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1.1       Introduction: 

The use of nanoscale items in a variety of applications is made possible by 

nanotechnology. Richard P. Feynman at first articulated the idea of nanotechnology in 

1959 [1]. The physicochemical properties of a substance changes drastically when it 

reaches to nanosize in comparison to its bulk component.  The size of material varies 

depending on the applications in industries [2]. For significant precision, sensitivity, 

efficiency, and high-speed measurement, contemporary nanotechnology methods 

have successfully supplanted traditional biomedical techniques in recent years. Gold 

nanoparticles (AuNPs) are one of the most investigated nanoparticles for biomedical 

applications among all other nanoparticles due to their favorable physicochemical 

characteristics such as, simple synthesis, ease of surface modification, colloidal 

stability, non-toxicity, biocompatibility, size tunability, optical properties, and large 

surface to volume ratio as shown in figure 1.1.  Properties of AuNPs are dependent 

on their size and form, however bulk gold has different characteristics from nanoscale 

particles [3]. 

 

Figure 1.1: Unique characteristics of gold nanoparticles (AuNPs) [4] 
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Colloidal stability of AuNPs can be defined by the ability of the AuNPs to 

remain suspended in a solution and the interactions between the nanoparticles. AuNPs 

can be synthesized in different sizes by varying the ratio of reducing agent and 

precursor. Smaller size of AuNPs displays large surface to volume ratio that exhibit 

potential of AuNPs as drug and gene carrier. Optical properties of gold nanoparticles 

depend on particle size and shape which is displayed by observing change in color. 

The colloidal gold nanoparticles suspension appears wine red for particle size less 

than 100 nm or blue for larger particles.  

The optical and electrochemical characteristics of gold nanoparticles are 

greatly influenced by their surface chemistry, size, shape, and interparticle distance. 

Particle size variation is influenced by synthesis-related factors such as, precursor 

concentration, temperature, ratio of reducing agent to precursor, and pH. Another 

important physical characteristic of AuNPs that affected by different sizes of AuNPs 

is Surface Plasmon Resonance (SPR). The SPR is defined as, collective oscillation of 

electrons in metal nanoparticles that are excited by incident of light [5, 6]. The high 

surface energy of gold causes the AuNPs to frequently precipitate in liquids. Various 

functionalizing agents such as, polymers that reduce the surface energy of gold, are 

used to modify the surface of AuNPs, preventing self-assembly and stabilizing the 

nanoparticles. The ability of gold nanoparticles to be used in biomedical applications 

depends on their surface chemistry. Surface characteristics play a crucial role in 

biomedical applications, as they determine the efficiency with which functionalizing 

chemicals are loaded onto nanoparticles. The biomolecules, like proteins, are readily 

adsorbed on the surface because of their strong surface affinity. In some cases, the 

reducing agent of gold precursor for synthesis of AuNPs also serves as a stabilizing 

agent. For instance, the antibiotic serves as both reducing and a capping agent in 

antibiotic-conjugated AuNPs [7].  

Due to their low toxicity, biocompatibility, and colloidal stability, the 

functionalized AuNPs are utilized extensively in biomedical applications, including 

biosensing, anticancer therapy, hyperthermia, drug and gene delivery, and bioimaging 

[8]. The AuNPs are produced using various synthetic procedures and surface 

functionalized with various compounds including biomolecules such as, nucleic acid 

and proteins for different biomedical applications. 
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1.2 Synthesis of gold nanoparticles (AuNPs): 

 AuNPs can be synthesized by variety of approaches. These methods are 

primarily grouped as "top-down" and "bottom-up" methods. In the top-down method, 

matter is taken out of bulk material through a subtractive process in order to produce 

the desired, self-assembled nanoscale objects whereas,  the bottom-up approach uses 

assembly of  tiny atoms or reducing ions [9]. The top-down technique is rarely used 

due to the uncontrolled size distribution and the significant energy requirements 

needed to maintain the high pressure and temperature conditions for synthesis. The 

chemical and biological approaches are two of the most popular bottom-up methods. 

Although the chemical processes are simple and commonly used for synthesis, most 

reducing agents involved are harsh and toxic chemicals. However, biological 

techniques are safe for the environment because they do not require harmful 

chemicals and are environmentally friendly [10]. In contrast to biological approaches, 

which use the same reducing and functionalizing agents, chemical methods offer a 

wide range of functionalization options for nanoparticles. Chemical synthesis 

techniques offer control over particle size, whereas biological techniques produce big 

particles [11].  

The chemical method is widely used approach for synthesis of AuNPs that 

involve reduction of gold ions (Au3+) by reducing agent to get AuNPs (Au0). The 

AuNPs synthesis is completed in two steps; 1) reduction by reducing agent (sodium 

borohydride, sulfites, sodium citrate, sugars, hydrogen peroxide, polymers, and 

acetylene), 2) stabilization by stabilizing agents (dendrimers, nitrogen/sulfur 

(thiolates)/oxygen-based ligands, and cetyltrimethylammonium bromide (CTAB)) 

[12]. The chemical synthesis methods are divided into different types such as, 

Turkevich reduction method, Brust method, seeded growth method, and 

miscellaneous method. Among these methods, the Turkevich reduction method is 

most commonly used for synthesis of AuNPs. In 1951, Turkevich described a 

chemical reduction method for synthesis of AuNPs with spherical shape and 10-30 

nm size range [13]. The basic principle of Turkevich method involves reduction of 

gold precursor (HAuCl4) by different reducing agents like, trisodium citrate, amino 

acid, ascorbic acid, and different polymers. The Turkevich method was further 

modified by Frens in 1973, to generate AuNPs within range of 10 to 150 nm using 
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reducing agent in different concentration ratios. A higher citrate concentration results 

in smaller AuNPs, whereas a lower concentration causes small particles to aggregate 

into larger ones. Variation in synthesis parameters (pH, temperature, precursor 

concentration, and reaction time) affects the size of AuNPs.   

1.3      Functionalization of gold nanoparticles (AuNPs): 

 Following synthesis, functionalization of AuNPs is a crucial step that can 

increase the usefulness of AuNPs in numerous ways. AuNPs are functionalized to 

increase their stability and suitability for application in aqueous and physiological 

conditions [14]. Various chemicals and biomolecules can be used to modify AuNPs. 

