major significance in biomedical applications due to their unique properties
and versatility such as biocompatibility, stability, dispersion, etc. These
nanoparticles may offer a wide range of applications, including gene
delivery, imaging, biosensing, and targeted therapies, making them valuable
tools for addressing various biomedical challenges. The chapter focuses on
synthesis of glycine@Fe304 by chemical co-precipitation method and further

the synthesized particles were characterized for the validation of synthesis.

2.7. EXPERIMENTAL

2.7.1. MATERIALS

Ferric (FeCls.6H20) and ferrous (FeCl2.4H20) chlorides, Sodium
hydroxide (NaOH), and Glycine (C2HsNO2) were purchased from Himedia
Pvt. Ltd. Double distilled water (DDW) was used for all processes. Absolute
ethanol (C2H¢0) was purchased from the local market. Klebsiella pneumoniae
(K. pneumoniae) strain and breast cancer MCF-7 cells were collected from
Dr. D.Y. Patil Medical College, Hospital and Research Centre, Kolhapur, India
and National Centre for Cell Science (NCCS), Pune, India for biological

characterizations of synthesized material, respectively. Dulbecco’s modified
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eagle medium (DMEM), fetal bovine serum (FBS), trypsin, and antibiotics
(penicillin, streptomycin) were purchased from Himedia Pvt. Ltd. for cell
culture experiments. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-

tetrazolium bromide (MTT) assay kit was purchased from Himedia Pvt. Ltd.

2.7.2. INSTRUMENTATION

Scanning electron microscopy (SEM, JSM-7900F, JEOL, Japan), XRD
instrument (Rigaku miniflex diffractometer), X-ray photoelectron
spectroscopy (XPS, K alpha plus), transmission electron microscopy (TEM,
JEM-2010, JEOL, Japan. 200 kV), and Raman spectroscopy (Model: Flex G,
Tokyo Instruments) were used for physicochemical characterizations of

synthesized nanoparticles.

2.7.3. METHODOLOGY

The chemical co-precipitation synthesis of glycine@Fe304 was
conducted in this study. Ferric (FeCl3.6H20) and ferrous (FeCl2.4H20) in 2:1
molar ratio were dissolved in a double distilled water (DDW).
Simultaneously, glycine solution with 0.16 M was added in the solution
which acted as a surface modifier. 2 M sodium hydroxide (NaOH) was
prepared and added drop wise to the iron precursor solution. The addition
of the base solution initiated the precipitation process. The reaction mixture
was vigorously stirred using a magnetic stirrer to promote homogeneous
mixing at 250 rpm for 2 hours to allow sufficient time for nucleation and
growth of the nanoparticles. The washing process was repeated until the
supernatant became clear, indicating the removal of contaminants. Finally,
the synthesized glycine@Fe304 were dried at room temperature to remove
any residual solvent. The dried nanoparticles were stored in a suitable

container for further characterizations.

2.7.4. PHYSICO-CHEMICAL CHARACTERIZATIONS

Crystal structure and phase composition of synthesized material
were determined by X-ray diffraction (XRD) analysis. The dried

glycine@Fe304 nanoparticles were ground to a fine powder. The powdered
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sample was then carefully loaded onto a glass slide, ensuring uniform
distribution. The XRD analysis was performed using a X-ray diffractometer
with Cu Ka radiation (A = 1.5406 A). The instrument was operated at a
voltage of 40 kV and a current of 40 mA. The scanning range was set from 3°
to 80° (20). The diffraction peaks were matched with standard reference
patterns available in the Joint Committee on Powder Diffraction Standards

(JCPDS) database.

The scanning electron microscopy (SEM) images of the
glycine@Fe304 were examined in this study. The purpose was to analyze the
morphology and surface characteristics of the nanoparticles. The SEM
images were captured using a scanning electron microscope (SEM, JSM-
7900F, JEOL, Japan), and the samples were prepared by depositing a thin

layer of glycine@Fe304 onto a conductive substrate.

A drop of glycine@Fe304 suspension was placed onto a carbon-coated
copper grid and allowed to air dry for transmission electron microscopy
(TEM) analysis. This step ensured glycine@Fe304 adhered to the grid surface
and formed a thin, dispersed layer suitable for TEM imaging. The TEM
analysis was performed using a transmission electron microscope operating
at an acceleration voltage of 200 kV. The carbon-coated copper grid with
glycine@Fe304 sample was loaded onto the specimen holder of the
microscope. The instrument was carefully aligned, and the objective
aperture was adjusted for optimal imaging. Multiple images were captured
at various magnifications to obtain a representative view of the nanoparticle
morphology and size distribution. Particle size distribution was determined
by measuring the diameters of individual nanoparticles in the images. At
least 20 nanoparticles were measured to ensure statistical significance. The
images were also examined to assess the overall morphology and shape of
the nanoparticles.

The surface composition and chemical states of magnetic
nanoparticles can be estimated using X-ray Photoelectron Spectroscopy
(XPS) analysis. The XPS analysis was conducted using a high-resolution XPS

instrument (Thermo scientific K-Alpha +). The glycine@Fe304 sample was
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loaded into the analysis chamber, and the pressure inside the chamber was
reduced to an appropriate level. The instrument was calibrated and aligned
to ensure accurate measurements. Monochromatic X-rays were used to
excite the sample and the emitted photoelectrons were detected and
analyzed. A survey scan was performed to obtain an overview of the
elemental composition present on the nanoparticle surface. High-resolution
scans were performed to analyze the chemical states of the detected
elements. The XPS instrument focused on specific energy ranges associated
with each element of interest. Narrow energy windows were scanned to
obtain detailed information about the bonding environments and oxidation
states. The binding energies of the observed peaks were determined by
referencing to the appropriate energy standard.

Dynamic Light Scattering (DLS) is a widely employed technique for
studying the size distribution and stability of nanoparticles in solution by
measuring the fluctuations in light intensity caused by their Brownian
motion. Glycine@Fe304 sample was obtained for the analysis. The dispersion
was carefully prepared by adding the glycine@Fe304 to the cell culture
medium with continuous sonication to ensure uniform mixing. The
dispersion was allowed to equilibrate for a specific period to ensure stable
glycine@Fe304 nanoparticle suspension. Disposable cuvettes were cleaned
and dried thoroughly to eliminate any contamination. The cuvette was filled
with the prepared glycine@Fe304 dispersion. The cuvette was placed inside
the sample holder of the DLS instrument, ensuring that it was properly
aligned. The measurement parameters, including temperature and
measurement duration, were set as per the instrument specifications and
the desired experimental conditions. The DLS analysis was initiated and the
instrument recorded the scattered light intensity as a function of time. After
completing the measurements, the cuvette was removed from the
instrument. The glycine@Fe304 nanoparticle dispersion was discarded
properly and the cuvette was cleaned thoroughly for subsequent use. The
data obtained from the DLS instrument were saved for further analysis.

Zeta potential is a parameter that provides information about the

surface charge and stability of nanoparticles in a dispersion. The
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glycine@Fe304 sample was dispersed in a distilled water at a predetermined
concentration 1 mg/mL. The dispersion was prepared by adding the
glycine@Fe304 to the solvent while continuous sonication for 6-8 hours to
ensure uniform mixing. The cuvette was filled with the prepared
nanoparticle dispersion using a pipette, taking care not to introduce air
bubbles. The cuvette was placed inside the sample holder of the zeta
potential analyzer, ensuring proper alignment. The zeta potential analysis
was initiated, and the instrument measured the electrophoretic mobility of
the nanoparticles.

Raman spectroscopy is a powerful technique for characterizing the
vibrational modes and chemical composition of materials. The sample was
placed on a clean and dry sample holder. The sample was spread evenly and
thinly on the sample holder to ensure a uniform layer of glycine@Fe304. The
sample holder with the glycine@Fe304 was positioned on the stage of the
Raman spectrometer. The Raman spectra obtained were saved for further

analysis.

2.7.5. BIOLOGICAL PROPERTIES

2.7.5.1. CYTOTOXICITY ASSAY

Assessing the cytotoxicity assay of glycine@Fe304 is crucial for their
safety and potential in biomedical applications. The glycine@Fe304
nanoparticles were prepared for the in-vitro cytotoxicity analysis. Breast
cancer MCF-7 cells were used to examine cytotoxicity of glycine@Fe304. The
cell culture medium - high glucose Dulbacco’s modified eagle media (DMEM)
was prepared according to standard manufacturer’s protocol {Himedia Pvt.
Ltd. (AL251)}. Cell culture plates were labeled and filled with DMEM. The
cells were seeded onto the plates at a predetermined cell density of 1 x 10°
cells/mL. The plates were incubated at appropriate conditions (37°C
temperature and 5% CO:z levels) to allow cell attachment and growth. After
the cells reached the desired confluence, different concentrations (0-100
ug/mL) of both pristine Fe304 and glycine@Fe304 nanoparticles were added
individually to the cells-containing wells followed by incubation for 30

minutes. The cells were washed gently with sterile phosphate-buffered
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saline (PBS) to remove any residual nanoparticles or medium. Further, 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) reagent
was added into the plates and incubated for 1 hour. After the incubation, the
MTT reagent was carefully aspirated from the wells. The formazan crystals
were solubilized by adding an appropriate volume of dimethyl sulfoxide
(DMSO) to each well. The absorbance of each well was measured using a UV-

visible spectrometer at the 620 nm.
2.7.5.2. ANTIMICROBIAL GROWTH KINETICS ASSAY

Nutrient broth (SUK: M002) and agar media (SUK: M001) were
prepared by following standard protocols of Himedia Pvt. Ltd. The microbial
strain (Klebsiella pneumoniae) was cultured in the sterile nutrient broth to
obtain a pure culture. Sterile test tubes were labeled and filled with a suitable
volume of nutrient agar media. Pristine Fe304 and glycine@Fe304
nanoparticles were weighed accurately with the concentration of 100
pug/mL. A series of dilutions of the nanoparticles were prepared in sterile
centrifuge tubes to obtain different concentrations within the range of 0 to
100 pg/mL. A predetermined volume (100 pL) of the microbial inoculum
was added to each tube containing the pristine and glycine@Fe304, and
ensuring proper mixing. The tubes were incubated at an appropriate
temperature (37°C) and for 24 hours for the microbial growth. After the
incubation period, UV-visible absorbance at 600 nm of bacterial (Klebsiella
pneumoniae) suspension was taken, allowing the antimicrobial activity of
the magnetic nanoparticles to take effect. The antimicrobial activity was
assessed by comparing the absorbance with control samples (e.g., bacteria

treated with standard antibiotic).

2.8. RESULTS AND DISCUSSION

The glycine@Fe304 nanoparticles were synthesized by chemical co-
precipitation method. To identify the significance of surface modification of
Fe304 with glycine, prepared nanoparticles (glycine@Fe304) were compared
with pristine Fe304 nanoparticles. These nanoparticles were characterized

and their biological properties were tested.
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2.8.1. X-RAY DIFFRACTOMETER ANALYSIS (XRD)

XRD patterns of pristine Fe304 and glycine@Fe304 are represented in
Figure 2.2. The diffraction peaks are assigned to (220), (311), (400), (422),
(511), (440), and (533) crystallographic planes with space group Fd3m. The
observed planes correspond to cubic crystal structure with lattice parameter
of a= 8.31 A, b= 8.31 A, and c= 8.31 A and peaks are matching with JCPDS
card no. 75-0449.
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Figure 2.2. X-ray diffractometer (XRD) analysis of synthesized (a)
pristine Fe304, and (b) glycine@Fe304 nanoparticles.

Interestingly, the XRD patterns of glycine@Fe304+ show additional
sharp diffraction peaks (marked by *) at (111) and (300), which are not
present in pristine Fe304. These relatively sharper diffraction peaks may be
attributed by the presence of glycine in glycine@Fe304 [24]. It is noteworthy
that the addition of glycine did not affect the diffraction pattern of pristine
Fe304 suggesting the successful surface modification of glycine onto the

Fe30a.

2.8.2. SCANNING ELECTRON MICROSCOPY (SEM)

SEM images were taken to obtain surface morphology and surface
characterization. Figure 2.3 a shows SEM image of pristine Fe304
nanoparticles which have majority of the nanoparticles with nearly cuboidal
(or hybrid) shape at 30 kX magnification. Further, Figure 2.3 b shows SEM

image of glycine@Fe304 nanoparticles with morphology same as pristine
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Fe304. Hence, SEM micrographs interpret that morphology of Fe304 remains

unaffected after glycine modification.
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Figure 2.3. Scanning electron microscopy (SEM) photographs of (a)
pristine Fe304 at 30kX magnification, and (b) glycine@Fe304 at 30kX
magnification.

2.8.3. TRANSMISSION ELECTRON MICROSCOPY (TEM)

Figure 2.4 a shows pristine Fe304with distorted size distribution and
nearly cuboidal morphology same as glycine@Fe304 in Figure 2.4 b. It may
be concluded that, Fe304 remains unaffected after surface modification with

glycine.
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Figure 2.4. Transmission electron microscopy (TEM) photographs at
100kX magnification of (a) pristine Fe30s4, (b) glycine@Fe304 and
histograms of (c) pristine Fe304, and (d) glycine@Fe304.

Further, the size count of pristine Fe30s and glycine@Fe304
nanoparticles is performed manually using Image ] software in Figure 2.4 ¢
and d, respectively. TEM histograms have size of 11.63 + 0.28 nm and 12.82

* 0.74 nm for pristine Fe304 and glycine@Fe304 nanoparticles, respectively.
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The slight increase in size is observed in glycine@Fe304 than that of pristine
Fe304, which may conclude the addition of glycine onto the Fe304

nanoparticles.

2.8.4. X-RAY PHOTOELECTRON SPECTROSCOPY ANALYSIS (XPS)

The XPS shows the presence of iron and carbon on the surface of
Fe304 in Figure 2.5 a. The iron spectrum exhibited peaks correspond to
Fe2p2 and Fe2p1 at binding energies of 709.21 and 723.40 eVs, respectively.
The oxygen peak corresponds to 539.5 eV and the carbon peak corresponds
to C1s at 284.6 eV binding energies. The XPS results confirmed the successful
synthesis of Fe304 with surface composition primarily consisting of iron and
oxygen. In Figure 2.5 b, iron peaks correspond to Fe2p2 and Fe2pl at
binding energies of 709.21 and 723.4 eVs, respectively. The oxygen peak
corresponds to 539.5 eV and the carbon peak corresponds to Cls at 284.6
eV. The nitrogen peak at 495 eV indicates presence of nitrogen at the surface

[25].

The glycine@Fe304 nanoparticle contains additional peak of nitrogen
than that of pristine Fe304. The chemical formula of glycine is C2HsNOz. This

provides evidence for the glycine modification of Fe30a4.
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Figure 2.5. XPS analyses of (a) pristine Fe304 depicting the presence of
Fe, 0 and Cin the sample, and (b) glycine@Fe304 depicting the presence
of Fe, O, N and C in the sample.
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2.8.5. DYNAMIC LIGHT SCATTERING ANALYSIS (DLS)

The hydrodynamic size of pristine Fe304 and glycine@Fe304 through
DLS was determined to be around 18 + 3.57 and 70 £ 9.77 nm in Figure 2.6
a and b, respectively. The hydrodynamic size of glycine@Fe304 has been
increased. The hydrodynamic size is measured because all experiments in
the thesis have been carried out in an aqueous solution. The DLS gives
overall size of particle in liquid state as particles behave differently in liquid
medium due to electrostatic and non-electrostatic interactions present at

the surface of the particles [26].

(a) (b)

0.20
0.3
0.15 4
= 502
% 0.104 a
g g
g E
(= 0.1
0.05
0.0 . r r .
0.00 40 60 70 80 100 120

10 15 18 20 25 30 35

Particle size (nm) Particle size (nm)

Figure 2.6. DLS analysis of (a) pristine Fe304, and (b) glycine@Fe304
nanoparticles.

2.8.6. ZETA POTENTIAL ANALYSIS

The zeta potential of pristine Fe304 and glycine@Fe304 is -27 and +35
mV, respectively as shown in Figure 2.7. It is considered that if the zeta
potential is in between the range of -30 to +30 mV, the particles remain
stable in the respective medium [27, 28]. Both the particles are stable in the
cell culture medium which provides a promise for further applications. The
surface charge for pristine Fes0s is negative while it is positive for
glycine@Fe304, which confirms the presence of positively charged glycine on

the surface of the Fe304 nanoparticles.
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Figure 2.7. Zeta potential analysis of pristine Fe304 (orange color)
shows negative surface charge with the value -27 mV, and
glycine@Fe304 (blue color) shows positive surface charge with the
value + 35 mV.

2.8.7. RAMAN SPECTROSCOPY ANALYSIS

In Figure 2.8 a, pristine Fe304 nanoparticles have a distinct peak near
650 nm, confirming the magnetite phase of the synthesized material (Fe304)
[29]. The lack of additional peaks demonstrates that Fe304 is a weak Raman
scatterer. With the addition of NH, OH, and CH: stretchings, pristine glycine
exhibits the Raman scattering effect over a broad range (Figure 2.8 b). NH
and OH-stretching can be seen in the peaks above 2000 cm- (3007, 2972,
2806, and 2595 cm1). The deformed carbon is represented by the peak at
1576 cm-1. Peaks at 1412, 1320, 1143, 1033, and 899 cm! are stretchings of
the CH:z molecule. However, the interactions between the outer surface
atoms of the glycine molecule and the water molecule (solvent) are indicated
by the peaks at 700, 604, 501, 369, 200, 120, and 82 cm-1! [30]. The peak at
2146 cm in Figure 2.8 c represents OH-stretching. Peaks at 672 and 613
cm! indicate the presence of Fe304, and the peak at 1318 cm-! exhibits CH2
stretching. Peaks at 404, 305, and 232 cm-! are visible on the spectrum,

indicating that the composite sample also contains traces of Fe203 [31-33].
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Figure 2.8. Raman spectroscopy analysis of (a) pristine Fe304, (b)
pristine glycine, and (c) glycine@Fe30a4.

The significant Fe304 peak at 650 nm is absent in glycine@Fe304
nanoparticles. That means, whole surface of Fe304 is covered by glycine. The
Raman analysis confirms the complete surface modification on Fe30a4

nanoparticles with the glycine molecule.

2.8.8. BIOLOGICAL PROPERTIES

2.8.8.1. CYTOTOXICITY ANALYSIS

In subsequent chapter, glycine@Fe304 nanoparticles need to be
tested for DNA magnetofection inside the breast cancer cells (MCF-7). To
employ safe DNA magnetofection, these prepared nanoparticles should not
be toxic to the cells. Hence, cytotoxic potential of glycine@Fe304 along with

the pristine Fe304 was assessed by using MTT cytotoxicity analysis.

This analysis reveals the impact of synthesized nanoparticles on cell
viability as shown in Figure 2.9. Lesser cytotoxicity leads to the higher cell

viability. 10-100 pg/mL nanoparticles (both pristine Fe30s4 and

glycine@Fe304) concentrations were tested individually on breast cancer

MCF-7 cells. Whereas 0 pg/mL concentration denotes positive control
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(untreated cells). Results show that 97.00 * 0.30 %, 94.30 £ 0.31 %, 87.42 +
0.26 %, 87.24 £ 0.27 %, and 56.57 * 0.38 % cell viability for the 10 ug/mL,
25 pg/mL, 50 pg/mL, 75 pg/mL, and 100 pg/mL glycine@Fe304
concentrations, respectively. Whereas, 70.50 + 0.47 %, 61.90 = 0.40 %, 48.75
+0.18 %, 37.23 £ 0.38 %, and 33.70 * 0.16 % cell viability is obtained for 10
pg/mkL, 25 pg/mL, 50 pg/mL, 75 pg/mL, and 100 pg/mL pristine Fe304
concentrations, respectively. Data depicts glycine@Fe304 nanoparticles are

more biocompatible than that of pristine Fe304.

Pristine Fe304 nanoparticles tend to be slightly toxic to the cells.
Whereas, as mentioned in earlier chapter, glycine is already well-known for
its biological activities and prominent presence in biological systems. Hence,
it may be interpreted that the modification of Fe30s4 with glycine has

provided biocompatibility.
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Figure 2.9. Cytotoxicity analysis of pristine Fe304 and glycine@Fe304
nanoparticles.

Hence, glycine@Fe304 nanoparticles are safe to use for further
magnetofection study in the concentration range between 10 and 75 pg/mL

as they are less cytotoxic and more biocompatible in this range.
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2.8.8.2. ANTIMICROBIAL ANALYSIS

In subsequent chapter, glycine@Fe304+ nanoparticles need to be
tested for Klebsiella pneumoniae DNA separation. To employ safe DNA
separation, these prepared nanoparticles should not be toxic to the bacterial
(Klebsiella pneumoniae) cells. Hence, antimicrobial potential of pristine
Fe304 and glycine@Fe304 was assessed by using Klebsiella pneumoniae

growth kinetics assay.

The antimicrobial growth kinetics analysis reveals the effectiveness
of pristine Fe304 and glycine@Fe304 nanoparticles against microbial strain
Klebsiella pneumoniae in Figure 2.10. Klebsiella pneumoniae is a Gram-
negative bacterium known to cause various infections, including pneumonia,
urinary tract infections, and bloodstream infections. It possesses a
protective outer membrane that can limit the effectiveness of certain

antimicrobial agents.

Figure 2.10 a shows growth kinetics graph of Klebsiella pneumoniae
to study antimicrobial nature of pristine Fe304 with concentration range 5 to
100 pg/mL. 0 pg/mL concentration denotes positive control (bacteria
without addition of the nanoparticles). Whereas, Figure 2.10 b shows
growth kinetics graph of Klebsiella pneumoniae to study antimicrobial
nature of glycine@Fe304 with concentration range 5 to 100 pg/mL. 0 pg/mL
concentration denotes positive control (untreated bacterial culture). The
study run for the time period 0 to 24 hours. The results were compared with
pristine Fe304 nanoparticles with the same experimental conditions.

The growth kinetic analysis does not demonstrate any significant
concentration-dependent antimicrobial activity associated with both
pristine Fe304 and glycine@Fe304 against the tested microorganism as
shown in Figure 2.10 a and b, respectively.

The absence of concentration-dependent antimicrobial activity for
the nanoparticle concentration range 5 to 100 pg/mL is observed in the
growth kinetic analysis suggests that both pristine Fe304and glycine@Fe304
nanoparticles may not possess antimicrobial properties up to 100 pg/mL

nanoparticle concentration against the Klebsiella pneumoniae under the
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conditions tested in this study. Hence, they are considered as microbe-
compatible molecules up to 100 pg/mL to detect Klebsiella pneumoniae DNA

in subsequent chapter.
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Figure 2.10. Antimicrobial assay of (a) pristine Fes304, and (b)
glycine@Fe304 nanoparticles against Klebsiella pneumoniae.

2.9. CONCLUSIONS

In this study, glycine-modified iron oxide nanoparticles
(glycine@Fe304) were synthesized by chemical co-precipitation method.
Ferric (FeCls) and ferrous (FeClz) salt solutions were utilized in 2:1 molar
ratio as precursor solutions. The incorporation of glycine as a surface
modifier and stabilizing agent was enumerated for a range of potential
applications. The synthesis of glycine-modified iron oxide nanoparticles
resulted in well-defined black precipitate formation, which provides
primary validation for successful synthesis of glycine@Fe304. The XRD
analysis shows magnetite phase with JCPDS no. 75-0449. The SEM
micrographs of pristine and glycine@Fe304 nanoparticles show cuboidal (or
hybrid) shape. Presence of glycine did not affect the morphology. The TEM
images depict ~12 nm size for glycine@Fe304 nanoparticles. The XPS
analysis provides presence of Fe, O, N, and C elements. Later, the DLS
provides ~70 nm hydrodynamic size for glycine@Fe304 nanoparticles. The
Zeta potential values of -27 and +35 mV are observed for pristine Fe304 and
glycine@Fe304 nanoparticles which give negative and positive surface
charges, respectively. Raman spectroscopy confirms complete modification

of Fe304 with glycine.
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Biological properties (cytotoxicity and antimicrobial analysis) of
glycine@Fe304 nanoparticles were checked to carry out biomedical
applications in the subsequent chapters. glycine@Fe304 nanoparticles are
more biocompatible than that of pristine Fe304 in the concentrations
between 10 and 75 ug/mL. Hence, the glycine@Fe304nanoparticles from the
range 10-75 pg/mL are safe to use for DNA magnetofection in breast cancer

MCF-7 cells experiments.

Further, no significant concentration-dependent antimicrobial
activity was observed for both pristine Fe30s4 and glycine@Fe304
nanoparticles up to 100 pg/mL nanoparticle concentration, paving the way

for safe K. pneumoniae DNA separation in subsequent chapter.
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3.1. INTRODUCTION

Nucleic acids (NA) mainly deoxyribonucleic acid (DNA) and
ribonucleic acid (RNA) are significant molecules present in biological
systems. These nucleic acids are hereditary material of living cells which
reserve, code, and transfer genetic information to DNA and other organelles
of cells. Further, RNA acts as a mediator messenger to carry out routinely
essential biological activities of a living cell [1]. Hence, detecting or
separating nucleic acids from biological samples is a remarkable step in

disease diagnosis as well as therapeutics [2, 3].

The concept of adsorption and desorption of nucleic acids involves
the interaction and separation of nucleic acids using specific materials or
nanoparticles. Adsorption refers to the attachment or binding of nucleic
acids to the surface of a material or nanoparticle through various
interactions, such as electrostatic, hydrogen bonding, or base pairing. This
process allows for the selective capture and quantification of nucleic acids
from a sample. Desorption, on the other hand, refers to the release or
removal of the bound nucleic acids from the surface, typically achieved by
altering the environmental conditions or introducing competitive molecules
or enzymes. Understanding and optimizing the adsorption/binding and
desorption/elution processes are crucial for applications such as nucleic
acid extraction, purification, and targeted delivery in various fields,

including biotechnology, medicine, and molecular biology [4].

There are several ways to detect and separate deoxyribonucleic acids
(DNA) as mentioned in Table 3.1. Each method has distinct advantages and
disadvantages. The efficient detection and separation of DNA from biological
samples need rapid developments as they face multiple challenges.
Simplification of protocol, effective specificity and sensitivity, easy
availability of reagents, inexpensive point-of-care devices, patient-friendly

and rapid diagnosis as well as therapies need to be recommended.
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Table 3.1. DNA separation and detection methods, their advantages and disadvantages

No. Method Advantages Disadvantages
Southern and northern blotting help in detection Complex procedure, limited applicability, time
1 DNA Hybridization and separation of specific sequences of nucleic consuming, cost, complex purification, and
acids. DNA can be separated at chromosome level. energy intensive.
. : Target DNA is detected and amplified at specific Less sensitive than PCR. Requires heat-treated
Loop mediated isothermal . . . . . .
2 amplification (LAMP) temperature. Simple screening assay for detecting samples. Less effective for crude biological
P bacteria and viruses. samples.
. Reaction requires alternative thermal cycles
Reverse transcriptase . . . . . . o
. . Control over particle properties, versatility, high which make overall cost of diagnosis higher.
3 polymerase chain reaction (RT- . . . . . .
PCR) purity, cost-effective, and scalability. Requires primers of desired DNA sequence.
False negative results
. Evaluate genetic expressions. Comparatively Reliance upon literature. Cross contamination.
4 Microarray based : . . o .
cheaper. Less computational power is required. Limited detection range.
Clustereq regula_tory interspaced Powerful and accurate diagnosis. Identify and . ) )
short palindromic repeats and e . Specialized equipment, Skilled labors, safety
5 , cleave specific DNA targets. Detection at any stage , .
CRISPR-associated sequences of infection concern. Ethical and regulatory issues.
(CRISPR-Cas) ]
i . Detects thousands of DNA sequences in short More often used in research than clinics and
6 Next generation sequencing : : . . .
duration at the same time. requires specialized equipment.
- Nanoparticles-based Sustal'nable, low energy consumption, and cost | Variable product quality and scale-up
effective. challenges.
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In remote and resource-poor nations, DNA detection and separation
technologies that are easy to use, quick, inexpensive, and adaptable are

especially important for laboratories and clinical applications.

3.2. IMPORTANCE OF IRON OXIDE NANOPARTICLE-DNA (Fe304-DNA)
CONJUGATION

The optimization of the conjugation process between Fe304 and DNA
holds paramount importance in the field of nanotechnology, particularly in
the context of biomedical applications. Optimizing the conjugation process
aims to improve the efficiency of the binding between Fe304 and DNA [5].
This efficiency is essential for ensuring a higher yield of well-formed
conjugates, minimizing wastage of materials, and maximizing the utilization
of resources. The optimization process considers the biocompatibility of the
resulting conjugates. Ensuring that the conjugation is conducted under
conditions that are compatible with biological systems is vital for potential

applications in medicine [6].

Biocompatible conjugates are more likely to exhibit minimal toxicity
and favorable interactions with biological entities. The stability of the
formed conjugates is critical for their successful application in various fields,
especially in biological environments [7]. Optimizing the process helps in
creating conjugates that are more stable over time, reducing the chances of
aggregation or degradation. This increased stability is crucial for the
sustained functionality of the nanoparticles in biomedical applications [8].
The size, shape, and surface properties of Fe304 play a significant role in their
interactions with DNA and, consequently, their performance in various
applications [9]. Optimization allows researchers to exert control over these
characteristics, tailoring the conjugates to meet specific requirements for
targeted delivery, imaging, or therapeutic purposes. Optimizing the
conjugation process ensures the reproducibility of the results. This is
essential for the scalability and reliability of the production process,
allowing researchers and manufacturers to consistently generate conjugates
with the desired properties [10]. Reproducibility is a fundamental aspect of

translating laboratory findings into practical applications. Different
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biomedical applications may require unique features from the Fe30s-DNA

conjugates [11].

Optimization contributes to cost-effectiveness by minimizing the use
of reagents and resources, reducing the experimental failures, and
facilitating the scaling-up of production processes. Economic considerations
are essential for the practical implementation of these conjugates in real-

world applications.

3.3. PARAMETERS AFFECTING IRON OXIDE NANOPARTICLE-DNA
(Fe304-DNA) CONJUGATION

The formation of Fe30s4-DNA conjugates is a complex process
influenced by various parameters. Understanding and carefully controlling
parameters like pH are essential for achieving successful and reproducible
conjugation. The size of Fe304 significantly influences their surface area and
the amount of available binding sites for DNA. Smaller nanoparticles (< 20
nm) may offer a higher surface area but can pose challenges related to

stability and aggregation [12].

The surface charge of nanoparticles, often expressed by zeta
potential; which plays a crucial role in electrostatic interactions with DNA.
Negatively charged DNA can electrostatically bind to positively charged
nanoparticles, facilitating conjugate formation. The length and structural
features of nucleic acids, such as DNA or RNA; impact their interactions with
nanoparticles [13]. Longer nucleic acid sequences may require different
optimization parameters than shorter ones. Secondary structures of nucleic

acids can affect the accessibility of binding sites.

The pH of the reaction environment can influence the ionization state
of functional groups on both nanoparticles and DNA [14]. Optimal pH
conditions must be determined to facilitate effective conjugation while
avoiding unwanted side reactions or degradation. Reaction temperature
affects reaction kinetics, binding affinities, and the stability of formed
conjugates. Optimal temperature conditions should be established to ensure

efficient and controlled conjugation [15]. Addition of stabilizing agents or
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ligands to the nanoparticle surface can enhance stability, prevent
aggregation, and improve the conjugation efficiency. Additionally, ligands
provide specific functional groups for covalent bonding with nucleic acids.
The concentration of Fe304 in the reaction mixture influences the availability
of binding sites. Low concentration of nanoparticles may result in
incomplete coverage of DNA, while excessively high concentrations can lead
to aggregation. The concentration of DNA is crucial for achieving the desired
ratio with nanoparticles. Optimizing concentrations is essential to avoid

waste and ensure efficient conjugation.

The duration of the reaction (incubation time) plays a critical role in
determining the extent of conjugation. Insufficient reaction time may result
in incomplete binding, while excessively long reaction times may lead to
non-specific interactions or degradation. The choice of solvent and the
overall reaction environment can impact the stability and reactivity of both
Fe304 and DNA. Compatibility with biological systems is essential for
applications in medicine. Stirring or agitation during the conjugation process
can influence the mixing of reactants, affecting the kinetics of the reaction
and the uniformity of the formed conjugates. The purity of both the Fe304
and DNA is critical. Impurities can interfere with conjugation reactions,
leading to undesired by-products or reduced efficiency. Understanding and
optimizing these parameters are crucial steps in developing a robust
protocol for the formation of Fe30s4-DNA conjugates, ensuring their
applicability in various biomedical fields, including drug delivery, imaging,

and diagnostics.
3.4. CHALLENGES IN Fe304-DNA CONJUGATE FORMATION

The formation of Fe304-DNA conjugates is a complex process that
presents several challenges. Aggregation of Fe304 may occur during the
conjugation process, leading to non-uniform distributions and altered
properties. Aggregation can limit the accessibility of binding sites and affect
the stability and functionality of the conjugates [16]. Proper surface

modification, the addition of stabilizing agents, and optimizing reaction
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conditions can minimize aggregation. Ensuring an appropriate nanoparticle
size and surface charge is also crucial. Stability issues may arise due to the
interaction between nanoparticles and DNA [17]. Unstable conjugates may
experience degradation, detachment of DNA, or changes in their
physicochemical properties over time. Utilizing stabilizing agents,
optimizing reaction conditions for enhanced stability, and employing
suitable storage conditions are key strategies to address stability concerns.
Achieving consistent results across different experiments can be
challenging, leading to issues with the reproducibility of conjugation
processes. Variability in nanoparticle characteristics, DNA properties, or

experimental conditions can contribute to this challenge [18-21].

3.5. OVERALL SIGNIFICANCE OF CHAPTER

The significance of this chapter lies in its exploration of the
conjugation between glycine@Fe304 and DNA, which could have several
important implications in biomedical research. This conjugation can be
utilized in various applications such as targeted pathogen detection and
magnetofection. Utilizing glycine@Fe304-DNA conjugates can improve
target specificity and sensitivity, aiding in early disease detection and
monitoring. The conjugation of DNA with glycine@Fe304 can facilitate the
development of novel therapeutic strategies, such as targeted gene editing
or silencing, potentially offering more precise and effective treatments for

various diseases.

This chapter shows experimental methods, results, and
interpretation to elucidate the process of forming conjugates between
glycine@Fe304 and DNA, shedding a light on their potential applications

across various biomedical domains.
3.6. EXPERIMENTAL

Previous literature shows optimized parameters for surface modified
Fe304-DNA conjugate formation [15, 22-24]. Depending upon the

interactions and stabilizing/surface functionalizing material the parameter
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conditions are varied. As discussed earlier, glycine@Fe304 have been used
for glycine@Fe304-DNA conjugation. These interactions are possibly due to
electrostatic forces between glycine and DNA (possible mechanism of
interaction is described further). As isoelectric pH (PI) of glycine is 6 [23].
That means, in medium with pH > 6 glycine gains surface negative charge
and in pH < 6 glycine possesses surface positive charge. The initial
adsorption experiments are carried out in acidic conditions (pH < 6).
According to the previous data, the mentioned conjugates are prepared with
the incubation time 30 min [15]. Hence, the initial experiment of effect of
DNA concentration on glycine@Fe304-DNA conjugation is performed with
the same incubation time. Further, all the experiments are carried out at
room temperature (~25°C). Also, the glycine@Fe304 concentration was kept
constant with the value 50 pg/mL. DNA concentration was optimized with
respect to the glycine@Fe304 concentration. Later on, pH and incubation

time were optimized to prepare glycine@Fe304-DNA conjugates.
3.6.1. MATERIALS

Standard DNA (calf thymus) was purchased from Sigma Aldrich Pvt.
Ltd. Phosphate buffered saline (PBS), sodium hydroxide (NaOH), and sodium
chloride (NaCl) were purchased from Himedia Pvt. Ltd.

3.6.2. METHODOLOGY

3.6.2.1. DNA ADSORPTION ON GLYCINE-MODIFIED IRON OXIDE
NANOPARTICLE-DNA (Fe304-DNA) CONJUGATION

The adsorption of standard DNA onto the glycine@Fe304 was
performed in sterile PBS of 1 mL using standard DNA solution of 100 pg/mL
(1 mL) batch-wise for optimization of parameters (pH, DNA concentration
and incubation time). Table 3.2 depicts details of the studied parameters for

the conjugation of glycine@Fe304and DNA.
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Table 3.2. Details of parameters for optimization of glycine@Fe304-
DNA conjugation

No. Parameter Optimization values
1 pH 3,4,5,6,7,8,9,and 10

2 DNA concentration 10, 25, 50, 75, and 100 pg/mL

3 Incubation time 10, 20, 30, 40, and 50 min

Later on, adsorption capacity of glycine@Fe304 was calculated with
the UV-visible spectroscopy analysis at 260 nm. “Best” obtained values were
considered as an optimum parameter for glycine@Fe304-DNA conjugate

formation.
3.6.2.2. DNA DESORPTION FROM GLYCINE@Fe304

The DNA desorption process was carried out for glycine@Fe304 at
25°C for 30 min using 0.5 M NaCl solution (1 mL) batch-wise. Amount and

rate of desorption was calculated by following equations.

DNA concentration = (A260 - A320) x dilution factor x Azeo of 1 . 3.1

Wherein, DNA concentration is desorbed DNA in ug/mL, Aze0 is absorbance at
260 nm, Aszo is absorbance at 320 nm, and Azeéo0 of 1.0 is 50 ug/mL.

Rate of desorption = (amount of DNA desorbed/ total DNA) x 100 ... 3.2

Wherein, rate of desorption is in percentage (%).

3.7. RESULTS AND DISCUSSION

3.7.1. MECHANISM OF GLYCINE-MODIFIED IRON OXIDE
NANOPARTICLE-DNA (glycine@Fe304-DNA) CONJUGATION

As discussed earlier, genetic information is passed down through
generations mainly through DNA molecules. These structures are made up
of several nucleosides that have a phosphate backbone with nucleic acid
bases that can form double helices. These characteristics, along with the
exceptional qualities of surface modified glycine@Fe304, enable the

fabrication of glycine@Fe304-DNA conjugates [24-26].

Evidences suggest that DNA binds to amino acids through various

coupling agents via covalent immobilization. Amino, sulfhydryl, carboxyl,
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and azido coupling agents are initially attached to glycine@Fe304 to further
adsorption of DNA. Likewise, glycine@Fe304-DNA conjugates can be
interacted with each other through electrostatic interactions, physical
adsorption, Van der waal’s forces, and non-covalent interactions. As proven
already, amino acids link with each other through hydrogen bonds,
disulphide bonds, hydrophilic, hydrophobic interactions and ionic bonds
[24-26].

As glycine is an amino acid, it contains free amino group. Also, it acts
as a zwitter ion at neutral, cation in acidic, and anion in basic pH [27]. This
powerful pH influence of the charge state reflects to change their properties
and sensitivity towards the DNA. pH-dependent DNA adsorption takes place
through interactions between amino group of glycine and phosphate
backbone of DNA. Protonated amino group of glycine contains positive
charge whereas phosphate backbone of DNA holds strong negative charge.
Hence, charge-specific attractive interactions take place to form

glycine@Fe304-DNA conjugates.

The interaction is computationally supportive through Figure 3.1. It
can be interpreted that cationic glycine and anionic DNA make a conjugate at
chemical level. Glycine-DNA interactions develop a conjugate when studied
computationally; the study where computer-aided interactions of different
biomolecules are predicted. The computational study (docking analysis) of
glycine-DNA conjugate was carried out by different softwares like PyRx,
Discovery studio 2021, and Pymol. Docking analysis is the study in
computational biology where possible bond formations are predicted when two
biomolecules come in vicinity. Here, DNA and glycine biomolecule conjugation
was studied as a function of their conjugate formation. DNA model was built by
providing (5’TTTCGTGTCGCCCTTATTCC3’) standard DNA sequence using
Discovery studio 2021. Protein data bank (PDB) model of glycine was taken from
PDB database. Further, in PyRx 0.8, glycine and DNA macromolecule models
were prepared for docking by minimizing their energy and the molecules were
docked. The docked image was directly obtained after the process is done in

Figure 3.1 a, where the glycine molecule seen to be docked inside the DNA with
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binding energy around — 6 Kcal/mol (calculated by PyRx 0.8 software). Negative
binding energy provides the natural binding interactions between molecules.
Further, the obtained model was visualized in Pymol software shown in Figure
3.1 b. The figure significantly shows the glycine@Fe304-DNA conjugate

formation.

STTTCGTGTCGCCCTTATTCCY

Figure 3.1. Glycine@Fe304-DNA conjugation computational study; (a)
glycine-DNA docking with PyRx 0.8, and (b) glycine-DNA conjugate
visualization by Pymol software.

3.7.2. DNA ADSORPTION ON GLYCINE-MODIFIED IRON OXIDE
NANOPARTICLE-DNA (Fe304-DNA) CONJUGATION

Formation of glycine@Fe304-DNA conjugate was studied by varying
three major parameters (DNA concentration, pH and incubation time). To
evaluate the contribution of glycine in the conjugate formation, the
parameters were tested on pristine Fe304 as well using UV-visible
spectroscopy and DNA quantification. UV-visible spectroscopy is a widely
utilized technique for the detection and quantification of NA, particularly
DNA and RNA. One of the key features of nucleic acids that makes them
amenable to UV-visible spectroscopy is their ability to absorb light in the
ultraviolet (UV) region, particularly around 260 nanometers (nm). The
principle behind glycine@Fe304-DNA conjugate formation using UV-visible
spectroscopy is based on the absorption of UV light by the nitrogenous bases
present in DNA and RNA. NA contains aromatic heterocyclic bases such as
adenine, guanine, cytosine, thymine (in DNA), and uracil (in RNA), which
absorb UV light at specific wavelengths. Among these bases, the purine bases

(adenine and guanine) and pyrimidine bases (cytosine, thymine, and uracil)
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absorb UV light most strongly at approximately 260 nm. The absorption of
UV light at 260 nm is primarily due to the presence of conjugated double

bonds in the aromatic rings of these bases.