They can interact with substances that contain sulphur such as, thiols, disulfides, and 

amino acids. Surface modification of AuNPs is accomplished using alkane thiols. 

Functionalization of AuNPs with antibodies is possible through -COOH functional 

group  present in antibody structure [15]. Coating the surface of AuNPs with 

polymers such as, polyvinyl pyrrolidone (PVP), polyacrylic acid (PAA), and 

polyvinyl alcohol (PVA) is another approach that facilitate functionalization with 

antibodies. Interactions between AuNPs and proteins in the biosystem can influence 

sensing results, so the functionalization of AuNPs is employed to prevent unwanted 

interactions with proteins. For instance, functionalization using PEG (polyethylene 

glycol) prevents the unintended interaction of protein and AuNPs [16].  

 Water-soluble polymers like PEG can be used to modify materials, and PEG-

modified AuNPs are created using either electrostatic interactions or thiol group 

linkage. The stability of AuNPs is also influenced by the molecular weight and chain 

length of polymers. The PEG functionalization, or PEGylation as it is more 

commonly known, increases the effectiveness of AuNPs in the physiological 

environment. PEG functionalized AuNPs were reported to be used in numerous 

biomedical applications, including sensing, bioimaging research, and drug delivery 

[17]. 

Nanoparticles functionalized with biomolecules, such as DNA, hold great 

potential for a wide range of biomedical applications. The functionalization of AuNPs 

depends on the specific characteristics of both the nanoparticles and the DNA 
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molecules [18]. AuNPs can be functionalized with various biomolecules, including 

nucleic acids (DNA, RNA), proteins, peptides, and antibiotics, making them versatile 

carriers for different applications. Functionalization is achieved through the 

incorporation of thiol groups, peptides, amino acids, and electrostatic interactions. 

This addition provides the surface that is required for biomolecules to bind with the 

surface of AuNPs. Various methods, including gel electrophoresis, plasmon 

absorption, quartz crystal microbalance (QCM), light scatter, and high-performance 

liquid chromatography (HPLC) are used to characterize the AuNPs and biomolecule 

conjugates. These biomolecule conjugates have particular functions and could be used 

in molecular therapy for a number of illnesses [19]. 

When AuNPs are functionalized with antibiotics, they become more effective 

against pathogenic and resistant bacteria and reduce the minimum inhibitory 

concentration (MIC) range of antibiotics in comparison to antibiotics alone. Variety of 

antibiotics, including kanamycin, amoxicillin, tetracycline, colistin, and ampicillin has 

been used for functionalization of AuNPs. The AuNPs are also modified with 

medicinal molecules such as, anticancer drugs, for use in drug delivery systems. 

According to reports, glutathione-modified AuNPs were utilized for the intracellular 

drug delivery [20]. The functionalization of AuNPs with biomolecules such as, 

nucleic acids, proteins (antibiotics), and peptides improve the detection and treatment 

of diseases. Additionally, functionalization with biomolecules reduces the interaction 

between nanoparticles and the immune system. Because AuNPs are capable of 

imaging and sensing, antibody-modified AuNPs are used for efficient immunosensing 

applications. Pathogen detection from the samples is carried out using specific 

oligonucleotide functionalized AuNPs [21]. Functionalization not only increases the 

efficiency of AuNPs for drug transport, bio-imaging, and therapeutic capacities but 

also enhances the potential for future functionalization and sensing capabilities. Thus, 

the functionalization of AuNPs with various compounds enhances stability of AuNPs 

and is discovered to be quite advantageous.  

1.4  Interactions between nucleic acid and gold nanoparticles (AuNPs):  

The study of structural biology depends on the interactions of DNA with 

ligands, whether they be lengthy DNA chains with hundreds of base pairs or small 
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oligonucleotides. Its biological activity can frequently be influenced by the speed of 

those formed complex, in addition to the thermodynamic characteristics of DNA-

ligand complexes. In contrast, gold nanoparticles are well known for their exceptional 

biocompatibility with biomolecules and are notable for their structural, electronic, 

catalytic, and optical properties. In order to control and modulate these interactions, as 

well as to open up new research areas in the fields of nanomedicine, analytical 

chemistry, and biology, a better understanding of how DNA interacts with 

nanoparticles acting as small ligands is essential. 

For gene delivery, it is essential to evaluate how well a nucleic acid binds to 

the respective nanoparticle. The broad search for diverse gene carriers has led to the 

emergence of complexes formed between nucleic acids and nonviral nanocarriers, 

which hold promise as efficient alternatives to the mostly viral-based gene delivery 

vehicles [22]. It has been reported that the biomolecules like DNA [23, 24] and 

proteins [25] are adsorbed on surface of AuNPs by either covalent or non-covalent 

interactions. 

1.4.1 Covalent interactions between gold nanoparticles and Nucleic acid: 

Very few reports are available for interactions between nucleic acid and 

AuNPs. The study of interaction is crucial for biological applications, as nitrogenous 

bases of nucleic acid strongly influence the nucleic acid adsorption on gold surface. 

Thus, the type and degree of nucleic acid interaction with gold surface actually 

depends on the sequence of nitrogenous bases (Adenine, Guanine, Cytosine and 

Thymine) present in nucleic acid. The binding ability of nitrogenous bases to surface 

of AuNPs is ranked as A>G>C>T [26, 27].  

The interaction between sulphur and gold (S-Au) is a strong metal ligand 

interaction that allows binding of chemical and biological molecules on surface of 

AuNPs. According to energy decomposition study, as compare to copper (Cu) and 

silver (Ag), gold (Au) shows stronger covalent interactions with sulphur [28]. It has 

been reported that, nucleic acid can attach to AuNPs via covalent interactions for 

various biomedical applications including gene silencing and bioimaging where, the 

modifications does not interfere with biological activity [29, 30]. Mirkin et. al. [31] in 
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1996, first time reported the binding of nucleic acid to gold nanoparticles via covalent 

interactions that widely exploited the DNA and AuNPs interaction. Oligonucleotides, 

a small DNA sequence of nucleotides, attached to AuNPs surface and get protection 

against nuclear degradation by nucleases. Thiol groups in the 5' or 3' positions of 

DNA suggest the potential for the development of a covalent link with the surface of 

the AuNPs, which could improve the colloidal stability and functionalize the target 

AuNPs. Figure 1.2 shows the covalent binding of nucleic acid sequences to surface of 

AuNPs by thiol group and involvement of nucleotide in interactions. The interaction 

between sulphur and gold is a strong metal ligand interaction (S-Au covalent 

interaction) that allows binding of chemical and biological molecules on surface of 

AuNPs. Thus, thiolated nucleic acid sequences interact with AuNPs surface via strong 

covalent interactions. Beside this, the nucleotides (Adenine, Thymine, Cytosine and 

guanine) are also involved in interactions with surface of AuNPs through amine        

(-NH2) and hydroxyl group (-OH) present in their structure [32].  