Hence successful glycine@Fe304-DNA conjugation is directly
proportional to the absorbance peak at 260 nm. The absorbance of the
sample is measured using a UV-visible spectrophotometer set to a
wavelength of 260 nm. The spectrophotometer measures the amount of light
absorbed by the nucleic acid molecules in the prepared conjugate sample.
The absorbance value obtained from the sample is then compared to a
standard curve or established extinction coefficient to determine the
concentration of nucleic acid present in the sample. The Beer-Lambert law,

which relates absorbance to concentration, is often used for this purpose.

Effect of DNA concentration, pH, and incubation time on
glycine@Fe304-DNA conjugate formation was investigated with respect to
constant glycine@Fe304 concentration (50 pg/mL) at room temperature
(25°C). Above mentioned parameters were varied as an individual

experiment to optimize glycine@Fe304 conjugate formation.

3.7.2.1 EFFECT OF DNA CONCENTRATION ON GLYCINE-MODIFIED IRON
OXIDE NANOPARTICLE-DNA (Fe304-DNA) CONJUGATION

Effect of DNA concentration is studied at first to obtain
glycine@Fe304-DNA conjugate formation (Figure 3.2). As mentioned
earlier, glycine@Fe304 concentration was considered constant with the
value of 50 pg/mL and DNA concentration was varied in the range of 10 to
100 pg/mL to study glycine@Fe304-DNA conjugation.

Figure 3.2 a depicts at 50 pg/mL DNA concentration, the DNA peak
absorbance is greater. Only DNA (without any conjugation) and only
glycine@Fe304 nanoparticles (without any conjugation) are considered as
positive and negative controls, respectively. The figure shows 1:1 (50
pug/mkL: 50 ug/mL) glycine@Fe304 and DNA ratio is optimum for the better
glycine@Fe304-DNA conjugation as it provides DNA peak as close as positive

control.
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Furthermore, pristine Fe304 does not provide Fez04-DNA conjugation
as there is absence of DNA peak at 260 nm in Figure 3.2 b. Effect of pristine
Fe304 is studied with the same experimental conditions as that of
glycine@Fe304 to understand the pH-responsive role of glycine in this
conjugation. Only DNA (without any conjugation) and only glycine@Fe304
nanoparticles (without any conjugation) are considered as positive and
negative controls, respectively. Pristine Fe304 graph does not show DNA
peak at 260 nm and hence, there is no glycine@ Fe304-DNA conjugate

formation in case of pristine Fe30a.
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Figure 3.2. Effect of DNA concentration by UV-visible spectroscopy on;
(a) glycine@Fe304-DNA conjugation, and (b) pristine Fe30s4-DNA
conjugation.

pH < 6 (~5.8), temperature = 25°C, nanoparticles = 50 ug/mkL, time = 30 min.

Furthermore, the quantification of adsorbed DNA on glycine@Fe304
and pristine Fe304 is depicted in Figure 3.3. Highest DNA adsorption (79.56
+ 0.15 pg/mL) is obtained for glycine@Fe304 at DNA concentration 50
pg/mL (Figure 3.3 a). The obtained values for different DNA concentrations
are present in Table 3.3. However, no DNA is quantified for pristine Fe304
(Figure 3.3 b). Hence, 50 pg/mL DNA concentration condition remains

suitable for glycine@Fe304-DNA conjugation.
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Figure 3.3. Effect of DNA concentration by UV-visible spectroscopy on;
(a) glycine@Fe304-DNA conjugation, and (b) pristine Fe304-DNA
conjugation.

pH < 6, temperature = 25°C, nanoparticles = 50 ug/mL, time = 30 min.

Table 3.3. Quantification of adsorbed DNA on glycine@Fe304 by
influencing DNA concentration conditions

No. | DNA concentration (pg/mL) Adsorbed DNA (ug/mL)
1. 10 73.34 £ 0.06

2. 25 66.22 +0.11

3. 50 79.56 + 0.15

4. 75 74.76 £ 0.16

5. 100 70.03 £ 0.15

3.7.2.2. EFFECT OF pH ON GLYCINE-MODIFIED IRON OXIDE
NANOPARTICLE-DNA (Fe304-DNA) CONJUGATION

As discussed earlier, glycine is a zwitter ion and tends to change its
surface charge according to the pH of solution [27]. Hence, it is important to
discuss an influence of pH on glycine@Fe304-DNA conjugate formation.
Figure 3.4 provides UV-visible spectroscopy analysis of glycine@Fe304-
DNA conjugates at different pH (3 to 10) for glycine@Fe304 (a) and pristine
Fe304 (b). Figure 3.4 a shows spectra of glycine@Fe304 which enumerates
highest peak (260 nm) of DNA adsorption at pH 5. It is important to describe
that isoelectric pH of glycine is 6. That means below pH 6, it possesses strong
positive charge (cation) [28]. Since DNA contains strong negative charge due
to their phosphate backbones, it can be predicted that pH 5 conditions
remain suitable for conjugation. The figure also shows low intensity of DNA
peak below pH 5. Though conjugation needs acidic environment, strong
acidic pH disturbs the composition of DNA and that reason might have

influenced the conjugation at low pH conditions. Later on, in the same figure
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DNA peaks at basic pH (8 to 10) conditions are showing low intensity. As
mentioned earlier, glycine gains negative charge at basic conditions and
hence there is strong repulsion in between glycine@Fe304 and DNA due to
same surface charge. Effect of pristine Fe304 on DNA conjugation is observed
in Figure 3.4 b. No DNA conjugation appears at any pH condition when
compared with control DNA peak. Our previous study shows that pristine
Fe304 (-30 mV zeta potential) contains negative charge. Hence due to same
charge repulsion, no DNA conjugation occurs with pristine Fe304. This shows
the importance of surface modification of Fe304 with glycine to carry out
glycine@Fe304-DNA conjugate applications. Hence, pH 5 condition remains

suitable for glycine@Fe304-DNA conjugation.
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Figure 3.4. Effect of pH by UV-visible spectroscopy on;
glycine@Fe304-DNA conjugation, and (b) pristine
conjugation.

DNA = 50 pg/mL, temperature = 25°C, nanoparticles = 50 ug/mkL, time = 30 min.

(a)
Fe304-DNA

Furthermore, the quantification of adsorbed DNA on glycine@Fe304
and pristine Fe30a is depicted in Figure 3.5. Highest DNA adsorption (78.74
+ 0.33 pg/mL) is obtained for glycine@Fe304 at pH 5 (Figure 3.5 a). The
obtained values for different pH are present in Table 3.3. However, no DNA
is quantified for pristine@Fe304 (Figure 3.5 b). Hence, pH 5 condition

remains suitable for glycine@Fe304-DNA conjugation.
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Figure 3.5 Effect of pH by UV-visible DNA quantification on (a)

glycine@Fe304-DNA conjugation, and pristine Fe304-DNA conjugation.
DNA = 50 pg/mL, temperature = 25°C, nanoparticles = 50 ug/mkL, time = 30 min.

Table 3.4 Quantification of adsorbed DNA on glycine@Fe304 by
influencing pH conditions

2
=)
=
==

Adsorbed DNA (pg/mL)
3 72.72 +0.16
4 66.29 + 0.15
5 78.74 + 0.33
6 75.00 £ 0.27
7
8
9

71.73 £ 0.47
35.68 + 4.84
36.53+8.12
10 41.77 £ 13.37
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3.7.2.3 EFFECT OF INCUBATION TIME ON GLYCINE-MODIFIED IRON
OXIDE NANOPARTICLE-DNA (Fe304-DNA) CONJUGATION

Incubation time of interaction is optimized to obtain glycine@Fe30a4-
DNA conjugate formation (Figure 3.6). Here, glycine@Fe304 concentration
was considered constant with the value of 50 pg/mL. Figure 3.6 a depicts at
incubation time 30 min, the DNA peak absorbance is greater. Further no DNA
peak is obtained for pristine Fe304 which shows no Fe304-DNA conjugation

in Figure 3.6 b.
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Figure 3.6. Effect of incubation time by UV-visible DNA quantification
on (a) glycine@Fe304-DNA conjugation, and pristine Fes304-DNA
conjugation.

DNA = 50 pg/mlL, temperature = 25°C, nanoparticles = 50 pg/mL, pH = 5.

Furthermore, the quantification of adsorbed DNA on glycine@Fe304
and pristine Fe304 is depicted in Figure 3.7. Highest DNA adsorption (77.24
+ 0.71 pg/mL) is obtained for glycine@Fe304 in 30 min (Figure 3.7 a). The
obtained values for different incubation time are present in Table 3.4.
However, no DNA is quantified for pristine@Fe304 (Figure 3.7 b). Hence, 30
min incubation condition remains suitable for glycine@Fe304-DNA

conjugation.
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Figure 3.7 Effect of incubation time by UV-visible DNA quantification
on; (a) glycine@Fe304-DNA conjugation, and (b) pristine Fe304-DNA
conjugation.

DNA = 50 pg/mlL, temperature = 25°C, nanoparticles = 50 pg/mL, pH = 5.
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Table 3.5. Quantification of adsorbed DNA on glycine@Fes304+ by
influencing incubation time conditions.

No. Incubation time (min) Adsorbed DNA (pg/mL)
1. 10 71.46 + 0.56

2. 20 63.40 + 0.83

3. 30 77.24+£0.71

4. 40 7191+ 0.92

5. 50 68.37 £ 0.93

3.7.3. DNA DESORPTION FROM GLYCINE-MODIFIED IRON OXIDE
NANOPARTICLE-DNA (Fe304-DNA) CONJUGATION

Desorption of DNA from glycine@Fe304 was occurred in presence of
desorption agent with pH 8 (29) with 250 rpm for 30 min at room
temperature. Figure 3.8 shows desorption of DNA from glycine@Fe304
using UV-visible spectroscopy analysis. The desorption rate obtained from
equations 1 and 2 is 96.9 = 2.65 % of total adsorbed DNA. Here, only DNA

(without conjugation) is considered as a positive control (PC).

— PC
——— Adsorbed DNA
Desorbed DNA

Absorbance (a.u.)

0 A A A A A
200 220 240 260 280 300 320 340 360 380 400
Wavelength (nm)

Figure 3.8. UV-visible spectra scan of desorbed DNA from

glycine@Fe304.
DNA = 50 pg/mL, temperature = 25°C, glycine@Fe304 = 50 pg/mL, pH = 7, time = 30
min.

Validation of desorption of DNA from glycine@Fe304 was carried out
through agarose gel electrophoresis as depicted in Figure 3.9. This figure
shows standard DNA band in well 1 considered as positive control. Wells 2
to 5 show adsorbed and desorbed DNA with 600 and 100 kb fragments. Well
6 contains reference DNA ladder of 1000 kb unit. Further, well 7 depicts no
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DNA band as it is negative control. The figure clearly represents the DNA

adsorption and desorption on and from the glycine@Fe304, respectively.

»1000 kb
, 800 kb

» 600 kb
» 400 kb
» 300 kb
» 200 kb
» 100 kb

e cce—————
Adsorbed NA Desorbed NA

Figure 3.9. Desorption of DNA from glycine@Fe;0. by agarose gel
electrophoresis. Well 1 shows standard DNA bands. Whereas, wells 2-3 show
adsorbed and wells 4-5 show desorbed DNA bands. Wells 6 and 7 show
reference DNA ladder and negative control, respectively.

3.7.4.ZETA POTENTIAL MEASUREMENTS
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Figure 3.10. Zeta potential of glycine@Fe304-DNA conjugates at different
pH.

Zeta potential analysis of glycine@Fe304-DNA conjugates at different
pH provides surface charge values in Figure 3.10. At pH 4, the positive
surface charge is present on the glycine@Fe304-DNA conjugates with the
value of 7.99 + 0.55 mV. At pH 5, stable conjugate formation occurs as the
surface charge on conjugate is - 32.97 + 1.63. At pH 6, 7, and 8 negative
surface charges are present with the values - 21.85 * 0.69, - 8.54 * 0.38, -
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3.82 + 0.18 mV, respectively. It is considered that if the zeta potential is in
between the range of -30 to +30 mV, the particles remain stable in the

respective medium (30, 31).

3.8. CONCLUSIONS

Present chapter denotes the conjugation of iron oxide nanoparticle
and DNAs by simple means. In previous chapter, glycine-modified iron oxide
nanoparticles were synthesized by chemical co-precipitation method and
named as glycine@Fe304. This chapter highlights the importance of glycine
in DNA conjugation, possible interactions of glycine@Fe304 and DNA
conjugation, and experimental study. To obtain efficient glycine@Fe304-
DNA conjugates, following parameters were optimized - DNA concentration,
pH, and incubation time. Adsorption and desorption studies of DNA on and
from glycine@Fe304 proved glycine@Fe304 an efficient candidate for
biomedical applications like pathogen detection, DNA separation, or gene
delivery. pH-influenced electrostatic interactions are responsible for
glycine@Fe304-DNA  conjugate formation. Computational analysis
additionally proves the proposed conjugation. Optimized conditions, 50
pg/mL DNA, pH 5, and 30 min incubation time was confirmed to make
glycine@Fe304-DNA conjugates. Further, 96.9 + 2.65 % of total adsorbed
DNA was desorbed from glycine@Fe304. Further, zeta potential analysis of
glycine@Fe304-DNA conjugates showed stable conjugation with the strong
negative surface charge, - 32.97 + 1.63 at pH 5. These results suggest

adsorption and desorption of DNA on and from glycine@Fe304, respectively.
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nanoparticle-DNA conjugate formation

4.1. INTRODUCTION

Bacteria pose a significant threat to human health, causing a wide range
of diseases with varying degree of severity. Bacterial infections are caused by
invasion and proliferation of bacteria within the body. Bacteria are single
celled organisms that can be found everywhere, including soil, water, air, and

within the living organisms [1].

The bacterial DNA separation allows diagnostic testing, identification
of bacterial species, genomic analysis, antibiotic resistance monitoring,
vaccine development, and environmental studies. It is a fundamental step in a
wide range of scientific and clinical applications, enabling researchers and
healthcare professionals to study bacterial biology, diagnose infections,
develop treatments and monitor bacterial populations for public health
purposes [2]. K pneumoniae is a leading cause of hospital-acquired
pneumonia, particularly in the individuals with compromised immune
systems or underlying medical conditions. The chapter particularly focuses on
the Klebsiella pneumoniae DNA separation by using glycine@Fe304

nanoparticles.

4.2. METHODS OF BACTERIAL DNA SEPARATION

Scientists have made extraordinary progress in designing extraction
methods that are more reliable, easier and faster to perform, more cost-
effective and produces a higher yield from the first DNA separation performed
by Friedrich Miescher in 1869 [3]. The classic liquid-liquid DNA extraction
method involves the use of organic and inorganic reagents such as phenol-
chloroform which pose a toxic threat to humans. Many newer methods are
now based on physical extraction, which have significantly contributed to
developing simpler methods for DNA handling, such as extraction using
magnetic beads and cellulose-based filter paper. With the advent of gene-
editing and personalized medicine, there has been an increase in the demand
for reliable and efficient DNA separation methods that can yield adequate
quantities of high-quality DNA with minimal impurities [5]. Widely used

bacterial DNA separation methods have been discussed below.
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4.2.1. CHROMATOGRAPHY-BASED DNA SEPARATION

DNA can be isolated from biological material using chromatography-
based DNA extraction techniques. Size exclusion chromatography (SEC) and
ion-exchange chromatography (IEC) are two extensive types of the mentioned
procedure. An organic solvent is employed in SEC to separate molecules based
on their shapes and sizes at the molecular level. Porous beads made of
polyacrylamide, dextran, or agarose are present in the column. Smaller
molecules, such mRNA and proteins, enter through the tiny pores and channels
of the beads when the sample is added on top and transported through the
column, however DNA is prevented from entering the beads and eludes the
matrix with its higher hydrodynamic volume. As a result, DNA elutes from the
column more quickly than smaller molecules. SEC works well with materials

that are sensitive to pH and metal ion concentration changes.

IEC is another chromatography-based method for extracting DNA. A
solution containing DNA anion-exchange resin is used to bind DNA with its
positively charged diethylaminoethyl cellulose (DEAE) group in order to
initially equilibrate the column. Other biological elements such as proteins,
lipids, carbohydrates, metabolites, and RNA are eluted with medium-salt
buffers while DNA remains in the column. The pH can then be lowered or high
salt can be used to recover DNA. When compared to other DNA extraction
methods that produce high-quality DNA, including CsCl-gradient

centrifugation, this procedure is comparatively easy to carry out [4].

However, only a trained individual is capable of operating the
chromatographic apparatus. Instruments used in chromatography are
expensive. The overload of the samples leads to an error. The expensive and
fragile components of chromatography equipment must be handled carefully.
To separate the DNA, some procedures demand an additional solvent. Periodic
upkeep and replacement parts are required. Some chromatographic
techniques have large power requirements. To achieve effective separation, a

high operational pressure may be needed.
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4.2.2. GRADIENT CENTRIFUGATION-BASED DNA SEPARATION

Inorganic solvents like cesium chloride (CsCl) are first combined with
DNA, and the mixture is then ultra-centrifuged at a high speed for more than
10 h (10,000-12,000 rpm). DNA separates from the other materials using
centrifugation based on its density. Upon reaching the isopycnic point, one or
more DNA bands may be visible depending on the density-varying DNA types.
Supercoiled DNA can accumulate at lower densities because the intercalating
chemical ethidium bromide (EtBr) is integrated into non-supercoiled DNA
molecules more frequently than supercoiled DNA molecules. Under ultraviolet
light, the DNA's location is clearly visible. EtBr and CsCl are eliminated before
DNA is precipitated with ethanol. It is possible to utilize this procedure to
extract DNA from bacteria, although a significant quantity of the original
material source is needed. Furthermore, this approach requires a lengthy
period of high-speed ultra-centrifugation, which makes it difficult, time-

consuming, and expensive [5].

4.2.3. PHENOL-CHLOROFORM EXTRACTION

The process of phenol-chloroform based DNA separation involves
vigorous mixing of sample with the phenol-chloroform solution followed by
the mixture centrifuging. As phenol partially inhibit the RNase action, alcohol
and chloroform solutions are being added to maintain the pure DNA
separation. A high concentration of salt and ethanol or isopropanol can be used
to separate the upper (aqueous) phase holding the DNA from the lower
(organic) phase containing denatured proteins after centrifugation. The last
step is to collect the target DNA by dissolving it in TE buffer or sterile distilled
water after washing with 70% ethanol to eliminate any leftover ethanol or
isopropanol. By using guanidinium isothiocyanate concurrently, this
technique is also employed for RNA extraction. After separating the upper
phase (total RNA) from the bottom phase (total DNA and proteins), the total
RNA is recovered by precipitation with isopropanol. The phenol-chloroform
method albeit more easier than CsCl/EtBr and very effective for extracting

nucleic acids, presents difficulties for the clinical microbiology laboratory
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since phenol has significant drawbacks because it is poisonous, caustic, and

flammable [6] .

4.2.4. SOLID PHASE SEPARATION

DNA can be efficiently and quickly purified using solid-phase
separation instead of liquid extraction, which has drawbacks like inadequate
phase separation. Solid-phase separation uses a spin column driven by
centrifugal force. One of the most used methods for separating nucleic acids
today uses silica in a solid-phase extraction. Positively charged silica
aggressively interacts with negatively charged DNA, allowing for quick,
accurate, and quantitative purification. It works with clinical specimens, DNA,
and bacteria and requires minimal time. The steps in the solid-phase
extraction procedure are cell lysis, nucleic acid adsorption, washing, and
elution. The process of conditioning a column involves employing a buffer with
a specific pH. After cell lysis and decanting of lysis buffer into the column, the
nucleic acid will be liberated. A chaotropic salt solution is used for the
adsorption of nucleic acids. A competitive agent is present in washing buffers,
which can remove impurities like proteins and salts. Elution involves adding
TE buffer to the column to release pure nucleic acid. However, the process
requires ample amount of chemicals and skilled labors. Also, the process is

time consuming with variable ration of purity [7].

4.2.5. POLYMERASE CHAIN REACTION (PCR)-BASED DNA SEPARATION

Polymerase chain reaction (PCR) represents reliable method to
selectively separate and amplify a specific DNA region. On a thermocycler, PCR
is carried out in three steps: (1) dsDNA template denaturation at 92-95°C, (2)
primer annealing at 50-70°C, and (3) dsDNA molecule extension at around
72°C. There are 30-40 repetitions of these stages performed. MgClz, buffer
(pH: 8.3-8.8), Deoxynucleoside triphosphates (dNTPs), PCR primers, target
DNA, and thermostable DNA polymerase are a few of the chemical elements of
PCR. The sequence in the DNA template that will be amplified by PCR is known
as the target sequence. In order to initiate DNA synthesis in PCR, single-

stranded DNA primers must match the sequences at the ends of or within the
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target DNA. These primers are typically 18-25 nucleotides long [8]. However,
the method is tedious and time-consuming. The PCR detection apparatus is
huge and expensive, and the users require specialized training. Therefore, it is
crucial to create quick and affordable nucleic acid detection tools and

technology.

4.3. GLYCINE-MODIFIED IRON OXIDE NANOPARTICLES (glycine@Fe304)-
BASED NUCLEIC ACID SEPARATION

In the field of molecular biology and biotechnology, the separation and
purification of nucleic acids, such as DNA and RNA, are essential for numerous
applications, including genetic analysis, diagnostics, and therapeutic
development. Magnetic iron oxide nanoparticles (Fe304) have emerged as a
powerful tool for nucleic acid separation due to their unique properties,
including high surface area, tunable size, and super-paramagnetism. Various
magnetic nanoparticles-based strategies are employed for nucleic acid

separation, highlighting their advantages and potential applications [9].

4.3.1. INCORPORATION OF IRON OXIDE NANOPARTICLES (Fe304) FOR
DNA SEPARATION

Magnetic iron oxide nanoparticles (Fe304) are nanoscale particles with
magnetic properties, typically consisting of a magnetic core and a
functionalized surface. The most commonly used magnetic materials in Fe304
are iron oxide-based compounds, such as magnetite (Fe304) and maghemite
(y-Fe203). These nanoparticles exhibit superparamagnetic behavior, which
means they become magnetic in the presence of an external magnetic field but
lose their magnetization when the field is removed. This property allows for

efficient separation and manipulation of MNPs using external magnetic fields

[9].
4.3.2. SURFACE MODIFICATION OF IRON OXIDE NANOPARTICLES (Fe304)

The surface of Fe304 can be modified with various molecules, such as
polymers, surfactants, antibodies, or nucleic acid probes, biological entities, to
impart specific functionalities. These functionalized or modified Fe304 enable

selective binding and separation of DNA from complex biological samples. For
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example, specific oligonucleotide probes can be immobilized onto the Fe304

surface to capture complementary DNA sequences [10].

4.3.3. METHODS FOR DNA SEPARATION USING IRON OXIDE
NANOPARTICLES (Fe304)

Magnetic Bead-Based Separation:

This strategy involves the immobilization of DNA-specific probes on
Fe304. When the modified Fe304 are added to a sample containing DNA, the
complementary sequences bind to the probes, allowing for selective isolation.
By applying an external magnetic field, the Fe304, along with the bound DNA,

can be easily separated from the solution, enabling efficient purification [11].

Solid-Phase Extraction:

Fe304 can be functionalized with solid supports, such as silica, to create
a solid-phase extraction system. The nucleic acids (DNA or RNA) present in a
sample can be selectively adsorbed onto the Fe304, followed by washing steps
to remove impurities. Finally, the Fe304 are collected using a magnet, and the

purified nucleic acids can be eluted for downstream applications [12].

Microfluidic-Based Separation:

Fe304 are also integrated into microfluidic devices to achieve efficient
DNA separation. Microfluidic channels are designed with specific binding
regions coated with Fe304. When the sample is introduced into the device, the
target nucleic acids selectively bind to the Fe30s within the microfluidic
channel. The application of an external magnetic field facilitates the separation
of the Fe304 and the bound nucleic acids, allowing for high-throughput and
rapid purification [13].

4.3.4. ADVANTAGES AND APPLICATIONS

The utilization of Fe30s in nucleic acid separation offers several
advantages over conventional methods. Fe30s4 provide fast and efficient
separation due to their high surface area, allowing for a higher binding
capacity and reduced processing time. The functionalization of Fe30s4 with

specific probes enables selective binding and separation of target nucleic acids,

Chapter 4 Page 84



Klebsiella pneumoniae DNA separation based on glycine-modified iron oxide
nanoparticle-DNA conjugate formation

even in complex samples. Magnetic separation can be easily scaled up for
processing larger sample volumes, making it suitable for various applications,
including clinical diagnostics, genomics research, and environmental
monitoring. Magnetic nanoparticles-based nucleic acid separation strategies
have revolutionized the field of molecular biology by offering rapid, efficient,

and selective methods for separation and purification of nucleic acids [14].

4.3.5. LIMITATIONS OF BACTERIAL DNA SEPARATION USING IRON OXIDE
NANOPARTICLES (Fe304)

Bacterial infections pose a significant threat to human health, requiring
efficient and accurate diagnostic methods for timely detection and treatment.
One promising approach is the use of Fe304 for bacterial DNA separation.
Fe304, due to their unique magnetic properties, can be employed to isolate and
concentrate bacterial DNA from complex clinical samples. While this method
holds great potential, it also has certain limitations that need to be addressed
for its successful application. Following are the limitations associated with

bacterial nucleic acid separation using magnetic nanoparticles [15].

Overcoming the challenges of selectivity, bacterial diversity, sample
complexity, DNA integrity, scalability, and cost will contribute to the wider
application and adoption of magnetic nanoparticle-based separation methods
in clinical settings. Continued research and technological advancements are
necessary to improve the performance and overcome the limitations
associated with bacterial DNA separation using magnetic nanoparticles.
Hence, present chapter tries to improve some mentioned limitations using
electrochemical DNA separation and enhance the bacterial DNA separation

research.
4.4, EXPERIMENTAL

4.4.1. MATERIALS

Analytical grade (AR grade 99.9%) phosphate buffer saline (PBS) was
purchased from Himedia Pvt. Ltd. Three electrode system (Ag/AgCl, platinum
and glassy carbon electrodes) was purchased from PSP biological, Nashik, MS,

India. Electrochemical workstation (Biologic VSP) was used from Dr. T. D.
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Dongale’s laboratory, Department of Nanoscience, Shivaji University,
Kolhapur, MS, India. Klebsiella pneumoniae cultures and DNA samples were
obtained from the Dr. D. Y. Patil Medical College, Hospital and Research Centre,
Kolhapur, MS, India.

4.4.2. MODIFICATION OF ELECTRODE WITH GLYCINE-MODIFIED IRON
OXIDE NANOPARTICLES (glycine@Fe304)

Previously prepared glycine@Fe304 were incorporated for Klebsiella
pneumoniae DNA separation using an electrochemical detection setup. The
synthesized nanoparticle (glycine@Fe304, 1 mg/mL in double distilled water)
solution was drop cast on the silica-activated glassy carbon electrode (GCE)
and left at room temperature while keeping it vertical. On GCE, a well-adhered
black-colored glycine@Fe304 thin layer was seen to develop and was

directly employed for further applications.

4.4.3. ELECTROCHEMICAL MEASUREMENTS

Three electrode cell system in 1 M PBS (Phosphate buffer saline)
electrolyte was used to conduct the electrochemical DNA separation using
glycine@Fe304 electrode. Ag/AgCl, platinum plate, and synthesized
glycine@Fe304 GCE were used as the working electrode, counter electrode,
and reference electrode, respectively.

The working electrode (glycine@Fe304) was first stabilized for a
limited number of cyclic voltammogram (CV) cycles in 1 M PBS electrolyte,
within the 0 to 0.5 V potential window at a scan rate of 50 mV/s, until the
steady state of the voltammogram was attained. By gradually adding various
(or identical) DNA concentrations in 1 M PBS at a fixed (0.5 V versus Ag/AgCl)
potential, the electrochemical properties of DNA separation were investigated.
The electrolyte (1 M PBS) was continually swirled at 250 rpm to reduce mass
transfer interference. By monitoring CV at various scan rates - 20, 40, and 60
mV/s, it was possible to ascertain the nature of the redox reaction occurring
with the GCE electrode. EIS measurements were performed for DNA

separation after DNA samples were introduced to the electrolyte.
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4.4.4. VALIDATION OF DNA SEPARATION

DNA quantification and polymerase chain reaction (PCR)-associated
agarose gel electrophoresis were employed to evaluate the DNA separation
efficiency.

4.5. RESULTS AND DISCUSSION
4.5.1. MECHANISM OF BACTERIAL DNA SEPARATION

In the current study, electrochemical conjugation mechanism of
Klebsiella pneumoniae DNA and glycine@Fe304 to form a glycine@Fe304-DNA
conjugate on the electrode surface is used to separate DNA from Klebsiella
pneumoniae. Glycine is an amino acid with simple carbon chain. It conducts the
positive charge on the surface at pH 5 and hence attracts negatively charged
DNA present in the electrolyte. As a result, specific electrostatic ionic
interactions take place on the electrode surface that enable electrochemical

separation of the Klebsiella pneumoniae DNA.

408 Electrochemical .
B | DNA sensing

s

‘ |

Klebsiella pneumoniae

DNA release

(in cell tysate)

Electrode Surface

Figure 4.1. Electrochemical Klebsiella pneumoniae DNA separation using
glycine-modified iron oxide nanoparticles (glycine@Fe304) electrode.

Figure 4.1 illustrates a DNA separation method used in this study. The
above-mentioned conjugation reaction occurs on the electrode surface
without addition of any particular enzyme or aptamers, causing higher
selectivity towards Klebsiella pneumoniae DNA and repelling other non-
specific biomolecules like proteins, cells, etc. from the electrode surface.
Therefore, in the present work, a non-enzymatic label-free DNA separation

methodology was established by using glycine@Fe304 electrode.
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At the electrode surface, the glycine@Fe304 interact with DNA through
various mechanisms, primarily driven by the functional groups present on

both the nanoparticles and the DNA molecules.

Glycine molecules on the Fe30s4 nanoparticles possess hydrogen
bonding sites in the amino and carboxyl groups. DNA bases contain hydrogen
bonding sites (nitrogen and oxygen atoms in the bases). Hydrogen bonding
interactions occur between the functional groups of glycine and the
nitrogenous bases of the DNA, contributing to the stabilization of the DNA on
the electrode surface [16, 17]. Both glycine and DNA bases contain aromatic
rings capable of engaging in m-m stacking interactions. m-m stacking
interactions occur between the m-electron systems of the aromatic rings,
further enhancing the binding affinity between the nanoparticles and the DNA

molecules [18].

The sequence-specific binding between the DNA bases allows for
selective recognition of target DNA sequences by the glycine@Fe304
nanoparticles. This specific binding enables the capture and separation of
target DNA, such as Klebsiella pneumoniae DNA, from complex samples on the

electrode surface.

Overall, at the electrode surface, the interaction between the
glycine@Fe304 nanoparticles and DNA involves a combination of electrostatic
forces, hydrogen bonding, m-m stacking interactions, and sequence-specific
binding. These interactions drive the adsorption and selective capture of DNA
molecules on the electrode surface, facilitating efficient DNA separation and

analysis.

4.5.2. ELECTROCHEMICAL MEASUREMENTS

Electrochemical validation of mentioned DNA separation was carried
out by cyclic voltammetry (CV) and electrochemical impedance spectroscopy
(EIS) techniques. A working electrode was constructed by simply drop casting
100 pg/mL glycine@Fe304 over glassy carbon electrode (GCE) with 0.05 cm?2
active surface area and air dried it for 15 min at ambient temperature. Then

cyclic voltammetry was implemented with a three-electrode system (GCE,
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Ag/AgCl, and platinum wire) for sensing the particular DNA in 1 M PBS
electrolyte.

Figure 4.2 depicts a cyclic voltammogram of electrochemical sensing
of glycine@Fe304-modified GCE at various concentrations of standard DNA in
PBS (1 M) electrolyte. The cyclic voltammogram suggested a very minute
difference in peak current for 20 nM to 300 nM DNA concentration in the
electrolyte. The peak observed at - 0.2 V is associated with the interaction
between glycine@Fe304+ and DNA which does not appear in the 0 nM
concentration of DNA in the electrolyte. The cyclic voltammogram of various
DNA concentrations at 20, 40, and 60mV/s scan rates are shown in Figure 4.2
a, b, and c, respectively.

In cyclic voltammetry (CV), the scan rate refers to the rate at which the
potential is swept linearly across a range of values during the experiment. It is
usually expressed in volts per second (V/s) or millivolts per second (mV/s).
The scan rate affects the speed at which the redox reactions occur at the
electrode surface and influences the current response observed during the
experiment. Higher scan rates lead to faster potential sweeps, resulting in
shorter experiment times but may also cause mass transport limitations and
other kinetic effects. Conversely, lower scan rates allow more time for
reactions to occur and can provide greater sensitivity to slow processes but
may require longer experiment times. That means 20 mV/s scan rate provides
greater sensitivity to DNA detection. Hence, Figure 4.2 d depicts the magnified
potential window of cyclic voltammogram at 20 mV scan rate for 0, 100, and
300 nM DNA concentrations.

Based on the cyclic volumetric study, it can be seen that some oxidation
reactions are varying at the oxidation area which predict the surface-level
interactions at GCE. It can be observed that in absence of DNA (0 nM) no redox
peak appears for modified GCE. Whereas, after adding DNA into the solution,
small characteristic redox peaks appear, indicating the efficient electron
transfer due to interactions between glycine@Fe304and DNA. The increase in
concentration of DNA shows the more efficient electron transfer at oxidation
peak. The limited accessibility of the glycine@Fe304 to the electrode surface,
potentially caused by the rigidity of the double-stranded DNA, may be

Chapter 4 Page 89



Klebsiella pneumoniae DNA separation based on glycine-modified iron oxide
nanoparticle-DNA conjugate formation

contributing to the presence of smaller peaks by hindering efficient electron

transfer.
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Figure 4.2. Cyclic voltammetry curves of glycine@Fe30s4-modified
electrodes with the DNA concentration range from 0 to 300 nM; (a) at 20
mV/s, (b) at 40 mV /s, (c) at 60 mV/s, and (d) the magnified potential
window at 20 mV/s showing DNA separation in 1 M PBS electrolyte.

The glycine@Fe304 nanoparticles may participate in redox reactions
with DNA. These nanoparticles in their oxidized form (at pH 5), may accept
electrons from electron donors. DNA can serve as a reducing agent, donating
electrons to glycine@Fe304 nanoparticles. When glycine@Fe304 nanoparticles
accept electrons from DNA, they undergo reduction, forming the
glycine@Fe304-DNA conjugate. Glycine present on the glycine@Fe304
nanoparticles becomes oxidizing agent with the protonated NH3* ends and
hence tend to accept electrons (e-) and donate proton (H*) to the PO4 ends of

DNA. Thereby, prominent redox reactions occur at the surface of GCE.

However, cyclic Voltammetry does not significantly distinguish the
electrochemical response between the glycine@Fe304 and DNA. Therefore,
Electrochemical Impedometric approach is carried out to examine Klebsiella

pneumoniae DNA separation.
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Figure 4.3. Electrochemical impedance spectrometry (EIS) responses of
glycine@Fe304-based DNA sensing with DNA concentration range 0 to
300 nM; (a) Bode plot, (b) Phase resistivity spectrum, (c) and (d) Nyquist
plots showing significant concentration-dependent DNA separation.

In Figure 4.3 a, the Bode plot typically consists of two plots: magnitude
(amplitude) versus frequency and phase angle versus frequency. In this
context, the Bode plot likely shows the magnitude and phase of the impedance
response of the sensing system vary with frequency. The Bode plot provides
information about the DNA dependent impedance behavior of the system and
how it changes in response to different DNA concentrations. In this approach,
the impedance is measured over a frequency range of 10 mHz to 100KHz.
Figure 4.3 a depicts the bode plot of 0 to 300 nM concentration range of
Klebsiella pneumoniae DNA separation in 1 M PBS electrolyte. It is found that
bode plots significantly show the variation in peak position frequency (shifted
towards higher frequency) as per increase in the DNA concentration. In this
figure, concentration dependent frequency shift is observed. 0 nM
concentration peak provides absence of DNA in the electrolyte. When DNA is
added into the solution, frequency shift takes place in ascending manner. The

concentration-dependent DNA separation is analyzed based on the obtained

values of bode plot.
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In Figure 4.3 b, the phase resistivity spectrum refers to the variation of
phase angle (phase shift) across different frequencies. This spectrum indicates
how the phase difference between the input and output signals changes with
frequency. For better analysis, the frequency Vs phase resistivity degree graph
is plotted as shown Figure 4.3 b. This graph significantly distinguishes the
various concentrations of the DNA. It is observed that the Phase Resistivity
Degree is directly proportional to the interaction between the DNA and
glycine@Fe304. Also, it is inversely proportional to the concentration of DNA.

The decrease in phase resistivity degree is found as the DNA content increased.

For further investigation, the Nyquist plot is made which is frequently
employed for impedometric detection. Figure 4.3 ¢ shows Nyquist plots for 0
to 300 nM DNA concentrations is depicted. In Figure 4.3c and d, Nyquist plots
are typically used to represent impedance data in complex plane form, where
the real part of impedance is plotted against the imaginary part. The Nyquist
plots likely show the impedance response of the DNA separation system at
different DNA concentrations. Changes in the shape, size, and position of
Nyquist plots with varying DNA concentration can reveal information about
the kinetics of DNA binding, charge transfer processes, and the overall
sensitivity of the sensing system. 0 nM (Bare GCE without DNA) DNA
concentrations and the corresponding equivalent circuit is depicted in the
inset of Figure 4.3 d. The equivalent circuit consists of solution resistance (Rs)
in series with the parallel combination of constant phase element (Q2) and

charge transfer resistance (Rct) and constant phase element (Q3).

The interpretation of the Figure 4.3 involves understanding the results
obtained from electrochemical impedance spectroscopy (EIS) experiments
conducted on a glycine@Fe304-based DNA separation system over a range of
DNA concentrations from 0 to 300 nM. Overall, the figure suggests that the
electrochemical impedance spectroscopy responses of the glycine@Fe30as-
based DNA separation system which exhibit significant concentration-
dependent behavior. This implies that the impedance characteristics of the

sensing system change noticeably in response to different DNA concentrations,
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indicating the potential for sensitive DNA separation and detection using this

system.

Table 4.1 contains values of circuit elements obtained from EIS
measurements for Klebsiella pneumoniae (K. pneumoniae) DNA separation at
different DNA concentrations. In this case, it includes "Bare" (without DNA)
and various concentrations of K. pneumoniae DNA ranging from 20nM to
300nM. Rs () represents the solution resistance, which is the resistance of the
electrolyte solution between the working and reference electrodes. It reflects
the ionic conductivity of the solution. Q2 (Fs-1) and a2 represent the constant
phase element (CPE) parameters associated with the double-layer capacitance
at the electrode interface. Q2 represents the CPE constant, and a2 represents
the exponent of the CPE. These parameters describe the non-ideal behavior of
the double-layer capacitance. Rct (f1) represents the charge transfer
resistance, which is the resistance associated with the transfer of charge across
the electrode-electrolyte interface. It reflects the kinetics of the redox reaction
or DNA binding process. Q3 (Fs'1) and a3 are similar to Q2 and a2, these
columns represent the CPE parameters associated with any additional
capacitance or processes occurring at the electrode interface. The table shows
that as the DNA concentration increases from 20nM to 300nM, there are
changes in the values of the circuit elements. Generally, the solution resistance
(Rs) tends to decrease with increasing DNA concentration, possibly due to
changes in the ionic strength or conductivity of the solution. The charge
transfer resistance (Rct) shows variable behavior with DNA concentration,
suggesting changes in the kinetics of the DNA sensing process. The CPE
parameters (Q2, a2, Q3, a3) also exhibit variations with DNA concentration,
indicating changes in the non-ideal behavior of the double-layer capacitance
or additional processes occurring at the electrode interface. The values of the
solution resistance (Rs) go on the decrease (from 8480 to 47.9(1) with an
increase in the DNA concentration, suggesting increasing the conductivity of
the electrolyte. The curvature of the semicircle, which is correlated with the
charge transfer resistance (Rct), reduced (10372 to 48) as DNA content

increased, indicating that the electrode (glycine@Fe304) was more interacting
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with DNA [19]. The value of the a parameter for CPE indicates the dominance
of the capacitive or resistive effect within the electrochemical cell. The value of
a is 0 for pure resistive behavior and 1 for optimum capacitive behavior. All
values for Q2 and Q3 are above 0.75 indicating that the capacitive effect is
dominated at lower frequencies [20]. The table provides valuable information
about the electrical properties and behavior of the DNA sensing system under
different DNA concentrations, which is essential for separating and detecting

K. pneumoniae DNA.

Table 4.1. Values of circuit elements for K. pneumoniae DNA separation

DNA Rs
2 (Fst a2 Rct (Q 3 (Fst? a3
o | @ | Q@Y (@) | Q3 (Fs)
0 (Bare) | 8480 3.499*10-6 0.9498 | 10372 | 5.036*10¢ | 0.8623
20 263 0.1489 *10-6¢ | 0.9546 343.8 6.08*10-¢ | 0.8345
30 263 0.1508*10-¢ | 0.9544 322.7 6.698*10¢ | 0.8144

40 133.7 | 0.2944*10¢ | 0.9272 191.2 | 6.715*10¢ | 0.8153

80 95.04 | 0.4164*10° | 0.9270 121.2 | 7.397*10-¢ | 0.8024

150 68.23 | 0.3201*10° | 1.0000 68.7 8.285*10-¢ | 0.7873

200 50.59 | 0.3734*10-¢ | 1.0000 40.7 10.19*10¢ | 0.7560

300 47.9 0.589*10-¢ 0.9598 48.0 7.627*10¢ | 0.8004

Based on the Bode plot (Figure 4.3 a) a calibration curve is plotted as
shown in Figure 4.4 a. Here, peak position frequency of 0 nM bode plot is
considered as fi and for 10, 20, 40, 80, 150, 200, and 300 nM as fi-f7,
respectively. The difference between fi and fi1-7 is considered as Af for each
concentration. The linear fitting of the calibration plot indicates the linear
increment in peak position frequency as an increase with DNA concentration
(0-300 nM). For isolated unknown clinical sample concentration simply
measured electrochemical impedance spectroscopy (EIS) and plotted a Bode
plot for it. The peak position frequency difference (Af) is calculated by
comparing with the bare peak position frequency (Figure 4.4 b), which is
found to be Af = 993.13. Finally, Af is compared with the calibration curve and
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found that a separated unknown concentration of Klebsiella pneumoniae DNA
from the clinical culture is around 20 nM in the presence of other biomolecules

present in the clinical culture.
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Figure 4.4. Calibration plots for DNA separation; (a) Relationship
between DNA mass load and frequency shift provides the Rz value 0.97,
and (b) Bode plot for DNA separation from Klebsiella pneumoniae clinical
cultures (blue color).