 

Figure 1.2: Covalent interactions between nucleic acid and gold nanoparticles 

(AuNPs) 
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1.4.2 Non-covalent interactions between gold nanoparticles and Nucleic acid: 

 The non-covalent interactions for nucleic acid conjugation provides a better 

alternative for covalent interactions. Unmodified nucleic acid (DNA for gene therapy 

and RNA for gene silencing) can be delivered using supramolecular conjugates. These 

systems offer a variety of possibilities for vehicle design, including layer-by-layer-

fabricated AuNPs, amino acid or polymer functionalized AuNPs, and mixed-

monolayer-protected AuNPs. The cationic polymers such as, chitosan, Poly-L-Lysine 

(PLL), polyethyleneimine (PEI), cationic lipids, and cysteine are used for AuNPs 

synthesis with surface positive charge. These synthesized positively charged AuNPs 

shows stability without aggregation in presence of biological conditions [33].  

The cationic AuNPs acts as better partner for binding of nucleic acid due to 

the strong negative charge of nucleic acid. The negatively charged nucleic acid binds 

with positively charged AuNPs via non-covalent (electrostatic) interactions. Here, the 

nucleic acid binds to AuNPs by bending over AuNPs so DNA gets protection against 

nuclear degradation by nucleases [28]. The non-covalent interactions between nucleic 

acid and AuNPs are the type of either electrostatic, hydrophobic or Van der Waals 

interactions by involvement of phosphate groups, and amino groups of nitrogenous 

bases. Non-covalent interactions of nucleic acid and AuNPs are reported for showing 

higher resistance against nuclear degradation and provides effective desorption in 

synthetic biological media [34].  

Chitosan, PEI, amino acids (cysteine) and biopolymer like Poly-L-Lysine 

(PLL) offer variable molecules that can be used to modify AuNPs functionality. 
Studies on the interaction between double-stranded DNA (dsDNA) and AuNPs 

functionalized with cationic amino acids revealed that side chains with higher cationic 

character were more effective binders than hydrophobic analogues [35]. AuNPs are 

modified with amino acids and polypeptides to produce biologically inspired 

characteristics. The first-generation lysine-dendron-functionalized AuNPs and the 

high charge density of lysine allow for compact complexes with plasmid DNA. By 

using this technique, monodispersed PLL-AuNPs nanoparticles with a strong plasmid 

DNA binding ability are produced [30]. Thus, cationic polymer acts as an effective 

carrier for nucleic acid binding that utilized for biosensing application.  
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1.5      Biomedical applications of gold nanoparticles (AuNPs): 

AuNPs with different functionalization have biomedical applications in 

biosensing, drug delivery, cancer treatment, anticancer, and antibacterial activity. In 

figure 1.3, the various biomedical applications of AuNPs and potential mechanisms 

are described.  

 

Figure 1.3: Mechanism of different biomedical applications of gold nanoparticles 

(AuNPs) regarding therapy, imaging, diagnosis, and delivery [4]  

In cancer therapy, AuNPs are employed for gene delivery. Nucleic acids are 

utilised to silence oncogenes, control the cell cycle, and repair damaged genes. For 

entry inside the cells and protection against nuclear degradation by nucleases, DNA 

needs a carrier. AuNPs demonstrate excellent transfection capabilities owing to their 

biocompatibility and low toxicity. Thus, nucleic acid is conjugated with AuNPs for 

gene delivery into cancer cells [36]. To silence genes without compromising 

biological activity, oligonucleotides are covalently coupled to gold nanoparticles. 

Here, mRNA and RNA interference (RNAi) are employed to create a double-stranded 
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hybrid that inhibited the expression of an oncogene. Small interfering RNAs 

(siRNAs) and microRNAs (miRNAs) are transfected with AuNPs to silence certain 

genes [37]. 

The conjugation between thiolated nucleic acid and AuNPs demonstrates 

greater affinity for complementary strand than the linear one and quick cellular 

absorption. Functionalized AuNPs have been used to transport nucleic acids via non-

covalent contact. RNA molecules and plasmid DNA can transfer through 

functionalized AuNPs with quaternary ammonium, poly-ethylenimine (PEI), amino 

acids, and biopolymer like Poly-L-Lysine (PLL). Positively charged AuNPs are the 

superior alternative for negatively charged nucleic acids. Like the chromatin structure, 

positively charged spherical AuNPs attach to negatively charged nucleic acids non-

covalently, protecting them from nuclease destruction. These non-covalent 

interactions show how the nucleic acid to AuNPs ratio, surface charge, and 

hydrophobic nature of the conjugate influence gene delivery [32].  

 

Figure 1.4: Schematic presentation for colorimetric detection of target by 

oligonucleotide conjugated gold nanoparticles (AuNPs) 

 AuNPs are highly effective in both optical and electrochemical biosensing 

applications due to their physicochemical properties [38]. The biosensors are made by 

assembling AuNPs with certain biomolecules such as, nucleic acid sequences 
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(oligonucleotides) or antibodies. The particular nucleic acid sequences are either 

coupled to functionalized or non-functionalized AuNPs. Pathogens can be found 

using this method in clinical, food, or water samples, even at concentrations as low as 

pg/mL. The complementary pathogenic DNA sequences in the oligonucleotides are 

composed of 20–30 nucleotides [39]. Standard AuNPs tend to agglomerate when 

exposed to salt unless they are stabilised by a nucleic acid. When these 

nanocomplexes are combined with target and non-target samples, the target sample 

exhibits a change in color (from wine-red to violet) as a result of complementary 

strand interactions that lead to AuNPs aggregation, as seen in figure 1.4. Similar to 

this, AuNPs are also utilised in electrochemical biosensing, a quick, easy, and 

accurate method for detecting biomolecules. Between electroactive biological 

organisms and electrodes, AuNPs can transport electrons [40]. The oxidation and 

reduction of analytes, which are catalysed by the bioreceptor unit, are part of the 

enzyme biosensing process. In order to transmit the electrons needed for the redox 

reaction from the redox centre of enzyme to the electrode, AuNPs operate as an 

electron shuttle [41]. Electrochemical biosensors can detect target molecule even at 

fM concentration from the mixture showing high sensitivity towards analyte. 

1.6      Literature survey on biomedical applications of gold nanoparticles nucleic 

acid (AuNPs-NA) conjugate: 

DNA conjugation with AuNPs is achieved by either covalent or non-covalent 

interactions. The reported study mentions the use of oligonucleotides for synthesis of 

AuNPs-nucleic acid conjugate. The thiolated and non-specific interactions of 

oligonucleotide with AuNPs have been utilized for development of colorimetric and 

electrochemical pathogen detection system [42, 43], detection of defective DNA [44], 

and gene delivery [45]. Through oligonucleotide modification, the characteristics of 

AuNPs can be modified. Interesting characteristics of nanoconjugate includes, high 

internalization in a wide range of cells and no toxicity [46]. Rapid and precise point-

of-care diagnostic methods are essential in tailored medicine. Nucleic acid-based 

detection is crucial for the detection of diseases caused by genetic abnormalities, 

viral/bacterial infections. Conventional techniques like RT-PCR, while highly 

accurate and sensitive, are not ideal for routine diagnosis due to their time-consuming 

nature, the need for expensive equipment, and the requirement for skilled personnel to 
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operate them. Thus, there is need to develop novel, rapid, easy to handle detection 

system for sensitive diagnosis of diseases [47]. AuNPs and oligonucleotides 

conjugation is achieved by incubating the oligonucleotides with AuNPs. Though the 

preparation may have slight change depending on use of linkers. Use of thiol or 

dithiol for preparation of stronger nanoconjugate require few hours to 24 hours. 

Modified AuNPs can be used as sensors for range of biomarkers or pathogenic 

nucleic acid, with their electrical and optical features being utilized for a practical, 

simple, and quick detection [48]. The various applications of AuNPs-nucleic acid 

conjugates are listed in table 1.1. AuNPs were functionalized with different polymers 

such as, PEI, PEG, chitosan, and Diosmin and conjugated with thiolated nucleic acid 

(mRNA, DNA, siRNA). These conjugates were utilized for pathogen detection, gene 

silencing, and gene delivery. 

Table 1.1: Different biomedical applications of gold nanoparticles-nucleic acid 

(AuNPs-NA) conjugates 

Sr. 

No. 

AuNPs/ 

Functionalized 

AuNPs 

Type of nucleic 

acid entity 
Biomedical application Ref 

1.  PEI- AuNPs Oligonucleotide Pathogen detection [49] 

2.  PEG- AuNPs mRNA 
Gene delivery for immune-

modulatory treatment 
[50] 

3.  AuNPs Thiolated DNAi 
Silencing of Bcl-2 oncogene 

in cancer cell line 
[51] 

4.  AuNPs DNA 
Colorimetric assay of helicase 

activity 
[52] 

5.  AuNPs DNA mRNA detection [53] 

6.  Chitosan, PEG siRNA 
Increase c-MYC silencing in 

breast cancer cells 
[45] 

7.  AuNPs siRNA 

Regulate tumour necrotic 

factor α (TNFα) gene 

expression in inflammatory 

diseases 

[54] 

8.  AuNPs 
Histidine tagged 

DNA aptamer 

Elimination of intracellular S. 

Typhimurium cells in-vitro 

and in-vivo. 

[55] 

9.  Diosmin- AuNPs Calf thymus DNA 
Rational drug designing at 

molecular level 
[56] 
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10.  AuNPs ssDNA probe 
Detection of foodborne 

bacteria 
[57] 

11.  AuNPs Oligonucleotides 
Salmonella spp detection 

from food sample 
[21] 

12.  AuNPs 
Antisense 

oligonucleotides 

Electrochemical biosensing 

of SARS-CoV-2 RNA 

 

[58] 

1.6.1 Literature survey on colorimetric detection of nucleic acid by gold   

nanoparticles-nucleic acid (AuNPs-NA) conjugate: 

 Surface Plasmon Resonance (SPR) characteristics of AuNPs were dependent 

on the morphological characteristics of the nanoparticles. The surface plasmon 

resonance (SPR) of gold nanoparticles (AuNPs) is an optical property that involves 

the oscillation of electrons in the conduction band when exposed to light of a specific 

wavelength. This oscillation results in a shift in the frequency, leading to a visible 

color change in the gold nanoparticles, which can be observed with the naked eye. 

The color change is caused by variations in both the light frequency and the size of 

the nanoparticles [59]. Various colorimetric biosensors for biomolecule detection and 

immunobiosensors have been developed using this unique property of AuNPs. AuNPs 

in a variety of shapes, including nanorods, nanospheres, nanoshells, and nanostars, 

have been investigated for their optical characteristics and potential use in biosensing. 

The SPR of AuNPs increases the sensitivity of sensors for the detection of nucleic 

acid, proteins, and enzymes. 

The AuNPs are conjugated with biomolecules for biosensor preparation. When 

these nanocomplexes are combined with target and non-target samples, the target 

sample exhibits a color change (from wine-red to blue) as a result of complementary 

interactions that lead to AuNPs aggregation. The 2,2,6,6-tetramethylpiperidin-1-

piperidinyloxy (TEMPO)-oxidized cellulose nanocrystal (TEMPO-CNC) 

functionalized AuNPs were utilized in the investigation to detect unamplified 

pathogenic DNA of methicillin-resistant Staphylococcus aureus [60]. 

AuNPs are conjugated with oligonucleotides by two methods for nucleic acid 

detection: (i) by the adsorption of nucleic acid on AuNPs or through the reaction of 

thiol group hybridized nucleic acid; and (ii) through the use of cationic gold 
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nanoparticles that conjugated to the anionic nucleic acid to prevent aggregation. 

Colorimetric detection of Hepatitis C RNA was carried out by using gold 

nanoparticles and antisense oligonucleotide conjugates with 100 IU/mL detection 

limit within 30 min of time period [61]. The colorimetric detection approach of AuNPs 

was used by many researchers for the detection of different pathogens from different sources 

such as, food, water, and clinical samples that are listed in following table 1.2. AuNPs 

conjugated with DNA are reported for the detection of different bacteria and viruses from 

food, urine, and serum samples. 