To confirm the selectivity of the Klebsiella pneumoniae DNA for
glycine@Fe304 electrode, the same electrochemical experiments such as cyclic
voltammetry and electrochemical impedance spectroscopic technique (Bode
plot) are performed in the presence of different biological entities like whole

cell, protein, and bioanalyte.

Figure 4.5 depicts the cyclic voltammogram (Figure 4.5 a, c, and e)
and Bode plots (Figure 4.5 b, d, and f) for the whole cell, protein, and
bioanalyte with 0, 100, 200, and 300 nm concentration at 20 mV/s. These
results indicate the minimal electrochemical interactions of other
biomolecules viz. whole cell, protein, and bioanalyte with glycine@Fe304 and
do not show any significant change or variation in peak current and peak
position frequency in CV and Bode plots respectively. This suggests that the
glycine@Fe304 has high selectivity toward the Klebsiella DNA present in the

culture.
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Figure 4.5. Cross reactivity analysis using (a, c, e) cyclic voltammogram,
and (b, d, f) EIS responses of glycine@Fes04 electrode under the
successful addition of whole cell, protein, and bioanalyte with the
concentration range from 0 to 300 nM.

4.5.3. VALIDATION OF DNA SEPARATION

Klebsiella pneumoniae DNA quantification
[a] g ! [b] 1 2 3 4 5 6 7
130.30 130.57 U P —
140.00 SHV TIM - OXA1 CTXM  OKA NE
-~ 120.00
= 100.00 76.94 1500 bp
E 000 &
S 800 | 1000 bp
= 60.00 | 34.90 900 bp — -
S .
500 bp By
< 0.0 e
300 bp .
Z 2m 200 bp
o o 100 bp
0.00
0.1 0.2 04 0.6
Optical density (OD) @600 nm

Figure 4.6. Validation of Klebsiella pneumoniae DNA separation; (a) UV-
visible quantification of separated DNA at different bacterial
concentrations (optical densities), and (b) PCR-based agarose gel
electrophoresis of sensed DNA showing specific primers (SHV, TEM, OXA-
1, CTX-M) of MD-resistant Klebsiella pneumoniae DNA fragments.
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The above-mentioned DNA separation is validated with currently used
DNA detection methods i.e. UV-Visible spectroscopy. The UV spectroscopy-
based DNA quantification shows increase in DNA concentration with that of
bacterial growth (Figure 4.6 a). Sensed DNA is separated from the
glycine@Fe304 by ceasing the applied current; confirming the separated
material is DNA. The UV-visible quantification of Klebsiella pneumoniae DNA at
an optical density of 260 nm serves as a robust validation method for assessing
the success of the DNA separation process. By quantifying the separated DNA,
concentrations are determined at different bacterial densities, providing
crucial evidence of the effectiveness of the separation. Higher absorbance
values at 260 nm indicate higher DNA concentrations, suggesting the DNA
separation. Therefore, based on the UV-visible quantification results, it is
concluded that the DNA separation procedure for Klebsiella pneumoniae has
been successfully validated, ensuring the reliability of subsequent analyses

and experiments.

Also, the conventional PCR-based agarose gel electrophoresis is used
for the validation of DNA separation as shown in Figure 4.6 b. The separated
DNA was further PCR-amplified to detect the specific gene sequence of K.
pneumoniae DNA. Qualitative PCR estimation of separated DNA [K
pneumoniae] from GCE was performed by 0.8 % agarose gel electrophoresis.
1st well represents reference 100-1000 base pairs (bp) DNA ladder. 2nd well
represents the SHV gene with 294 bp. 374 well represents the TEM gene with
404 bp. 4thand 6t wells represent 0XA-1 gene with 464 bp. 5t well represents
the CTX-M gene with 754 bp. 7t well represents negative control with
nuclease-free water. After performing PCR-based agarose gel electrophoresis
using specific primers targeting genes commonly associated with multiple
drug resistance (MDR) in Klebsiella pneumoniae, including SHV, TEM, 0XA-1,
and CTX-M, successfully validated the DNA separation process. The
visualization of amplified DNA fragments corresponds to these specific genes
that confirms the presence of MDR-associated genetic elements in the
Klebsiella pneumoniae DNA sample. This provides strong evidence that the

DNA separation method effectively isolated DNA fragments of interest,
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enabling their subsequent analysis and characterization. Therefore, based on

the PCR results, it is concluded that the validation of Klebsiella pneumoniae

DNA separation is successful, paving the way for further investigations into

antibiotic resistance mechanisms and therapeutic strategies targeting MDR

pathogens.

The obtained gene sequences in the present study are compared with

the previous publications as described in Table 4.2 [17]. The detailed PCR

conditions given for K. pneumoniae DNA detection have been summarized in

Table 4.3.

Table 4.2. Sensed Anti-microbial resistant gene sequences of Klebsiella
pneumoniae DNA.

No. | DNA (Gene) Primer Amplicon

1| SHV SHV-F: CGCCTGTGTATTATCTCCCT 294 bp
SHV-R: CGAGTAGTCCACCAGATCCT

2 | TEM TEM-F: TTTCGTGTCGCCCTTATTCC 404 bp
TEM-R: ATCGTTGTCAGAAGTAAGTTGG

3 | CTX-M CTX-M-F: CGCTGTTGTTAGGAAGTGTG 754 bp
CTX-M-R: GGCTGGGTGAAGTAAGTGAC

4 | OXA-1 OXA-1-F: ACACAATACATATCAACTTCGC | 464 bp
0XA-1-R:AGTGTGTTTAGAATGGTGATC

Table 4.3. Given PCR conditions for the K. pneumonia DNA detection.

Step TEM SHV CT X-M 0XA-48
Initial 94°C for 94°C for 94°C for 94°C for
denaturation 5 min 5 min 5 min 3 min
Denaturation 94°C for 94°C for 94°C for 61.7°C for

30s 30s 30s 5 min
Annealing 65.5°C for 60°C for 60°C for 61.7°C for

30s 30s 30s 30s
Extension 72°C for 72°C for 72°C for 72°C for

50s 50s 50s 1 min
Final 72°C for 72°C for 72°C for 72°C for
extension 5 min 5 min 5 min 7 min
Cycles 35 35 35 35
Hold 4°C 4°C 4°C 4°C
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4.6. CONCLUSIONS

Klebsiella pneumoniae is an opportunistic bacterium that typically
target immune-compromised patients who are hospitalized and have serious
underlying illnesses like diabetes mellitus or persistent lung obstruction
which are known as nosocomial infections. The use of glycine-modified
magnetic iron oxide nanoparticles (glycine@Fe304) for DNA separation from
Klebsiella pneumoniae offers a promising approach with detection of
nosocomial infection caused due to K. pneumoniae. This method enables rapid
and accurate isolation of bacterial DNA, facilitating various downstream
analyses such as diagnostics, genotyping, and pathogen detection. The
glycine@Fe304 nanoparticles provide a versatile platform for selective
separation, enrichment, and detection of target DNA from complex biological
samples. Here, the glycine@Fe304 nanoparticles were utilized for the Klebsiella
pneumoniae DNA separation from clinical samples. The glycine@Fe304 acted
as bio-analogous receptors in the development of electrochemical DNA
separation methodology for the detection of pathogens from clinical samples.
The electrode surface serves as the site of reaction between the glycine@Fe304
and target (DNA). An electrochemical DNA separation works on the basic
premise that biological reactions involving the nanoparticles and target can
either make or consume ions or electrons, which alter the electric current,
potential, or other electrical properties of the solution. The proposed
methodology precisely responds to the DNA just in a few min. It separates as
low as 20 nM DNA with high sensitivity towards the DNA from the other
interfering biomolecules like whole cells, proteins, and bioanalytes in clinical
samples. The present method is non-enzymatic and label-free. Thus, it
achieves the goal of sensitive, labor-free, and low-cost DNA separation for

nosocomial infections.
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5.1. INTRODUCTION

Breast cancer is a devastating disease affecting millions of women
worldwide. Despite advancements in treatments, the development of
effective therapies for breast cancer remains a significant challenge [1].
Commonly used treatment for breast cancer is surgery where tumor and
surrounding healthy tissues are removed by operation [2]. Followed by,
adjuvant therapy is given to treat breast cancer patient. Adjuvant therapy is
a treatment given after surgery to reduce chances of reoccurrence of tumor
and also to remove remaining cancer cells if any. Adjuvant therapy covers
radiation, chemotherapy, targeted therapy, immune therapy, and hormonal
therapy [3]. Most common one is chemotherapy where steroid drugs are
given to the patient to destroy cancer cells. Following are some generic drugs
given to patient in chemotherapy; taxens, vinorelbine, ixabepilone, and
platinum agents. There are tremendous severe side effects occur due to

these drugs, for example damage in nervous and limbic systems [4].

In current research, targeted gene (nucleic acid) delivery
(transfection) in tumor-specific area has emerged as a promising strategy to
overcome these challenges and enhance the treatment outcomes in breast
cancer [5]. Transfection could be considered as one of the adjuvant therapies
as it uses target specific detection and destruction of cancer cells.
Magnetofection is one of the innovative and efficient transfection techniques
which utilizes Fe304 to deliver therapeutic genes (nucleic acids) to breast
cancer cells with precision and efficacy. Magnetofection represents a
promising approach for targeted gene delivery in breast cancer cells. Its
ability to achieve site-specific and high-efficiency gene delivery combined
with its versatility and controllability, makes it a valuable tool in the
development of innovative therapeutic strategies for breast cancer
treatment. Further research and optimization of magnetofection techniques
are necessary to fully exploit its potential and translate it into clinical

applications that can improve the lives of breast cancer patients [6].
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To achieve mentioned magnetofection process, Fe304-DNA
conjugation is an extremely crucial step. On majority basis, Fe304
nanoparticles are considered for such applications over other magnetic
nanoparticles due to their comparatively less cytotoxicity, easy availability
and synthesis. Hence, iron oxide nanoparticle-nucleic acid conjugate

remains attractive and feasible choice of researchers for magnetofection [7].

Based on the principle of IONP-DNA conjugation, standard DNA
magnetofection in breast cancer cell (MCF-7) has been performed in this
chapter and analyzed by a method of fluorescence spectroscopy. It is one of
the first magnetofection studies interpreted by fluorescence spectroscopy as
per the author’s knowledge. As magnetic Fe304 do not possess property of
fluorescence, the respective conjugates have been labelled with carbon
quantum dots (QDs). Usually, magnetofection is performed with the help of
fluorescent chemical entities like green fluorescent protein [8] and
lipofectamine [9]. However, reports suggest that carbon QDs are sustainable,
easy to prepare, cost-effective, less cytotoxic, highly fluorescent and
biocompatible in nature [10]. Hence, here, carbon quantum dots-labelled
iron oxide-nucleic acid conjugates attempted magnetofection with a unique
fluorescence spectroscopy method. Detail description of every mentioned

topic has been provided further.

5.2. ABOUT BREAST CANCER

Breast cancer is considered as most common malignancy among
females globally. Till 1990 breast cancer was at fourth rank in India for most
frequent cancers and now in 2023 it has become the first. Hence, early
diagnosis, treatment modalities and other loopholes of Indian healthcare
practices like, delayed diagnosis, limited funding, and human resources
management cause difficult challenges for breast cancer patients. Globally,
2.3 million new cases have been added which represent 11.7% of total
cancer cases. In India, 13.5% (1,78,361) cases have been reported till 2016
of total cancer cases. When compared to Western nations, India's breast

cancer patient survival rate is lower due to young age at onset, advanced
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symptoms at presentation, a delay in the commencement of definitive

management, and insufficient treatment [11].

Hence, there is tremendous need in breast cancer research to initiate
with innovative diagnostic and treatment strategies to reduce the suffering
and death rates of breast cancer patients. The chapter is a small attempt to
establish unique magnetofection method of standard DNA into the breast
cancer cells so that it will provide a future platform to site-specific
therapeutic nucleic acid/gene magnetofection in breast cancer cells and

thereby the destruction of cancer cells.

5.3. IMPORTANCE OF MAGNETOFECTION

Traditional nucleic acid delivery (transfection) systems, such as viral
vectors, liposomes, have demonstrated limitations such as low transfection
efficiency, cytotoxicity, and lack of specificity as shown in Figure 5.1. These
drawbacks necessitate the development of novel approaches to improve

nucleic acid delivery (transfection) in breast cancer cells [13].

Traditional transfection Magnetofection
Vectors Target-
required specific
Less Cost-

efficient effective

Cytotoxicity Non-viral
Lack of

specificity

Figure 5.1. Advantages of magnetofection over traditional transfection.

Magnetofection has recently gained attention as a potential solution,
offering several advantages over conventional transfection methods. The
principle underlying magnetofection is based on the use of MNPs that are

conjugated with nucleic acids and guided to specific target sites using an
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external magnetic field. As noted earlier, majority of the times MNPs used in
magnetofection are Fe30s nanoparticles [7]. One notable importance of
magnetofection is its ability to achieve site-specific delivery. By applying an
external magnetic field, nanoparticles can be directed to the desired target
site, such as a tumor or specific regions within the breast tissue. This
magnetic targeting approach enhances the accumulation of Fe304 in the
vicinity of cancer cells, resulting in increased local concentration of
therapeutic nucleic acid and reduces systemic toxicity. Researchers can
modulate the uptake and release of therapeutic nucleic acids according to
magnetic field. This flexibility allows targeted nucleic acid delivery process
according to specific characteristics of breast cancer cells, such as receptor
expression profiles or micro-environmental conditions. Additionally,
magnetofection demonstrates high transfection efficiency due to the unique
properties of Fe30s. Their small size, large surface area, and magnetic
behavior facilitate efficient cellular uptake and endosomal escape of nucleic
acids. Moreover, the magnetic field applied during magnetofection induces
mechanical forces on the cell membrane, further enhancing the
internalization of Fe304 and improving nucleic acid delivery efficiency [14,

15]. Detailed description of types of magnetofection has been given below.

5.4. TYPES OF MAGNETOFECTION

Here are the types of magnetofection, each represents a different
approach to achieve targeted magnetofection using MNPs:

5.4.1. COVALENT CONJUGATION MAGNETOFECTION

Covalent conjugation magnetofection involves the chemical
attachment of nucleic acids to the surface of Fe304 through covalent bonds
as shown in Figure 5.2. This approach typically requires the modification of
nucleic acids with functional groups that can react with the surface
chemistry of Fe304. Common coupling chemistries include amino-silane,
carboxyl-amine, or thiol-maleimide reactions. The functionalized nucleic
acids are then conjugated to the Fe30s, forming stable covalent linkages.

Covalent conjugation provides robust binding between the Fe304 and nucleic
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acids, ensuring efficient loading and controlled release of the genetic

material [16].
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Figure 5.2. Covalent magnetofection of standard DNA in breast cancer
cells.

5.4.2. NON-COVALENT MAGNETOFECTION

Non-covalent magnetofection involves the direct adsorption of
nucleic acids onto the surface of Fe304. The Fe304 used in this approach are
typically coated with biocompatible materials, such as dextran or
polyethylene glycol (PEG), to enhance stability and prevent aggregation. The
nucleic acids, such as plasmid DNA or siRNA, are conjugated with the Fe304,
allowing them to adhere to the Fe30s4 surface through non-covalent
interactions, such as electrostatic interactions or hydrophobic interactions.
This simple and straightforward method allows for efficient loading of
nucleic acids onto Fe30s4 without the need for complex chemical
modifications [17].

Electrostatic complexation magnetofection involves the formation of
electrostatic complexes between Fe304 and nucleic acids. In this method, the
Fe304 are typically coated with positively charged polymers, such as
polyethyleneimine (PEI) or poly-l-lysine (PLL), which can interact with
negatively charged nucleic acids. The negatively charged nucleic acids, such

as siRNA or plasmid DNA, are mixed with the positively charged Fes0s,
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leading to the formation of stable complexes through electrostatic
interactions [18].

Present study (magnetofection in breast cancer cells) involves
electrostatic adsorption method as shown in Figure 5.3. The figure
describes direct adsorption of nucleic acid (standard DNA) on carbon
quantum dot labelled-glycine-modified iron oxide nanoparticles
(glycine@Fe30:@QD) and further magnetofection in cell was carried out

using an external magnetic field.
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Figure 5.3. Non covalent magnetofection of standard DNA in breast
cancer cells.

5.5. ADVANTAGES OF MAGNETOFECTION
One of the key advantages of magnetofection is its ability to achieve
targeted and site-specific gene delivery, resulting in higher local

concentrations of therapeutic genes and reduced off-target effects [19-21].

The magnetic field applied during magnetofection can induce
mechanical forces on the cell membrane, promoting the internalization of
Fe304 and improving gene delivery efficiency and facilitates the efficient
delivery of nucleic acids into the target cells, increasing the chances of

successful gene expression or gene silencing [22, 23].

Magnetofection can deliver various types of nucleic acids, including

plasmid DNA, small interfering RNA (siRNA), microRNA, and antisense
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oligonucleotides. This versatility allows researchers to utilize different gene-

based therapeutic strategies [24-26].

5.6. EXPERIMENTAL

Standard DNA and Standard fluorescence agent - Fluorescein
I[sothiocyanate (FITC) were obtained from Sigma Aldrich Pvt. Ltd. MCF-7 cell
line was purchased from National Centre for Cell Science, Pune, MS, India.
Dulbecco's Modified Eagle Medium (DMEM), fetal bovine serum (FBS),
penicillin-streptomycin solution, dimethyl sulfoxide (DMSO) and trypsin-
ethylene diamine tetra acetic acid (EDTA) solution were purchased from
Himedia Pvt. Ltd. All chemicals have been purchased from Himedia Pvt. Ltd.

unless otherwise stated.

5.7.METHODOLOGY

5.7.1. PREPARATION OF QUANTUM DOT LABELLED GLYCINE-
MODIFIED IRON OXIDE NANOPARTICLES (glycine@Fe304@QD)

The glycine@Fe304 nanoparticles were conjugated with carbon
quantum dots (QDs) by incubating both at room temperature. The
glycine@Fe304 nanoparticles (1 mg/mL) were prepared according to the
previously established protocol (Chapter 2).

The fluorescent QDs were prepared by previously published method
(27) and were added to the glycine@Fe304 nanoparticle suspension, with
the glycine@Fe304-to-QD ratio optimized through preliminary experiments
to achieve maximum labelling efficiency. The formed quantum dots-labelled
glycine-modified iron oxide nanoparticles (glycine@Fe30+@QDs) were
characterized using fluorescence spectroscopy, UV-visible spectroscopy,
and zeta potential analysis.