Table 1.2: Colorimetric detection of pathogens by gold nanoparticles-nucleic acid 

(AuNPs-NA) conjugates 

Sr. 

No. 
Name of pathogen 

Functionalize

d AuNPs 
Aptamer LOD Ref 

1.  Salmonella spp AuNPs 
Thiol modified 

oligonucleotides 

<10 

CFU/mL 
[21] 

2.  

Methicillin-resistant 

Staphylococcus 

aureus 

TEMPO-CNC-

AuNPs 
DNA 20 fM 

[60]  

 

3.  E. coli O157 AuNPs DNA 
103 CFU/

mL 
[62]  

4.  
Klebsiella 

pneumoniae 
AuNPs DNA 

3.4 × 103 

CFU/mL 
[63]  

5.  Helicobacter pylori AuNPs DNA probe 0.5 nM [64] 

6.  Salmonella AuNPs DNA 

nucleic 

acids from 

107 

bacteria 

[65] 

7.  

Mycobacterium 

avium subspecies 

paratuberculosis 

AuNPs 

Thiol-

modified oligonuc

leotide 

103 ng [66] 

8.  
Pseudomonas 

aeruginosa 
AuNPs Aptamers 

108 to 105 

CFU mL−1 
[67] 

9.  
Salmonella enteric 

serovar typhimurium 
AuNPs 

Bifunctional 

oligonucleotide 

probes 

10 

CFU/mL 
[68] 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/helicobacter-pylori
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/oligonucleotide
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/oligonucleotide
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10.  S.  aureus AuNPs 
Peptide nucleic 

acid 
106 cells [69] 

11.  
Listeria 

monocytogenes 

Biosynthesized 

flower-shaped 

AuNPs 

ssDNA 100.4 ng [70] 

12.  
SARS-CoV-2 

 
AuNPs oligonucleotides 

≥103 - 

104 viral 

RNA 

copies/μL 

[71] 

13.  SARS-CoV-2 Cys-AuNPs DNA 0.12 nM [72]  

14.  
Bovine viral diarrhea 

virus 
AuNPs 

Charge neutral 

peptide nucleic 

acid 

10.48 ng [73] 

15.  HIV-1 AuNPs 
Oligonucleotides 

(5’UTR) 
1.5 pM [74] 

16.  Dengue 
Dextrin-

AuNPs 
DNA 

1.2 X 104 

pfu/mL 
[75] 

17.  Hepatitis E AuNPs DNA 10 pM [76]  

18.  Hepatitis C AuNPs DNA 
4.57 

IU/µL 
[77] 

19.  
SARS-CoV-2, 

Influenza B, MERS 

Sialic acid-

AuNPs 
- 0.1 µM [78] 

1.6.2 Literature survey on electrochemical detection of nucleic acid by gold 

nanoparticles-nucleic acid (AuNPs-NA) conjugate: 

Another use for AuNPs in the biosensing field is the electrochemical 

biosensor. For quick, simple, and accurate detection of biomolecules, electrochemical 

biosensors are used. Gold nanoparticles have the capacity to transport electrons 

between electrodes and electroactive biological entities [79]. In the enzyme 

biosensing process, the function of bioreceptor unit is to catalyse the oxidation and 

reduction of analytes. AuNPs function as an electron shuttle, transporting the required 

electrons for the redox reaction to the electrode as they approach the redox center of 

an enzyme [41].  
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Table 1.3: Electrochemical detection of pathogens by gold nanoparticles-nucleic acid 

(AuNPs-NA) conjugates 
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According to the study, L-cysteine in bodily fluids and an anti-HIV 

medication in serum and urine samples could both be found using AuNPs-based 

electrochemical biosensors. The response time of these electro-biosensors, which can 

detect µM/L, is only a few seconds. According to reports, HPV was sensitively 

detected using electrochemical DNA biosensors. An electrochemical impedimetric 

biosensor based on AuNPs can also be used to detect the breast cancer tumor marker 

MUC1. In this case, MUC1 aptamer-functionalized AuNPs were employed, with 

cDNA serving as a linker to bind and amplify the signal. According to the study, even 

at concentrations as low as 0.1 nM, aptamer-conjugated AuNPs are capable of 

sensitively detecting MUC1 [87]. All of these AuNPs sensing applications are applied 

not only in bioanalytical research but also, in other fields of study. Any desired size 

and shape of nanoparticles can be produced using a particular synthesis method, and 

these various AuNPs sizes exhibited various optical, catalytic, and electrical 

behaviours. Various examples of electrochemical biosensing using AuNPs-NA 

conjugates were listed in table 1.3.  

According to available literature survey, only few publications are known for 

synthesis of cationic gold nanoparticles and their interactions with nucleic acid for 

biosensing and transfection applications. Thus, the purpose of this proposed work is to 

synthesize cationic gold nanoparticles using one pot synthesis approach. These 

cationic nanoparticles interact with nucleic acid to form gold nanoparticles-nucleic 

acid (AuNPs-NA) conjugate without any surface modification by simple incubation 

procedure. These AuNPs-NA conjugates are then utilized for biomedical application 

like biosensing. The proposed method is simple, low cost, and applicable for 

viral/bacterial nucleic acid detection without need of any complex instrumentation. 

1.7  Orientation and purpose of thesis: 

Metal nanoparticles have been used for a variety of biomedical applications 

because they possess beneficial properties. Gold nanoparticles is one of the widely 

used metal nanoparticles for different biomedical applications like, biosensing, gene 

delivery, drug delivery, antibacterial and antiviral activity, heavy metal detection and 

anticancer activity. Gold nanoparticles have unique physico-chemical characteristics 

like, easy synthesis, high surface to volume ratio, easy functionalization, non-toxicity, 
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biocompatibility, and size tunability. These characteristics make them an excellent 

contender for biomedical applications, including biosensing. The researchers have 

worked on various strategies for improving the interactions of AuNPs with nucleic 

acid. Biosensing can be improved by conjugating nucleic acid with AuNPs with 

respect to specificity, sensitivity, cost effectiveness, and simplicity. An effective 

colorimetric and electrochemical detection ability of gold nanoparticles possibly 

increases its application in biosensing. The surface functionalization of AuNPs and 

their interaction with nucleic acid are the important factors in conjugate formation for 

biomedical applications. Polymer coating of AuNPs contributes to stability and the 

cationic nature of polymer provides efficient binding with anionic genetic material 

that helps in biomedical applications. Cationic polymer coating gold nanoparticles can 

act as a suitable carrier for nucleic acid in different applications. However, there is 

need to find out efficiency of cationic polymer functionalized AuNPs as a suitable 

candidate for nucleic acid binding and to be used in biosensing and transfection study. 

It is reported that, nucleic acid is a promising therapeutic approach in different 

diseases such as, cancer, genetic disorders, and diabetes. Nucleic acid-based 

biosensors are also developed due to their specificity and sensitivity. Nucleic acids 

need a carrier or vector to protect them from nucleases that can degrade the genetic 

material. Nanomaterials are used as a vector due to their unique characteristics. The 

use of metal nanoparticles in gene delivery as a non-viral vector is well documented. 

Among different metal nanoparticles, gold nanoparticles are gaining attention to be 

used as gene carrier for different biomedical applications including diagnosis and 

treatment. Negatively charged gold nanoparticles are conjugated with nucleic acid 

probe via covalent interactions such as, disulphide (S-S) bonding. This will need thiol 

(-SH) modification of either nucleic acid probe or AuNPs surface. The gold 

nanoparticles are first synthesized with chemical reduction method and then modified 

with different chemical agents. The nanoparticles also need salt aging process for 

their stability. This overall process is time consuming and tedious that also increase 

the overall cost of the method. Beside this, the use of positively charged gold 

nanoparticles minimizes the need of surface modification of nanoparticles as well as 

nucleic acid. They can easily interact with negatively charged nucleic acid through 
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electrostatic interactions. Also, salt aging process is not required for stabilization of 

the nanoparticles.  

Data suggests the use of gold nanoparticles in optical detection of pathogenic 

nucleic acid for diagnosis of disease without use of any complex instrumentation. 

AuNPs are widely used for detection of pathogen and to prepare point of care devices. 

For DNA biosensor, negatively charged AuNPs are used for either colorimetric or 

electrochemical detection but, the positively charged AuNPs are rarely explored. The 

negatively charged AuNPs were conjugated with nucleic acid through thiol 

modification. This will require functionalization of AuNPs with different chemical 

agents as well as modified nucleic acid probe, that eventually increases the cost of the 

process. Despite the fact that AuNPs are utilized as non-viral gene carriers, there are 

still some issues that need to be resolved. These challenges contain, easy synthesis of 

AuNPs, choice of functional group that acts as both reducing and functionalizing 

agent, cytotoxicity of AuNPs, sensitivity for colorimetric as well as electrochemical 

detection, and increasing their transfection ability. 

The work is focused on PLL functionalized gold nanoparticles (PLL-AuNPs) 

synthesis by one pot synthesis method and its conjugation with nucleic acid for 

biomedical applications. The synthesized material offers exclusive properties like, 

high surface to volume ratio, crystal structure, and positive surface charge. The 

biopolymer Poly-L-Lysine itself acts as reducing and functionalizing agent, thus there 

is no need of any other functionalizing agent. Thus, functionalization is carried out in 

further steps of synthesis using PLL. The prepared PLL-AuNPs are then conjugated 

with DNA probe under optimized conditions. These conjugates are utilized for 

different biomedical applications such as, viral and bacterial nucleic acid detection. 

The pathogen detection is carried out in terms of optical and electrochemical analysis. 

Finally, the conclusions are drawn based on the evaluation of the conjugate formed 

between PLL-AuNPs and nucleic acids, which is assessed for its stability, binding 

efficiency, and functional performance in the intended application. 

The physico-chemical and biological properties of synthesized material is 

studied by different characterization techniques. Nanoparticles preparation is visibly 

confirmed by observing color transition from pale yellow to wine-red and then 

conjugate preparation from wine-red to purple. After this, the nanoparticles and 
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nanocomplexes are preliminary characterized by UV-Vis absorption spectrum. The 

crystalline nature of PLL-AuNPs is studied by X-ray diffraction (XRD) technique. 

Fourier Transform Infrared Spectroscopy (FTIR) is used to examine the presence of 

functional groups. Transmission electron microscopy (TEM) is used to examine the 

shape and dimensions of nanomaterial. For the purpose of analyzing the elemental 

composition of PLL-AuNPs, the Energy-Dispersive X-ray Spectroscopy (EDAX) 

method is applied.  Surface charge present on PLL-AuNPs and their conjugate is 

studied by zeta potential analysis. The hydrodynamic size of PLL-AuNPs and its 

conjugate is studied by Litesizer 500. The formation of conjugation between PLL-

AuNPs and nucleic acid is confirmed by band shift assay. The optical detection of 

pathogen using PLL-AuNPs nucleic acid conjugate is analyzed by naked eye as well 

as confirmed by UV-Vis absorption study. The electrochemical detection was studied 

by observing Cyclic Voltammetry (CV), Square Wave Voltammetry (SWV), 

Differential Pulse Voltammetry (DPV), and Electrochemical Impedance Spectroscopy 

(EIS) by using three electrode system.  
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2.1  Introduction 

 Nanoparticles are synthesized by different methods such as, chemical, 

biological and physical methods. After successful synthesis the physicochemical 

properties of nanoparticle was studied by various techniques. These physicochemical 

properties include surface morphology, size, shape, surface charge, chemical 

composition, and crystalline nature. The characterization study confirmed the 

formation of nanoparticles. The characterization methods were also used to check the 

surface modifications of nanoparticles. Thus, gold nanoparticles (AuNPs) and their 

surface functionalization were analysed by different characterization techniques. This 

chapter explains the complete specification about the principle and working of the 

instruments used for the characterization. 

2.2 UV-Visible (UV-Vis) Spectroscopy: 

Spectroscopy is the measurement and analysis of electromagnetic radiation 

that occurs when molecules, atoms, or ions in a sample change from one energy state 

to another. In UV-Vis spectroscopy, a type of absorption spectroscopy, a molecule 

absorbs light in the ultra-violet range (200-400 nm), which excite electrons from their 

ground state to a higher energy state. Different substances absorbed different 

wavelength of light. UV-Vis spectroscopy can be used to analyse different substances 

by observing the specific wavelength corresponding to maximum absorbance.  