A stock solution (1 mg/mL) of the fluorescent dye - FITC (positive
control) was prepared by dissolving it in a 5% DMSO solution, as per the
manufacturer's instructions (Himedia Pvt. Ltd.). The dye solution was
protected from light to prevent photobleaching. The stock solution was then
diluted with distilled water to obtain the working dye concentration (50

pg/mL), ensuring thorough mixing for a homogeneous solution.
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5.7.2. FORMATION OF QUANTUM DOTS LABELLED GLYCINE-MODIFIED
IRON OXIDE NANOPARTICLES-DNA (glycine@Fe30:+@QD-DNA)
CONJUGATE

The stock solution of glycine@Fe304@QD was vortexed briefly to
ensure proper dispersion. The glycine@Fe304@QD nanoparticles were
sonicated for 10 minutes. The standard DNA was diluted in a sterile
phosphate buffer saline (PBS) to achieve the desired concentration (50
pug/mL). The desired volume of the DNA solution was pipetted into the
microcentrifuge tube containing the glycine@Fe304@QD by maintaining 1:1
(v/v ratio). The tube was gently vortexed to ensure proper mixing of the
glycine@Fe304@QD and DNA solution. The mixture was incubated at room
temperature for 30 minutes to facilitate DNA adsorption onto the
glycine@Fe304@QD. The glycine@Fe30:@QD-DNA conjugates were stored

at the appropriate temperature, typically 4°C, until further use.
5.7.3. CELL CULTURE

MCF-7 human breast cancer cells were cultured in high glucose
DMEM supplemented with 10 % FBS and 1 % Pen-strep antibiotic. Cells were
maintained in a 37°C humidified COz incubator (5% CO2).

5.7.4. MAGNETOFECTION

MCF-7 cells were allowed to reach approximately 70-80% confluence
before proceeding with magnetofection. MCF-7 cells were seeded in sterile
culture plates at a density suitable for the experiment (1 x 105 cells/mL),
allowing them to attach overnight. Prior to magnetofection, the culture

medium was carefully removed from the cells and gently washed with PBS.

50 pg/mL glycine@Fe304@QD-DNA conjugate solution was added
directly into the cells, ensuring complete coverage. A clean magnet was
positioned in close proximity to the culture plates, aligning it with the
desired area for magnetofection. The cells were incubated in the presence of
the magnetic field for 30-40 minutes to allow the glycine@Fe304@QD-DNA

conjugate to interact with the cells. After every 10 minutes of the incubation,
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the supernatant was carefully aspirated. The cells were washed twice with

PBS to eliminate any remaining glycine@Fe304@QD-DNA conjugate.

5.7.5. AGAROSE GEL ELECTROPHORESIS

Aspirated supernatant centrifuged at 15000 rpm from
magnetofected conjugates and pellet was added to 1 % agarose gel with time
interval 10 to 40 minutes, and 30 V of electric potential was applied across
the gel assembly for 30 minutes. Gel was previously stained with 0.5 g/mL
ethidium bromide (etBr) dye and visualized using Gel Doc system (Applied

biosystem e gel imager).

5.7.6. CELLULAR UPTAKE ANALYSIS

Magnetofected DNA was quantified from aspirated supernatant after

the incubation with cells for 30 minutes.
5.7.7. CYTOTOXICITY ANALYSIS

3-(4, 5-dimethyl thiazol-2-yl)-2, 5-diphenyl tetrazolium bromide
(MTT) assay was carried out according to manufacturer’s standard

instructions to study cytotoxicity of magnetofected nanoparticles.

5.8. RESULTS AND DISCUSSION

5.8.1. PREPARATION OF QUANTUM DOT LABELLED GLYCINE-
MODIFIED IRON OXIDE NANOPARTICLES (glycine@Fe304@QDs)

The conjugation of glycine@Fe304 and QDs was studied by incubating
both in varied ratio. The glycine@Fe304 nanoparticles amount was kept
constant where the QD amount varied in 1 to 6 (v/v) ratio as shown in
Figure 5.4. Fluorescence intensity was examined with mentioned
conjugated samples with the help of fluorescence spectroscopy (JASCO

Agilent Technologies, United States).

Fluorescence spectroscopy is a powerful analytical technique used to
study the fluorescence properties of substances. The peak intensity in the
fluorescence spectrum indicates the amount of fluorescence emitted by the

sample at a particular wavelength. Higher intensity generally signifies a
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higher concentration of fluorescent and better incorporation of quantum
dots onto the glycine@Fe304. Here, only QDs (without any conjugation) were
considered as positive control (PC) which emits highest fluorescence with
the intensity >8000 a.u. For 1:4 glycine@Fe304:QD (v/v) conjugate the
fluorescence intensity was emitted as close as positive control (~ 8000 a.u.).

Therefore the same ratio was continued for further experiments.

The peak wavelength corresponds to the wavelength at which the
maximum fluorescence emission occurs. Optimization involves determining
the ideal conditions under which this peak wavelength aligns with the
desired characteristics of the QDs. It has been reported that QDs emit
fluorescence at 400 nm [27]. Here, glycine@Fe304@QD conjugates show
prominent peaks at 400 nm, heading the way for effective conjugation. Only

glycine@Fe304 nanoparticles (NP only) were used as a negative control.
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Figure 5.4. Fluorescence spectroscopy analysis for optimization of
glycine@Fe304@QD formation.

Further, UV-Visible spectroscopy (Thermoscientific multiskan sky)
was used to examine the formation of glycine@Fe304@QD nanoparticles as
shown in Figure 5.5. The QDs presence is confirmed by the absorption peaks

in the UV-Vis spectra that correspond to the QDs at 230 and 280 nm (27).
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Fluorescence properties of formed material are visualised in Figure 5.5
(inset). Figure shows blue fluorescence in glycine@Fe304@QD when

compared with positive and negative controls.

Hence, with the help of fluorescence and UV-visible spectroscopy, the

formation of glycine@Fe304@QD is confirmed.
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Figure 5.5. UV-visible spectroscopy analysis of glycine@Fe304@QD
formation; Inset: (i) Only QDs, (ii) glycine@Fe30+4@QD, and (iii) only
glycine@Fe304.

5.8.2. FORMATION OF QUANTUM DOT LABELLED GLYCINE-MODIFIED
IRON OXIDE NANOPARTICLES-DNA CONJUGATE (glycine@Fe30+@QD-
DNA)

In this study, the conjugation of glycine@Fe30:@QD with DNA was

investigated with the help of UV-visible spectroscopy in Figure 5.6.
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Figure 5.6. UV-visible spectroscopy analysis of glycine@Fe30+@QD-
DNA conjugate formation.

The glycine@Fe30:@QD-DNA conjugates show a characteristic DNA
peak at 260 nm when compared to standard DNA; confirmed the DNA
conjugation. Standard DNA (without any conjugation) is considered as
positive control. Whereas, glycine@Fe304@QD nanoparticles (without DNA

conjugation) are considered as a negative control.

5.8.3. MAGNETOFECTION

Magnetofection is a specialized transfection technique that combines
magnetic nanoparticles with genetic material (such as DNA or siRNA)
labelled with fluorophores like FITC (Fluorescein Isothiocyanate). This
approach allows for enhanced and targeted delivery of genetic material into
specific cells through the use of magnetic fields and enables researchers to
monitor transfection efficiency using the FITC label. Typically, the DNA or
RNA of interest is labelled with FITC. This can be achieved by direct
conjugation of FITC to the genetic material during synthesis or by using
FITC-labelled nucleotides. The cationic transfection reagent on the
nanoparticles binds to the negatively charged genetic material, forming the

magnetofection complex. Researchers can then monitor transfection
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efficiency by visualizing the FITC-labelled genetic material using
fluorescence microscopy or flow cytometry. The green fluorescence from
FITC indicates that the genetic material has been successfully taken up and

expressed by the cells [9].

Here, FITC labels were replaced with sustainable quantum dots (QDs)
to carry out the successful magnetofection. Also, the currently used
techniques for analyzing magnetofection have been replaced by

fluorescence spectroscopy assay.

To evaluate the magnetofection efficiency, a fluorescence
spectroscopy analysis is carried out. It is a valuable approach to investigate
various aspects of the transfection process and assess the efficiency of gene
delivery into cells. The principle of this technique relies on the interaction
between a fluorescently labelled nucleic acid (e.g., a fluorophore-labelled

plasmid DNA) and internal components of the cells [28].

After the magnetofection, the fluorescence signal of the
glycine@Fe304@QD-DNA conjugate is measured as shown in Figure 5.7.
The fluorescence intensity is compared between the transfected cells and
the control cells. The glycine@Fe304@QD-treated cells show highest
intensity peak (~7000 a.u.). As glycine and sustainable QDs are present on
the surface, they could have provided biocompatible environment and easily
entered inside the cells. Further, glycine@Fe304@QD@DNA provides entry
of DNA inside the cells in red spectrum with intensity ~3000 a.u. It is
suggested that even after magnetofection of 30 minutes and several washing
steps, fluorescence intensity is detected from the cells. When compared with
negative (non-magnetofected cells) and positive (glycine@Fe304@QD-
treated cells), it is interpreted that DNA is magnetofected inside the cells due
to obtained fluorescence of ~3000 a.u. Interestingly, the fluorescence
intensity of glycine@Fe30+@QD-magnetofected cells (~3000 a.u.) is three
times higher than that of FITC control (~1000 a.u.) which leads to high
efficiency of glycine@Fe304@QDs as a magnetofecting agent inside the cells.

Here, auto-fluorescence intensity of cells is collected (non-magnetofected
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cells) to minimize the risk of false fluorescence which is <1000 a.u. Hence,
mentioned graph provides detailed interpretation of magnetofection via

fluorescent spectroscopy.
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Figure 5.7. Fluorescence spectroscopy to study magnetofection of
glycine@Fe30:@QD-DNA in MCF-7 cells.

In order to validate the magnetofection efficiency of
glycine@Fe304@QDs, fluorescence microscopy images are observed as
shown in Figure 5.8 at 60X magnification. Figure 5.8 a shows the untreated
cells with no or minimal auto-fluorescence by MCF-7 cells. Figure 5.8 b
shows control-treated cells (only QDs) which show fluorescence emitted by
cells after entry of QDs inside the cells. QDs show fluorescence at around 400
nm. That leads to the blue light emission as observed in the below mentioned
figure. Likewise, glycine@Fe304@QD-DNA-magnetofected cells show blue
emission confirming the visual success of glycine@Fe304@QD-based DNA

magnetofection inside the MCF-7 cells in Figure 5.8 c.
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treated MCF-7 cells

Figure 5.8. Detection of magnetofection by fluorescence microscopy of
MCF-7 cells at 60x magnification; (a) untreated, (b) control (only QDs)-
treated, and (c) glycine@Fe30:@QD-DNA-magnetofected cells.

5.8.4. AGAROSE GEL ELECTROPHORESIS

Effective magnetofection was examined by agarose gel
electrophoresis. Supernatant between 10 and 40 minutes of magnetofection

was aspirated and individually run on the gel.
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Figure 5.9. Agarose gel electrophoresis to study magnetofection of
glycine@Fe30:@QD@DNA in MCF-7 cells; well 1 - reference DNA
ladder, wells 2, 3, 4, 5, and 6 represent magnetofected supernatant at
0,10, 20, 30, and 40 minutes, respectively.

In Figure 5.9, well 1 represents the reference DNA ladder with the
size 100-to-2000 kb. Well 2 represents initial supernatant at 0 minute of
magnetofection which gives DNA band around 2000 kb. Well 3 represents
magnetofected supernatant at 10 minutes, showing nearly blur band of

around 1500 kb. Well 4 represents magnetofected supernatant at 20
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minutes, again showing nearly blur band of around 1500 kb. Well 5
represents magnetofected supernatant at 30 minutes with no DNA band at
all. This clearly states that DNA is magnetofected inside the cells completely
after 30 minutes. Similarly, well 6 represents magnetofected supernatant at
40 minutes with no DNA band at all. This confirms successful

magnetofection of DNA inside the cells.

5.8.5. CELLULAR UPTAKE ANALYSIS
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Figure 5.10. UV-visible spectroscopy analysis to study magnetofection
of glycine@Fe30:@QD@DNA in MCF-7 cells.

Figure 5.10 shows UV-visible spectroscopy analysis of
magnetofected cells. DNA absorbance (at 260 nm) is raised in case of
magnetofected cells when compared with non-magnetofected cells. This
suggests the effective magnetofection of DNA into the MCF-7 cells. Further
according to the standard equation (Equation 5.1), 60.25 % of total DNA is
adsorbed by the cells. Table 5.1 depicts the values of magnetofected DNA.

Rate of DNA uptake =
(Amount of magnetofected DNA/ total DNA) x 100 . (5.1)

Wherein, rate of desorption is in percentage (%).

Chapter 5 Page 118



DNA magnetofection in breast cancer cells based on quantum-dot labelled-glycine-
modified iron oxide nanoparticle - DNA conjugate formation

Table 5.1: Detection of magnetofection by DNA quantification.

No. Cells DNA uptake (ug/mL)
1. Initial DNA 80.5+1.13
2. Magnetofected cells 48.5+0.70
3. Non-magnetofected cells 6.5 +0.87

5.8.6. CELL CYTOTOXICITY
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Figure 5.11. Cytotoxicity analysis of glycine@Fe304 nanoparticles in
MCF-7 cells; (1) wuntreated, (2) only DNA-treated, (3)
glycine@Fe3:0:@QD@DNA-treated, (4) only glycine@Fe3:0:@QD-
treated, (5) FITC@DNA-treated, and (6) only glycine@Fe304-treated
cells.

The magnetofection process itself can be cytotoxic to cells. Hence,
cytotoxicity assay was conducted to assess the biocompatibility of the
nanoparticles. It is found that the conjugates exhibit minimal cytotoxic
effects, indicating their potential for safe and efficient nucleic acid delivery
applications in Figure 5.11. High cell viability is observed in magnetofected
cells (74 = 10.6 %) than that of FITC@DNA-treated ones (46 * 5.2 %). Table
5.2 provides cell viability % of magnetofected cells along with controls. As
QDs are environment-friendly and sustainable [27], the overall
biocompatibility of nanoparticles is enhanced. Inset image in the Figure 5.10
indicates live Vs dead cells visualization with respect to color change. Color

of MTT dye is yellow in nature. This dye gets converted into purple colored
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molecule known as formazan when comes in contact with live cells. Hence,
Purple color shows live cells due to conversion of MTT dye to formazan by
mitochondrial succinate dehydrogenase enzyme. Dead cells (cells without
mitochondrial enzymes) possess yellow color. Here, magnetofected cells

show live purple color as compared to only glycine@Fe30s-treated cells.

Table 5.2: Cell viability (%) values of magnetofected cells.

No. Cells Cell viability (%)
1. | Non-magnetofected cells 99.00 +1.73
2. | Only DNA-treated 98.76 + 0.83
3. | Glycine@Fe304@QD-DNA-treated 74.44 + 10.64
4. | Only glycine@Fe30+@QD-treated 57.34 +3.07
5. | FITC@DNA-treated 47.42 +5.27
6. | Only glycine@Fe304-treated 41.36 £ 3.33

5.9. CONCLUSIONS

Breast cancer is considered as one of the most frequent cancers
among the world. There is an urgent need of rapid diagnosis and treatments
on breast cancer as patient survival rate is significantly low. To increase
survival rate, several research efforts are being taken nowadays.
Magnetofection is one of the treatment strategies need to be researched in
depth. Sustainable and biocompatible magnetofecting agents are in demand
for effective therapy.

Here, carbon quantum dots labelled-glycine modified-iron oxide
nanoparticles (glycine@Fe304@QDs) were incorporated to study
magnetofection of standard DNA in MCF-7 breast cancer cells. Amount of
glycine@Fe304 and QDs was optimized as 1:4 (v/v) ratio for effective
conjugation. UV-visible peaks at 230 and 280 nm confirmed the formation of
glycine@Fe304@QD complex. Further, UV-visible peak at 260 nm confirmed
the conjugation of glycine@Fe304@QD-DNA along with negative surface
charge zeta potential (-8.55 + 0.38 mV) due to presence of DNA phosphate
backbone. These conjugates were further utilized for magnetofection study.
High fluorescence intensity (~ 3000 a.u.) was obtained after magnetofection
at 30 minutes. Non-magnetofected cells showed auto-fluorescence with

relatively negligible intensity (<1000 a.u.). Fluorescence microscopy
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analysis showed the visual success of glycine@Fe30:@QD-based DNA
magnetofection inside the MCF-7 cells by emission of blue light. Further,
agarose gel electrophoresis showed effective magnetofection at 30 minutes
by complete disappearance of DNA bands in aspirated supernatant. 60.25 %
of total DNA uptake by magnetofected cells was calculated as an evidence of
effective magnetofection. Moreover, 74 + 10.6 % cell viability was observed
after magnetofection. These results indicate that glycine@Fe30:@QD
nanoparticles have significant potential to act as a magnetofecting agent in

breast cancer cells.
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SARS-CoV-2 RNA detection based on glycine-modified iron oxide nanoparticle-
RNA conjugate formation

6.1. INTRODUCTION

Corona virus disease 2019 (COVID-19) is an infectious disease which
is caused due to SARS-CoV-2 virus [1]. Further, in the late 2019, SARS-CoV-2
was emerged as a novel corona virus in Wuhan, China; causing the COVID-
19 pandemic. The “2” specifically distinguishes a different strain of the

original SARS corona virus [2].

Figure 6.1 shows number of cumulative total COVID-19 cases
reported to World Health Organization (WHO). As per the data, seven
hundred seventy four million six hundred thirty one thousand four hundred
forty-four (774,631,444) COVID-19 cases have been reported till the date
11th February 2024. United States of America (USA) reports 103.4 million

cases whereas China and India report 99.3 and 45 million cases, respectively.

Number of COVID-19 cases reported to WHO 774.631.444
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Figure 6.1 Number of COVID-19 cases reported to WHO till the date 11th
February 2024 [3].

The virus is highly contagious and primarily spreads through
respiratory droplets when an infected person coughs, sneezes, talks, or
breaths. It can also spread by touching surfaces contaminated with the virus

and then touching the face, although that is not main mode of transmission.

Traditional methods for virus detection, such as culturing viruses in

the laboratory, indeed have limitations in terms of sensitivity, specificity,

Chapter 6 Page 125



SARS-CoV-2 RNA detection based on glycine-modified iron oxide nanoparticle-
RNA conjugate formation

and detection time. These methods can be labor-intensive and time-
consuming, often taking days or even weeks to yield results. Additionally,
they may not always detect low levels of viral presence accurately, leading

to false negatives or delays in diagnosis.

To address these shortcomings, modern methods for virus detection
have been developed. These include molecular methods such as polymerase
chain reaction (PCR), nucleic acid amplification tests (NAATSs), and other
molecular diagnostic assays. These methods are more sensitive, specific, and
can provide results much faster than the traditional methods. Furthermore,
advances in technology have led to the development of rapid diagnostic tests
(RDTs) based on immunological and antigen-antibody interactions. These
tests offer quick and easy detection of viral antigens or antibodies, making
them valuable tools for screening and early diagnosis, especially in resource-
limited settings. Overall, the shift towards molecular and rapid diagnostic
methods has significantly improved virus detection capabilities, enabling

quicker and more accurate identification of viral infections [4].

Moreover, the ongoing COVID-19 pandemic has highlighted the
importance of scaling up virus detection capacity to meet global health

challenges.

Rapid development of diagnostic tests, vaccines, and therapies are
being implemented to raise high public health measures by identifying and
tracking SARS-CoV-2 affected individuals. The advances in molecular
biology, genomics, and rapid diagnostic technologies have revolutionized
our ability to identify and understand viral pathogens as shown in Figure

6.2.

The Figure 6.2 shows currently used diagnosis methods to detect
COVID-19 diseases. Basically, NA-based serological and other tests are
already in the market for commercial use. NA amplification tests are -
reverse transcriptase polymerase chain reaction (RT-PCR), and clustered
regularly interspaced short palindromic repeats (CRISPR) tests. Further,

serological tests contain enzyme-linked immunosorbent assay (ELISA) and
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lateral flow immunoassay (LIFA). Other tests contain computed topography

(CT scan) and point-of-care biosensors [5].
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Figure 6.2. Current methods for COVID-19 detection [5].

Despite the remarkable progress made in virus detection, several
challenges persist. One of the major hurdles is the constant evolution of
viruses, leading to genetic variability and the emergence of new strains. This
necessitates continuous surveillance and the development of robust
detection methods that can adapt to the ever-changing viral landscape.
Additionally, the need for standardized protocols, quality control measures,
and harmonization across different laboratories and diagnostic platforms is

vital to ensure accurate and reliable results.

Rapid diagnosis of SARS-CoV-2 is crucial for mitigating the impact of
the COVID-19 pandemic on public health, healthcare systems, and society as
a whole. It plays a pivotal role in early treatment, transmission control,
public health surveillance, resource allocation, and research endeavors

aimed at combating the virus.

6.2. SIGNIFICANCE OF THE CHAPTER

The commonly used conventional RNA separation methods for
separating and purifying RNA not only need to contact with a variety of
organic solvents and toxic reagents but are also comprised of complicated
steps which can be difficult to control. Conventionally, there are several
common methods available for RNA separation; one is organic separation
method which involves monophasic solution of phenol and isothiocyanate.