2.2.1  Working principle: 

The basic principle of UV-Vis spectroscopy is depends on the measurement of 

light absorption by the particles. The UV-Vis spectroscopy is based on the absorption 

of ultraviolet or visible light by chemical compounds, which results in unique spectra. 

The interaction between light and matter is the basis of spectroscopy. When a 

substance absorbs light via excitation and de-excitation procedures, a spectrum is 

produced [1]. 

The electrons existing in materials experience stimulation when UV radiation 

is absorbed by it. Due to this, they move quickly from their ground state (an energy 

state with a relatively low quantity of energy) to excited state (an energy state with a 
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comparatively big amount of energy). It is crucial to remember that the energy 

difference between an electron's ground state and excited state and the amount of 

ultraviolet or visible radiation that it may absorb are always equal [2]. 

Interaction of gold nanoparticles with the light is dependent on their 

environment, size, and shape. A coordinated oscillation of electron charge that is in 

resonance with the frequency of visible light is produced when free electrons interact 

with the fluctuating electric fields of a light beam passing close to a colloidal 

nanoparticle. These oscillations are referred to as surface plasmons. The Surface 

Plasmon Resonance (SPR) phenomenon causes light in the blue-green region to be 

absorbed and red light to be reflected in the case of tiny, monodisperse gold 

nanoparticles that are around 30 nm in size [3].  

The wavelength of surface plasmon resonance-related absorption shifts 

towards higher wavelength as particle size increases. As a result, solution turns to 

light blue or purple due to the absorption of red light and the reflection of blue light. 

The nanoparticles appear transparent or translucent because they reflect the majority 

of visible wavelengths. As particle size increases towards the bulk limit, surface 

plasmon resonance wavelengths shift towards the infrared region of the spectrum. The 

surface plasmon resonance of the nanoparticles can be altered by altering their size or 

structure, producing particles with tailored optical properties for a variety of uses. 

 

Figure 2.1: UV-Visible (UV-Vis) spectrometer 
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2.2.2 Working of instrument: 

One of the most straightforward and effective optical techniques for 

examining the optical and electrical characteristics of nanomaterials is electronic 

absorption, often known as UV-visible spectroscopy. Figure 2.1 shows UV-Vis 

spectrometer instrument named as Nanodrop, Multisky Scan. The main parts of the 

UV-Vis spectroscopy instrument are, light source, monochromator, light detector, 

sample or reference cell, and recording devices [4] (figure 2.2). Tungsten filament 

and hydrogen-deuterium lamps are the most popular and suitable light sources since 

they emit light throughout the whole UV-Vis spectrum. Tungsten filament lights 

release a lot of red radiations, and more precisely, radiations at a wavelength of      

375 nm, while the intensity of Hydrogen-Deuterium lamps is below this wavelength. 

The intensity of light generated through light source is then measured by light 

detector by keeping the sample in between the light source and detector. The intensity 

of the transmitted light shown as a function of light wavelength will produce a 

spectrum of the sample absorption. If the sample absorbs light at certain wavelength, 

then it will result in a reduction in the amount of light transmitted. Mostly the 

spectrometer uses the wavelength range from 200-800 nm. Finally, the recording 

devices stores the data and produces spectrum of the tested compound. The 

concentration of tested sample should not be too high as it results in saturated 

absorption and distorted spectrum. Also, the sample should be clear containing of 

agglomeration [5]. 

 

Figure 2.2: Schematic representation of parts and working of UV-Vis Spectroscopy 
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2.3 X-Ray Diffraction (XRD) Analysis: 

XRD is widely used characterization technique that known for its significance 

to identify the crystalline structure of different materials. It also gives information of 

unit cell dimensions. XRD analysis can help to determine average crystalline size and 

calculation of lattice strain [6].  

 

Figure 2.3: Bragg’s diffraction 

2.3.1  Working principle: 

XRD is a technique that is frequently used to examine crystalline structure and 

atomic spacing. Monochromatic X-rays from a crystalline sample are used as the 

basis for the XRD analysis. The cathode ray tube produces the X-rays, which are 

subsequently filtered to produce monochromatic radiation, concentrated, and directed 

onto the sample. This interaction of incident rays and sample is responsible to produce 

both constructive and destructive interference as the interatomic distance (d) in 

materials is on the order of few Angstrom (Aº) which corresponds to wavelength of 

X-rays. The constructive and destructive interferences are produced when the 

conditions satisfy Bragg’s law (figure 2.3). The Bragg’s equation is as presented in 

equation 2.1 [7], 

Equation 2.1:  nλ=2dsinθ 

Where, n = order of diffraction  θ = Bragg’s angle 

d  = interplanar distance  λ = Wavelength 
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The wavelength of electromagnetic radiation, diffraction angle, and lattice 

spacing in crystalline samples are all associated with Bragg's equation. The obtained 

diffracted X-rays are detected and then allow to process and counted. The samples are 

scanned through range of 2θ angle to attain diffraction directions of lattice due to 

orientation of materials. The obtained diffraction peaks are converted to d-spacing 

that helps to identify minerals as different materials have their unique d-spacing. 

These d-spacing are compared with standard reference patterns [7]. 

 

Figure 2.4: X-ray Diffraction instrument 

2.3.2  Working of instrument: 

 Figure 2.4 shows the photograph of XRD instrument. The XRD instrument 

consist three major elements as, 1) An X-ray tube, 2) A Sample/specimen holder and 