RNA separation is achieved through organic separation and RNA
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precipitation through several centrifugation steps. Crude lysate approach is
another method of RNA separation which consists of two buffer solutions
viz. lysis buffer and stop buffer. Lysis buffer contains several enzymes and
detergents that lyses the cell and RNA is separated from cell. Followed by,
addition of stop buffer which ceases the lysis and thereby further damage to
the RNA. However this method is lacking the further separation of RNA from

solution.

Most widely used method is silica column method where RNA is
isolated with spin column and reagents via selective silica binding. Above
methods of RNA separation tend to not only be rather expensive as but are
also time-consuming. Thus, the selective adsorption of the RNA to a surface
of nanoparticle has become the most common and efficient method in the
last decade. Once adsorbed, the soluble contaminants are usually physically
removed while the co-adsorbed contaminants are removed by selective
washing. The purified RNA is desorbed from the particle with the help of
water or a weak buffer. Due to the high density of negative charges on the
RNA4, it tends to be relatively easy to separate it from a variety of closely
related contaminants. These methods, involving selective adsorption,
provide an advantage of yielding high purity RNA in a relatively short span

of time.

A majority of the laboratories today also use RNA separation kits that
are readily available by diagnostic companies. These diagnostic kits are easy
to use and handle but tend to be expensive. These conventional separation
protocols require the use of sophisticated laboratory equipment and are

based on the use of chemicals that may degrade the quality of RNA.

Hence, Fe304 based adsorption of different nucleic acids has already
gained interest with respect to its separation and detection. The advantages
of Fe30s-based nucleic acid separation over other methods are easy
processing, quick results, reusability of particles and cost effectiveness.

However, they require use of centrifuges and other large equipment making
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an immediate separation of RNA difficult. Thus, there is a need to develop a

simple, cost effective RNA detection methodologies [6].

Fe304-based detection methods offer a powerful and versatile
platform for disease diagnosis, including detection of infectious pathogens
like SARS-CoV-2 [7-12]. Continued research and development in this field
holds a promise for further improving the performance and accessibility of

nanoparticle-based diagnostic methods.

Fe30s-based SARS-CoV-2 RNA detection studies highlight the
effectiveness of Fe304 in capturing and detecting SARS-CoV-2 RNA with high
sensitivity and specificity. The methodologies employed, including
synthesis, functionalization, RNA adsorption, magnetic separation, RNA
desorption, and detection using techniques like RT-PCR and qPCR,
demonstrate the versatility and reliability of Fe304-based assays for COVID-
19 diagnosis. The table highlights the significance of Fe304-based assays in
the context of SARS-CoV-2 RNA detection and emphasize their potential for

advancing diagnostic capabilities in the fight against COVID-19.

However, there are some potential limitations of Fe304-based SARS-
CoV-2 RNA detection methods. While Fe30s-based assays can offer high
sensitivity and specificity, they may still have limitations in detecting low
viral loads or distinguishing between closely related viral strains. This can
impact the accuracy of diagnosis, especially in cases with low viral shedding
or in the presence of other interfering substances like proteins in clinical
samples. Fe304-based assays often require complex sample preparation
steps, including RNA extraction, purification, and concentration. These steps
can be time-consuming and labor-intensive, increasing the risk of sample
contamination and errors in the detection process. The synthesis and
functionalization of Fe30s can be costly and may require specialized
equipment and expertise. Additionally, the scalability of nanoparticle-based
assays for large-scale diagnostic testing may be limited by production costs
and resource constraints. Non-specific binding of nanoparticles to other

biomolecules or contaminants in clinical samples can lead to false-positive
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results and compromise the accuracy of SARS-CoV-2 RNA detection.
Strategies to minimize non-specific interactions and optimize assay
specificity are crucial for reducing the risk of false positives. Fe304-based
assays for SARS-CoV-2 RNA detection may require regulatory approval and
validation to ensure their safety, efficacy, and reliability for clinical use. The
process of obtaining regulatory clearance can be time-consuming and may
delay the translation of nanoparticle-based assays from research settings to
clinical practice. Access to Fe304-based assays may be limited in resource-
constrained settings or areas with inadequate infrastructure and technical

expertise.

Efforts to improve accessibility and promote technology transfer are
essential for maximizing the impact of nanoparticle-based diagnostics in
global health initiatives [9-12]. Addressing these limitations through
continued research, innovation, and collaboration can enhance the utility
and effectiveness of Fe30s-based assays for SARS-CoV-2 RNA detection,
ultimately contributing to improved disease surveillance, patient care, and
public health outcomes. As described in previous chapter, glycine@Fe304-
nucleic acid conjugates establish stable conjugation. Hence, these
nanoparticles were incorporated for separating and thereby detecting SARS-

CoV-2 RNA.

6.3. EXPERIMENTAL
6.3.1. MATERIALS

Himedia laboratories Pvt. Ltd. provided the following supplies:
sodium hydroxide (NaOH), sodium chloride (NaCl),
ethylenediaminetetraacetic acid (EDTA), powdered Tris buffer, glycine
powder, agarose powder, ethidium bromide (etBr), Triacetate EDTA buffer
(TAE), DNA ladder, and loading dye. In addition, Sigma Aldrich Pvt. Ltd. was
the supplier of potassium bromide (KBr) and pure ethanol. We bought the
RT-PCR kit and the RNA extraction kit from MBPCR243 Himedia Pvt. Ltd. and
MB615 Himedia Pvt. Ltd., respectively.
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6.3.2. SAMPLE PREPARATION AND SAFETY MANAGEMENT

Viral transport medium (VTM) was used to collect SARS-CoV-2 RNA
samples from patient nasal swabs using a conventional RNA extraction kit
(MB615 - Hipor A viral RNA extraction kit - Himedia Pvt. Ltd.). The samples
were then stored at -20°C for further studies. Throughout the
experimentation, COVID19 standard safety protocols have been adhered to.
Throughout the study, kits of personal protective equipment (PPE) were
used. There was no direct SARS-CoV-2 viral exposure. Clinical samples,
extracted RNA, RT-PCR samples, and laboratory garbage were all kept apart
in distinct yellow plastic bags labelled with a cytotoxicity symbol. Used
materials and samples were disposed of as per the biological waste

management policy.

6.3.3. VIRUS DETECTION

The process of pH responsive RNA detection by using glycine@Fe304
is divided into five stages - adsorption of RNA on glycine@Fe304, magnetic
separation of glycine@Fe304-RNA complex, washing, desorption of RNA
from glycine@Fe304, and amplification of separated RNA. Samples
containing patient’s RNA were utilized. Major modifications in protocol set
by Zhao et al [12] have been done to perform easy and cost effective SARS-
CoV-2 RNA extraction such as chemicals used for synthesis of nanoparticles

were reduced in this study.

Adsorption, washing, and desorption buffers were made with the
composition which is shown Table 6.1. As this adsorption and desorption of
RNA using glycine@Fe304 is pH-responsible, the pH 5 and 7 were maintained

for adsorption and desorption processes, respectively.

Table 6.1. Composition of adsorption, washing, and desorption buffers

No. Buffers

Adsorption Washing Desorption
1. EDTA (10 mM) Ethanol (75%) Tris-acetate (10 mM)
2. NaCl (5 M) pH (7)
3. pH (5)
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SARS-CoV-2 RNA samples (collected from nasal swab) was directly
added in adsorption buffer in 1:2 (v/v) ratio. The mixture was incubated on
shaker at room temperature (RT), 500 rotation per minutes (rpm) for 30
minutes. Further, mixture was exposed to an external magnetic field for 60
seconds. Obtained supernatant was discarded and pellet was washed with

washing buffer.

Desorption buffer was added into the pellet at RT, 500 rpm for 30
minutes. Again, the mixture was exposed to an external magnetic field for 60
seconds. This time, supernatant was collected in separate sterile tubes. Pellet

was washed with washing buffer and stored at 4°C for re-use.

Supernatant was stored at 4°C for further wvalidation. This
supernatant contains separated SARS-CoV-2 RNA. Whereas pellet contains
glycine@Fe304nanoparticles. Hence, separated RNA was directly run for RT-

PCR, and agarose gel electrophoresis.

6.3.4. VALIDATION OF SARS-CoV-2 RNA DETECTION

All RT-PCR samples were carried out in 25 pL reaction volume.
According to manufacturer’s instructions, primers were added into the
reaction mixture. RT-PCR was performed on a HiPCR coronavirus
(COVID19) multiplex probe PCR kit - MBPCR243 Himedia Pvt. Ltd. 40
thermal cycles were carried out. RT-PCR conditions were 15 minutes cDNA
synthesis at 50°C. Followed by, initial denaturation for 3 minutes at 95°C, 40
cycles of 15 seconds at 95°C, 30 seconds at 58°C. Obtained RT-PCR products
were analyzed on 1.2% agarose gel containing ethidium bromide and were

stored at 4°C and interpreted results.

Absorbance of the separated RNA samples at 260 and 280 nm was
measured using spectrophotometer. 260/280 ratio was calculated by
dividing absorbance at 260 nm by the absorbance at 280 nm. The ratio close

to 2 indicates the good RNA purity.
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6.4. RESULTS AND DISCUSSION

6.4.1. GLYCINE MODIFIED IRON OXIDE NANOPARTICLES-RIBONUCLEIC
ACID (glycine@Fe304-RNA) CONJUGATES

The interactions between Fe304 and RNA in Fe304-RNA conjugates
are governed by a combination of surface chemistry, electrostatic forces,
covalent bonding, hybridization, and specific ligand-receptor interactions
[12-15].

Here, glycine molecules present on the Fe304 may be conjugated onto
the RNA via amino groups, creating a platform for glycine@Fe304-RNA
conjugates. These conjugates can be formed by amide bonds between the
carboxyl group of glycine and the phosphate backbone of RNA. Glycine has a
positive charge below isoelectric pH (< pH 6), while RNA molecules are
negatively charged due to the phosphate backbone. Electrostatic
interactions between positively charged amino groups on glycine and
negatively charged phosphate groups on RNA can facilitate their association.
Glycine contains a hydrogen atom bound to its amino group, which can
participate in hydrogen bonding with functional groups on RNA molecules,
such as nitrogenous bases or sugar moieties [15-18]

pH-responsiveness of glycine adsorbs the RNA and further, Fe304
separates the adsorbed RNA in presence of introduction of external
magnetic field. Hence, the glycine@Fe304 nanoparticles symbiotically
captures the SARS-CoV-2 RNA from clinical sample and thereby detection of
SARS-CoV-2 is established.

6.4.1. PREPARATION OF BUFFERS

SARS-CoV-2 RNA detection was carried out by using adsorption,
washing, and desorption buffers. Following components were used for
making of adsorption buffer - EDTA and NaCl. EDTA is used to chelate
divalent cations. It helps to inhibit the activity of ribonucleases (RNases) and
prevent RNA degradation [19]. The concentration of EDTA used in RNA
extraction buffers is usually in the range of 0.1 mM to 10 mM [20]. Hence, the

10 mM EDTA concentration was considered for this study.
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Further, NaCl in adsorption buffer promotes RNA binding and adjust
the ionic strength and pH of the buffer [21]. Typically, 0.1 M to 1.6 M NaCl
concentration range is considered [22]. Hence, 1.6 M NaCl concentration was

used in this study.

75% ethanol serves as an effective washing buffer in RNA extraction
protocols, helping to decontaminate RNA, remove impurities, and promote

RNA precipitation while maintaining the RNA integrity [23].

Further, tris buffer in desorption buffer maintain stability, solubility,
and compatibility with downstream applications, making it a popular choice
for desorption buffer in RNA extraction protocols [24]. Typically, 10 mM

concentration is considered for tris buffer [25].

pH values for adsorption and desorption buffers were maintained at
5 and 7, respectively with the constant room temperature (RT).
Determination of these pH values are based upon the surface charges of
glycine@Fe304. As reported earlier, isoelectric pH of glycine is 6 [26]. Thus,
glycine@Fe304 possess positive and negative surface charges in acidic

(below pH 6) and basic (above pH 6) environments, respectively.

Basically, adsorption buffer carries out glycine@Fe304-RNA
conjugate formation due to electrostatic interactions between positively
charged glycine@Fe304 nanoparticles and negatively charged RNA at pH 5.
Further, desorption buffer breaks the conjugate to separate out RNA from
the nanoparticles due to same charge repulsion between negatively charged
glycine@Fe304 nanoparticles and RNA at pH 7. External magnetic field is
applied to separate glycine@Fe304 from RNA.

6.4.2. VALIDATION OF RNA DETECTION

The results (quality and quantity) of separated RNA were analyzed
for purity check. The separated RNA was compared with market-based RNA
extraction kit (MB615 Himedia Pvt. Ltd.).
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Kit-extracted RNA (positive control) and glycine@Fe304-extracted
RNA were checked for A260/280 RNA purity analysis. From the obtained
values, it is calculated that positive control-based RNA purity is 1.981 *
0.004. Whereas, glycine@Fe304-extracted RNA is 1.963 + 0.003.

A260/280 RNA purity analysis is used to determine quality and
purity of RNA. The ratio refers to the absorbance measurements at
wavelengths of 260 nm and 280 nm. An ideal ratio is around 2.0, indicating
pure RNA without contamination from other impurities [27]. Hence, pure
RNA is present after extraction as the obtained values are close to 2.0.
Orderly equivalent data is obtained for glycine@Fe304-mediated extraction

when compared with positive control.

Hence, study was further processed for confirmatory tests. Extracted
RNAs were converted into cDNA and amplified by performing RT-PCR
analysis and results were compared with RNA extracted by market-based
extraction kit. Figure 6.3 shows RT-PCR graph of glycine@Fe304-mediated
SARS-CoV-2 RNA separation. This process converts SARS-coV-2 RNA into
complementary DNA (cDNA) to maintain the stability of RNA and then
amplified into million copies to gain abundant sample for the detection of
COVID-19. The graph typically represents the amplification curves obtained
during RT-PCR reaction. The X-axis of the graph represents cycle number
(also known as cycle threshold or Cq value). Each cycle corresponds to the
one round of amplification during RT-PCR process. Y-axis of the graph
represents fluorescence signals emitted by the RT-PCR reaction as
amplification progresses. The fluorescence signal is directly proportional to
the amount of RT-PCR product (SARS-CoV-2 cDNA) generated during each

cycle.
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Figure 6.3. RT-PCR of SARS-CoV-2 RNA detection based on
glycine@Fe304-RNA conjugate formation (N=6). Highest peak for each
gene shows positive control group. Straight lines indicate negative
control group.

Further, the graph shows baseline for each gene of SARS-CoV-2 (N, E,
RDRP, and RPPH-1) which is the initial phase of amplification curve where
the fluorescence signal is relatively stable and low. It represents the
background fluorescence level before the start of amplification. Following
the baseline, the amplification curve enters the exponential phase. During
this phase, the fluorescence signal increases rapidly with each cycle as the

target cDNA is amplified exponentially.

After 25 cycles of RT-PCR, the curve starts exponential phase for all
four above mentioned genes of SARS-CoV-2 cDNA. This leads to the
conformation of glycine@Fe304-mediated SARS CoV-2 RNA separation and
detection.

Highest peak line for each gene represents the positive control
(Market-kit extracted SARS-CoV-2 RNA). Whereas, negative control (Sample
without SARS-CoV-2 RNA) shows no exponential phase as there is no
occurrence of SARS-CoV-2 cDNA amplification due to absence of RNA.

The graph also shows threshold line which is horizontal to the X-axis
set at a predefined fluorescence intensity level above the baseline. The Cq

Value is determined by the cycle at which the amplification curve intersects

Chapter 6 Page 136



SARS-CoV-2 RNA detection based on glycine-modified iron oxide nanoparticle-
RNA conjugate formation

the threshold line. It indicates the cycle number at which the fluorescence

signal becomes detectable above the background noise.

Furthermore, amplification curve represents the fluorescence signal
recorded during each cycle of the RT-PCR. It shows (from 25 to 40 cycles)
the progress of amplification overtime and provides information about the

abundance of the target RNA in the sample.

RT-PCR was carried out for extracted RNA samples (6) and compared
with positive (kit extracted RNA) as well as negative control (sample without
SARS-CoV-2 RNA). Nucleocapsid (N) gene, Envelope (E) gene, and RNA
dependent RNA polymerase (RDRP) genes of SARS-CoV-2 were targeted to
obtain SARS-CoV-2 RNA amplification and to check efficiency of extraction
from the sample. Quantification of the glycine@Fe304 mediated RNA

extraction is shown in Table 6.2.

Interpreting the RT-PCR graph for SARS-CoV-2 RNA detection
involves analyzing the Cq Values obtained for the SARS-CoV-2 specific genes
(N, E, RDRP, and RPPH-1) of interest as added in Table 6.2. Alower Cq Value
indicates a higher initial concentration of the extracted SARS-CoV-2 RNA
from the sample, while a higher Cq Value suggest lower initial concentration

of RNA in the sample.

The nucleocapsid (N) gene codes for the nucleocapsid protein which
is essential for viral RNA packaging and replication. The envelope (E) gene
encodes the enveloped protein of virus which plays a role in viral assembly
and release. RNA dependent RNA polymerase (RDRP) gene is a specific gene
of SARS-CoV-2, responsible for production of an essential enzyme which is
involved in viral RNA replication and transcription. Ribonuclease P RNA
component H1 (RPPH1) encodes the RNA component of the ribonuclease P
(RNase P) enzyme complex, which is involved in the processing of transfer
RNA (tRNA) molecules. The figure shows RNA detection for all four genes.
Targeting multiple genes in RT-PCR assay for SARS-CoV-2 amplification
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enhances the sensitivity, specificity, and reliability of diagnostic tests,

enabling the accurate detection and diagnosis of Covid-19.

Table 6.2: Quantitative estimation (Cq values) of RT-PCR products
(SARS-CoV-2 cDNA) amplified by glycine@Fe304-mediated SARS-CoV-2
RNA extraction.

Cq values
Gene
NC PC Sample | Sample | Sample | Sample | Sample | Sample
1 2 3 4 5 6
RDRP - 25.41 29.01 28.33 27.71 28.89 27.30 28.86
N - 30.03 | 27.28 27.34 29.55 29.66 | 28.16 27.94
E - 29.08 28.94 28.76 29.20 29.20 28.68 28.39

From the obtained RT-PCR graph and Cq Values, equivalent results
are obtained for glycine@Fe304-mediated SARS-CoV-2 RNA detection when
compared with market based kit-mediated RNA detection.

Figure 6.4 shows bar graph of glycine@Fe304-based RT-PCR product
(SARS-CoV-2 cDNA genes: N, E, RDRP, and RPPH1) with respect to the
number of RT-PCR cycles. Negative control (NC) represents product without
SARS-CoV-2 cDNA. No cDNA is detected in NC as there is no presence of
SARS-CoV-2 RNA in patient’s sample. Positive control (PC) shows Kit-
extracted product where all the four genes of SARS-CoV-2 cDNA are
amplified till 30 cycles of RT-PCR. Samples 1 to 6 represent glycine@Fe304-
extracted cDNA products. That means, all the four genes of SARS-CoV-2 RNA
are amplified and detected by RT-PCR. This confirms the successful
detection of SARS-CoV-2 RNA from patient’s samples (6) by using
glycine@Fe30a4.

Orderly equivalent data was obtained for glycine@Fe304 mediated
extraction when compared with RNA extracted by kit, as indicated in Figure

6.3 and 6.4.

Chapter 6 Page 138



SARS-CoV-2 RNA detection based on glycine-modified iron oxide nanoparticle-
RNA conjugate formation

S
o

Control
[ glycine@Fe,0,

- - N N w w
o (3] o (3] o (3]
| | | | 1 1

No. of RT-PCR cycles

($))
1

o

RDRP N E
SARS-CoV-2 specific genes

Figure 6.4. Bar graph of glycine@Fe304-based RT-PCR product (SARS-
CoV-2 cDNA genes: N, E, RDRP, and RPPH1) with respect to number of
RT-PCR cycles. Negative control represents product without SARS-CoV-
2 cDNA. Positive control shows Kkit-extracted product. Samples 1 to 6
represent glycine@Fe304-extracted cDNA.

For further confirmation, cDNA of SARS-CoV-2 were analyzed by
1.2% agarose gel electrophoresis. Significant cDNA bands could observe on
an agarose gel as illustrated in Figure 6.5 that shows agarose gel
electrophoresis which is a common technique to analyze the product (SARS-
CoV-2 cDNA) of RT-PCR for SARS-CoV-2 detection (mediated by
glycine@Fe304). M represents the reference 1Kb DNA ladder (100 to 1000
base pairs) which is a molecular weight marker. The ladder is composed of
a mixture of DNA fragments of known lengths, which are derived from
various sources such as Bacteriophages or plasmids. These fragments are
precisely sized using restriction enzymes [28]. Wells 1 to 6 represent RT-
PCR products (cDNA) obtained from glycine@Fe304-mediated SARS-CoV2
RNA extraction. Whereas, Well 7 is a market based RNA extraction kit-
mediated RT-PCR product which is considered as a positive control. The
presence of DNA bands corresponds to the size of obtained RT-PCR product.
This indicates visual success of SARS-CoV-2 RNA detection by using
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glycine@Fe304. It provides quantitative information about the size of
obtained RT-PCR product (~200 base pairs). Visualization of RT-PCR

product is achieved by using et-Br staining and UV-transilluminator.

Due to the negatively charged phosphate backbone present in all
nucleic acids, their overall surface charge becomes negative. cDNA
was extracted using glycine@Fe304, were put into the wells near the end of
a cathode, or negatively charged electrode, and voltage (50V) and current
(30A) were provided. On an agarose gel matrix, negative-charged cDNA
moves in the direction of the anode, or positively charged electrode, when
voltage is applied. Before the agarose gel solidified, an intercalating dye
called ethidium bromide (EtBr) was applied. It intercalates cDNA and
releases fluorescence. As a result, fluorescence was detected at the location
of cDNA onto the gel. To maintain pH levels, the entire electrophoresis

assembly was immersed in 1X TAE buffer.
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Figure 6.5. Agarose gel electrophoresis of RT-PCR products for SARS-
CoV-2 RNA detection. M represents the reference ladder; wells 1-6 are
RT-PCR products obtained by glycine@Fe304-mediated RNA
extraction; Well 7 represents the RT-PCR product obtained by market
kit-mediated RNA extraction (positive control).
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6.5. CONCLUSIONS

Glycine-modified iron oxide nanoparticles (Glycine@Fe304)
demonstrate the effectiveness in the detection of SARS-CoV-2 RNA. Here,
Glycine@Fe304-RNA conjugation is established for the detection of SARS-
CoV-2 RNA. Adsorption, washing, and desorption buffers were prepared
with the minimal use of chemicals (3 to 5) to cut down the overall diagnosis
cost.

These nanoparticles gain positive surface charge at pH 5 and negative
surface charge at pH 7 as the isoelectric pH of glycine is 6. Hence, at pH 5,
glycine@Fe304-RNA conjugate was formed due to opposite electrostatic
charge attraction and thus the SARS-CoV-2 RNA was captured from the
patient’s sample. Further, RNA was separated from glycine@Fe304 at pH 7
due to the repulsion of same charges. In this way, SARS-CoV-2 RNA was
separated with the help of glycine@Fe304 and detected by RT-PCR.

The separated RNA was compared with market-based RNA
extraction kit (positive control). This comparison is carried out by using RNA
purity check, RT-PCR and agarose gel electrophoresis. From the obtained
RNA purity values, it is calculated that positive control-based RNA purity is
1.981 + 0.004. Whereas, glycine@Fe304-extracted RNA is 1.963 * 0.003. This
suggested equivalent RNA purity for both the extraction methods.

Further, RT-PCR analysis was performed up to 40 cycles. After 25
cycles, the graph showed successful RNA amplification for 4 specific genes of
SARS-CoV-2 viz. N, E, RDRP, and RPPH1. This amplification and obtained Cq
values from RT-PCR graph suggested successful SARS-CoV-2 RNA
amplification and detection. Furthermore, agarose gel electrophoresis of
obtained RT-PCR products provided visual success of glycine@Fe304-
mediated SARS-CoV-2 RNA detection. Also, around 200 base-pairs size of
cDNA was obtained for glycine@Fe30s-extracted RNA form electrophoresis.
This was equivalent to the market-based RNA detection. These findings
contribute to the growing body of knowledge in the field and pave the way
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for future advancements in the detection and diagnosis of viral infections

like COVID-19.
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Figure 7.1. Flowchart of findings

Chapter 1 summarizes the introduction of the study on biomedical
applications based on iron oxide nanoparticle-nucleic acid conjugates lays
the foundation for exploring the potential of these innovative nanomaterials in
the field of medicine. The focus of the study is on combining iron oxide
nanoparticles with nucleic acids, such as DNA or RNA, to create
multifunctional nanocarriers with promising biomedical applications. The
introduction highlights the importance of targeted drug delivery, gene therapy,
and diagnostic imaging in modern medicine, and the need for novel and
efficient approaches to address these challenges. Iron oxide nanoparticles’
unique properties, including biocompatibility, magnetic responsiveness,
and facile surface functionalization, are emphasized as key factors
contributing to their potential for biomedical applications. The introduction
also presents the research objectives, outlining the specific biomedical areas
that will be investigated using iron oxide-nucleic acid conjugates.
Furthermore, it underscores the significance of this study in advancing the

understanding of nanomedicine and its potential impact on personalized and
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precision medicine. Overall, the introduction sets the context for the research,
underscoring the importance of exploring the applications of iron oxide-
nucleic acid conjugates and their potential to revolutionize the landscape of
biomedical sciences and healthcare. It summarizes the literature review on
iron oxide-nucleic acid conjugate formation in this field. The focus of the
chapter is on the synthesis and characterization of conjugates formed by
combining iron oxide nanoparticles with nucleic acids, such as DNA or RNA. It
highlights the diverse biomedical applications of these conjugates. Targeted
drug delivery, gene therapy, and diagnostic imaging are among the key areas
of interest. The chapter provides insights into how the unique properties of
iron oxide nanoparticles, such as their magnetic responsiveness and
biocompatibility, enhance the potential of nucleic acids for precise and
effective biomedical applications. It consolidates the current knowledge on
iron oxide-nucleic acid conjugates, identifying gaps and potential directions for
future research. It serves as a valuable resource for researchers, seeking to
harness the capabilities of these conjugates for advancing personalized and

targeted applications in the field of biomedicine.

Chapter 2 summarizes the synthesis and characterization of glycine-
modified magnetic iron oxide nanoparticles (glycine@Fe304). In the synthesis
process, iron oxide nanoparticles were prepared through a chemical co-
precipitation method. Subsequently, the nanoparticles were modified with
glycine through an incubation process. The characterization of the
nanoparticles was carried out using various physico-chemical techniques
such as transmission electron microscopy (TEM), X-ray diffraction (XRD),
dynamic light scattering (DLS), and X-ray photoelectron spectroscopy (XPS)
provided valuable information about particle size, crystal structure, and
colloidal stability. Additionally, biological characterization techniques
(biocompatibility and antimicrobial property) have been studied. Overall, the
successful synthesis and characterization of glycine@Fe304 provided valuable

insights into their potential applications in targeted biomedical fields.
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These nanoparticles held promise as versatile and efficient nanocarriers in
biomedical applications, offering opportunities for further exploration in

future research endeavors.

Chapter 3 summarizes the study of the adsorption and desorption of
nucleic acid with glycine@Fe304. The focus of the chapter is on surface
modification with glycine to functionalize the iron oxide nanoparticles for
enhanced adsorption affinity with nucleic acids. Moreover, the study delves
into desorption process, where the nucleic acids can be released from the
nanoparticles under controlled conditions. Table 7.1 showed the optimized
parameters for mentioned adsorption and desorption processes. Overall, the
research sheds light on the fundamental aspects of adsorption and desorption
of nucleic acids with surface-modified iron oxide nanoparticles
(glycine@Fe304), providing insights into potential strategies for developing
effective nanocarriers in biomedical applications. The findings from this study

held great promise in further biomedical applications.

Table 7.1 - Optimized parameter conditions for DNA and glycine@Fe304
adsorption and desorption interactions.

No. Parameters Adsor_'p_tion Desm_'p_tion
conditions conditions
1 | DNA 100 pg/mL 100 pg/mL
2 | Glycine@Fe304 50 pg/mL 50 pg/mL
3| pH 5 7
4 | Time 30 min 30 min
5 | Temperature 25°C 25°C

Chapter 4 summarizes

the use of glycine@Fe304

magnetic

nanoparticles for DNA separation from bacterial (Klebsiella pneumoniae)
sample. This presents a promising approach for detecting nosocomial
infections caused by Klebsiella pneumoniae pathogen with the help of
electrochemical sensing. Glycine-modified magnetic iron oxide nanoparticles
(glycine@Fe304) offered a versatile platform for selective separation,

purification, and enrichment of target DNA from complex biological samples.
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By utilizing glycine@Fe304 in the development of an electrochemical DNA
separation methodology, the separation of nucleic acid from clinical samples
became possible. The electrode surface acted as a site of reaction between the
glycine@Fe304 and target DNA, and the proposed methodology demonstrated
precise response to DNA within 10 minutes. Glycine@Fe304 exhibited high
sensitivity towards DNA, efficiently separating as low as 20 nM DNA from
interfering biomolecules like whole cells and proteins in clinical samples. The
non-enzymatic and label-free nature of this method ensured sensitive, labor-
free, and cost-effective DNA separation and detection for nosocomial
infections, contributing to advancements in healthcare, environmental

monitoring, and related fields.

Chapter 5 summarizes magnetofection (gene delivery) in breast
cancer cells (MCF-7) using surface-modified magnetic nanoparticles,
glycine@Fe304 conjugated with fluorescent carbon quantum dots (QDs) and
standard nucleic acid (DNA). The  successful delivery of
glycine@Fe30:@QD@DNA into the cells was assessed using fluorescence
quenching and microscopy analyses. The results demonstrated the potential of
glycine@Fe304@QD-based magnetofection as an effective approach for gene
delivery in breast cancer cells. Fluorescence intensity measurements
indicated a significant decrease in signal, indicating successful quenching due
to interactions with intracellular components. This decrease in fluorescence
intensity strongly suggested that glycine@Fe30:@QD@DNA was internalized
within the cellular environment. Further, UV-visible spectroscopy provided the
increase in DNA absorbance after magnetofection. Combination of magnetic
nanoparticles and fluorescence quenching provided a powerful tool for
tracking and monitoring of gene delivery, facilitating the optimization of
magnetofection protocols and enhancing understanding of cellular uptake
mechanisms. Importantly, the incorporation of glycine@Fe30:@QD@DNA
collectively reduced cell cytotoxicity, enabling successful magnetofection

efficiency. The study also revealed that glycine@Fe304@QD@DNA-transfected
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cells emitted blue fluorescence in the UV range around 350 to 420 nm,
confirming the presence of the delivered genetic material. These findings
demonstrated the potential of glycine@Fe30:@QD-based magnetofection as a
promising strategy for gene delivery in breast cancer cells, providing valuable

insights for future biomedical applications and gene therapy research.

Chapter 6 summarizes a novel method for viral (SARS-CoV-2) RNA
detection by employing amino acid glycine-modified magnetic iron oxide
nanoparticles (glycine@Fe304). These nanoparticles offered a larger surface
area and charge, enabling efficient binding of RNA to their surface. The surface
charge of glycine@Fe304 was pH-dependent, facilitating achievable
adsorption and desorption of RNA onto and from the nanoparticle surface,
respectively. In acidic pH, glycine gained a positive charge, leading to effective
binding of negatively charged RNA. Conversely, elution of RNA from
glycine@Fe304 occurred in basic pH due to repulsive charges. The extraction
process was made cost-efficient and simple by preparing binding and elution
buffers with minimal chemicals. RNAs extracted using this method were
successfully detected through RT-PCR, and the obtained cDNA of SARS-CoV-2
showed distinct bands on 1.2% agarose gel stained with ethidium bromide
(etBr). Comparing the results with kit-extracted SARS-CoV-2 RNA revealed
equivalent outcomes for glycine@Fe30s-extracted RNA. The pH-responsive
glycine@Fe304-based SARS-CoV-2 RNA extraction process exhibited promise
for COVID-19 detection, demonstrating robust and effective diagnostic

potential.
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8.1. RECOMMENDATIONS

The glycine-modified iron oxide nanoparticles (glycine@Fe304) were
synthesized by chemical co-precipitation method. These nanoparticles can
be synthesized in an inert environment to achieve uniform particle size

distribution.

The study presents conjugation of glycine@Fe304-DNA due to
electrostatic interactions between positively charged glycine@Fe304 and
negatively charged DNA. Similar to positively charged glycine, studies can be
explored best positive amine containing biological entity to know the
potential for DNA adsorption and desorption studies. Also, other biological
components can be studied as alternatives to glycine for better

biocompatibility towards biological systems.

The thesis presents electrochemical approach for Klebsiella
pneumoniae DNA separation by glycine@Fe304 nanoparticles to detect
nosocomial (hospital-acquired) infections. Other infections can be explored
with the similar approach. Basic mechanism-based electrochemical DNA
separation can be upgraded with the automation of process which will lead

to point-of-care devices for hospital-acquired infections.

The thesis also presents quantum dots-labelled glycine@Fe304
(glycine@Fe30:@QDs) for DNA magnetofection in breast cancer cells. These
labelled nanoparticles can be further utilized in CRISPR-Cas technology,
gene silencing, and animal studies to establish glycine@Fe30:@QDs-based

therapeutics.

The thesis further presents the SARS-CoV-2 RNA detection using
glycine@Fe304 nanoparticles. The market-based SARS-CoV-2 detection kits
cost around X 4,500/RNA sample. The present thesis work is cost-effective.
However, the actual working cost needs to be calculated prospectively. The
method can be used for teaching and training purpose in primary research.
This method can be studied for other viruses like Dengue, Zika and can be
used as an alternative method for potential pandemics. This methodology is

patented by Patent Office, India with the application no. 202221045186.
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ABSTRACT

The recent outbreak of the novel corona virus disease 2019 (COVID-19) has been
made a serious global impact due to its high infectivity and severe symptoms.
The Severe Acute Respiratory Syndrome (SARS-CoV-2) RNA extraction is
considered as one of the most important steps in COVID-19 detection. Several
commercially available kits and techniques are currently being used for specific
extraction of SARS-CoV-2 RNA. However, such methods are time consuming
and expensive due to the requirement of trained labors, and several chemical
reagents. To overcome the mentioned limitations, magnetic RNA adsorption
methodology of glycine functionalized iron oxide nanoparticles (GNPs) was
established. It showed an efficient potential in SARS-CoV-2 RNA extraction due
to pH responsive nature of GNPs. The highly magnetic pH responsive GNPs
were synthesized by one-pot co-precipitation method. Random morphology and
average 20 nm size of GNPs were denoted by Transmission Electron Micro-
scopy (TEM). X-ray diffractometer (XRD) showed the crystalline magnetite
nature. Fourier transform infrared spectroscopy (FT-IR) and UV-visible spec-
trometry confirmed the presence of glycine on the surface of magnetic
nanoparticles. Furthermore, the magnetic nature and thermal properties of
GNPs were examined by vibrating sample magnetometer (VSM) and thermo-
gravimetric analysis (TGA), respectively. In this study, glycine performed the
role of RNA adsorbent. The adsorption of RNA onto the surface of GNPs was
achieved in acidic medium (pH 6). In contrary, the elution of RNA from the
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Magnetic iron oxide nanoparticle-based multifunctional platforms have been explored extensively in biomedical
applications. Modifications and integrations of IONPs with different entities viz. organic polymer, doping with
inorganic materials, loading with drug, fluorescent dye, or antibodies make them appropriate for their appli-
cation in broad spectrum of biomedical fields. This review presents and summarizes the fabrication strategies of
multifunctional magnetic nanoparticles based on the modification and surface functionalization of MNP.
Multifunctional IONPs based recent advances covering a wide array of applications like biosensing and pathogen

detection, magnetic resonance imaging (MRI) and biomarker tracking, magnetofection and gene therapy, hy-
perthermia and chemotherapy, drug delivery and targeted cell killing, bioimaging and therapeutics, stem cell
detection and therapy, tissue engineering and organ transplant, nano-vaccines and immune system activation,
microbe targeting and destruction, and COVID19 management are also covered.

1. Introduction

Magnetic nanoparticles (MNPs) gain central attraction in the area of
nano-biomedicine, nano-chemistry, electronics, and nano-therapeutics.
Consistent improvements are being made in synthesis methods,
physico-chemical characterization, and surface functionalization of
MNPs to achieve desirable size, morphology, and structural chemistry.
This tunability is achieved according to their physico-chemical nature at
the time of their synthesis. Structurally, they are made up with three
layers; surface layer which exhibits functionalized small molecules,
doped metals, or polymers, antibodies, proteins, etc., shell layer exhibits
chemical components different than the prominent component, and core
layer consists of the main chemical entity which normally refers to
nanoparticle [1]. The incorporation of MNPs for biomedical applications
is associated with their inherent physical and chemical properties, size,
crystalline or amorphous nature, biocompatibility, etc. Additionally
surface functionalization on MNPs diminishes their limitations. MNPs
exhibit several advantages over the other mentioned particles due to
intrinsic tunable physico-chemical properties, cost-effectiveness, low--
cost synthesis, easy availability of precursors, rapid synthesis, in-vitro
and in-vivo take-up, magnetic switchable on-off nature, versatility in
surface functionalization, manipulating nature with external magnetic

* Corresponding author.
E-mail address: arpitaptiwari@gmail.com (A.P. Tiwari).

https://doi.org/10.1016/j.apsadv.2022.100303

field, etc. [2]. They comprise magnetic elements; iron (Fe), cobalt (Co),
manganese (Mn) and nickel (Ni). Specifically, magnetic iron oxide
nanoparticles (IONPs) are majorly studied and used in biomedical ac-
tivities due to their high spin magnetic moments, and less toxicity. Iron
refers to the backbone of earth’s chemical composition due to its
abundant presence in crust. It is economical and plays significant roles in
various geological and biological processes. At natural state, iron (Fe)
combines with oxygen molecule (O) and forms iron oxide. There are
three most common forms of IONPs; magnetite (FesO4), maghemite
(y-Fex03), and hematite (a-FezOg3) found in nature. Further oxidation of
magnetite results in the formation of hematite. In recent period,
magnetite has gained powerful research attention when compared with
other forms of IONPs. They possess prominent advantages like super-
paramagnetism, larger surface area, high surface-to-volume ratio, and
rapid and easy methodology of target separation from solution due to
external magnetic field movements. Hence, IONPs (magnetite) have
excellently been studied and applied in the fields of biomedicine [3].
There are some limitations related to use of MNPs in biomedical activ-
ities, such as toxicity issue; but it can be minimized by surface func-
tionalization to them with biocompatible entity (eg, like polymer,
antibodies, aptamers,antibodies, fkuorophores etc.) that covers the
complete surface of MNP and hence provides biocompatibility.
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Abbreviation

ab@IONP Antibody functionalized IONP
AC Alternating current

APTES 3-aminopropyltriethyloxysilane
AuNPs Gold nanoparticles

BBB Blood-brain barrier

BSA Bovine serum albumin

CEA Carcinoembryonic antigen
CMC Carboxymethylcellulose

CNT Carbon nanotube

CT Computed tomography

DNA Deoxyribonucleic acid

GET Glycosaminoglycan binding-enhanced transduction
GFP Green fluorescent protein

HA Hyaluronic acid

HEK Human embryonic kidney cell
IeG Immunoglobulin G

IONP Iron oxide nanoparticle

LDH Layered double hydroxide
MNP Magnetic nanoparticle

MPA Mercaptopropionic acid
MPTES Mercaptopropyltriethoxysilane
MR Magnetic resonance
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Abstract Here, selective anti-cancer activity of
poly-l-lysine-functionalized iron oxide nanoparticles
(PLL@IONPs) has been shown against osteosarcoma
cancer. The mentioned nanoparticles were synthe-
sized from Spinacia oleracia (spinach) leaf extract.
In-vitro, osteosarcoma cells incubated with the syn-
thesized nanoparticles showed the selective cyto-
toxicity. Particles exposed to the normal fibroblast
cells displayed significantly less cytotoxic effects.
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Interestingly, the reactive oxygen species (ROS)
generation was inhibited by the synthesized material
with their intrinsic free radical scavenging activity.
In-vivo, PLL@IONPs significantly inhibited the site-
specific angiogenesis in chick embryo. This could
lead to the site-specific therapeutic efficiency. In addi-
tion, suspected carcinogenic dyes were degraded by
the particles and provided a cancer-preventive aspect.
The results suggest that PLL @IONPs could be signif-
icantly applied as a therapeutic against osteosarcoma
cancer as well as carcinogen degradation measure.

Keywords Iron oxide; Anti-cancer; Anti-
angiogenesis - Photocatalytic - Green synthesis -
Anti-oxidative - Nanomedicine

Introduction

Nanobiotechnology facilitated the principal devel-
opment worldwide in the past few decades. Nano-
materials have attained major importance in several
biomedical activities like disease diagnosis, drug
delivery, gene transfection, and biosensing, according
to their physicochemical nature [1-3]. Among these,
magnetic nanomaterials show enormous applicability
in the area of disease theranostics [4]. Recently, the
iron oxide nanoparticles have been approved by Food
and Drug Administration (FDA) for treating iron defi-
ciency and drug delivery for several diseases. Several

@ Springer
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