3) An X-ray detector. In detail, X-rays are generated in cathode ray tube that made up 

of cathode, monochromator and target material enclosed in glass or ceramic container 

at vacuum. X-rays are generated due to heating of a filament (tungsten filament) that 

results in electrons production. Due to the application of high voltage and the electron 

bombardment of the target materials, these created electrons are propelled towards the 

sample or target material. When electrons have enough energy to emit the target 

material's inner shell electrons, characteristic X-ray spectra are created. The outer 

electrons jump into inner shell to compensate energy difference by emitting the 

radiation which is a characteristic of target materials. The most frequent ones in these 

spectra are Kα and Kβ. Part of Kα is made up of Kα1 and Kα2. K1α is twice as intense as 
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Kα2, with a somewhat shorter wavelength. The target material (Cu, Fe, Mo, Cr) is 

characterised by the precise wavelengths. For the purpose of diffraction, 

monochromatic X-rays must be created through filtering utilising foils or crystal 

monochromators. A weighted average of K1 and K2 is used because their 

wavelengths are comparable. The most popular target material for single-crystal 

diffraction is copper, which has a CuK radiation of 1.5418. These collimated X-rays 

are meant to hit the sample. The intensity of the reflected X-rays is determined when 

the sample and detector are rotated. The Bragg Equation's criteria are met when the 

sample's geometry for incident X-rays results in constructive interference and an 

intensity peak. The detector that captures and processes this X-ray radiation. A count 

rate is created from the signal and is then output to a device like a printer or computer 

monitor. The X-ray detector rotates at an angle of 2° and is mounted on an arm to 

gather diffracted X-rays. The sample rotates at an angle of 2° in the direction of the 

collimated X-ray beam as a result of the X-ray diffractometer's geometry. In the X-ray 

scan, information is acquired for typical powder patterns at predetermined angles 

ranging from 2° to 5° to 70°. 

 The crystal structure of sample is determined by three methods (a) Laue 

method, (b) Rotating crystal, and (c) powder method. The X-ray diffraction was first 

carried out by M. von Laue. The Laue method is the earliest method that used for 

determination of crystal structure in which, continuous X-ray spectrum is utilized with 

fixed angle of incidence (θ). The method is known to give faster diffraction as 

compare to other methods. As a result, it is evident to notice dynamic crystallographic 

processes. Rotating crystal method have fixed angle of incidence (θ) and variable 

wavelength (d). Here, the monochromatic X-rays are fall onto sample that rotate with 

constant angular velocity. Easy analysis of crystal structure can be achieved with 

powder method where, wavelength (λ) is fixed and variable angle of incidence. The 

XRD analysis was critically used for determination of average crystalline size of 

nanomaterials using Scherrer formula as equation 2.2 [8],  

Equation 2.2: 𝐷 =
0.9𝜆

𝛽𝑐𝑜𝑠𝜃
 

Where, D = Crystalline size   β = full width at half maximum (FWHM)  

λ = X-ray wavelength    θ = diffraction or Bragg’s angle  
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2.4  Fourier transform infrared spectroscopy (FTIR): 

Fourier transform infrared spectroscopy (FTIR) technique is widely used 

spectroscopic technique for identification of functional groups of organic and 

inorganic materials [9]. The analysis of FTIR is non-destructive analysis. In order to 

cause vibrational and rotational excitation of individual atoms within a molecule, 

lower energy IR radiation (10000-100 cm -1) are used. The absorption patterns for a 

particular species will be distinct, allowing for their identification, as a result of the 

variety of symmetry of atomic groups and their variations in atomic weights and 

electronic structures. Different IR regions are used to explore various vibrational 

modes such as, near-IR (12800-4000 cm-1), mid-IR (4000-200 cm-1), and the far-IR 

(200-10 cm-1). The FTIR spectroscopy can be used for identification of unknown 

sample, quality of sample and number of components present in a mixture. The 

spectroscopy often referred as structural chemical fingerprints of materials. 

 

Figure 2.5: Schematic presentation of FTIR working  

2.4.1  Working principle:  

Vibration of molecular bond are occurred at fixed frequencies that dependant 

on bond type and elemental composition of bonding. These vibrational frequencies 

are corresponding to excited and ground state by radiation. The bonds get excited 

state of energy after absorption of light energy at fixed frequency. The energy of the 
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light should always be larger than or equal to the energy difference between the first 

excited state and the ground state for any given transition between two states.  The 

identification of vibrating complexes in various materials and the characterization of 

structural changes in solids are done by vibrational techniques. In IR spectroscopy, a 

sample is exposed to IR radiations, some of which are absorbed by the sample and 

some of which pass through. The characteristics of chemical bonds that are visible in 

a spectrum are the wavelength that is absorbed through the bond. By showing 

molecule absorption and transmission, the resulting spectrum acts as a molecular 

fingerprint of the substance [10]. Figure 2.5 shows the schematic presentation of 

FTIR instrument with interferogram and IR spectrum. 

2.4.2  Working of instrument: 

Figure 2.6 shows photograph of FTIR instrument. FTIR analysis includes 

study of infrared light interaction with matter. Interaction between infrared light and 

matter results in stretching and bending of chemical bonds. Due to this, there is 

absorption of infrared radiation by functional group in specific wave number. A 

normal FTIR spectrometer contains an IR source, Sample section, interferometer, and 

detector. The IR radiation source in FTIR is either silicon carbide rod, carbon arcs, 

nichrome wire loop or Nernst glowers. This radiation beam presented controlled 

amount of energy to the sample by aperture. When beam enters in interferometer then 

Spectral encoding takes place. After this the interferogram signal exit the 

interferogram. According to the type of analysis being done, the beam enters the 

sample compartment where, depending on the sample, it is either transmitted through 

or reflected through the surface. The sample-specific energy frequencies that are 

absorbed at this point are those that are specific to the sample. Finally, the beam 

reaches the detector for the last measurement. The detectors being utilised are 

specifically created to measure the unique interferogram signal. The sample to be 

analysed in FTIR is must be thin for easy passing of IR radiation. Thus, small amount 

of sample is sufficient for FTIR analysis. Upon IR radiation, few radiations are 

absorbed by the sample whereas, remaining are transmitted. A graph of infrared light 

absorption with the frequency (wavenumber) on the horizontal axis and the substance 

(vertical axis) on the vertical axis is known as the IR spectrum. The plotting data then 

compared with reference spectrum for analysis of bonding. The two unique molecular 
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structures do not similar yield infrared spectrum. FTIR spectroscopy is utilized for 

various analysis such as, identification of unknown substances, nature of bond present 

between two substances, quality of material and functional groups involved in 

nanoparticles synthesis and functionalization [11].  

 

Figure 2.6: Fourier transform infrared spectroscopy (FTIR) instrument 

2.5  Transmission electron microscopy (TEM): 

 Transmission electron microscopy (TEM) is an analytical microscopic 

technique that used to visualize smallest structure of a material. In TEM, the image is 

formed by transmitting beam of electron through specimen. TEM can disclose the 

atomic structure and size of a nanomaterial by magnifying its structure up to 50 

million times.  

2.5.1  Working principle: 

 The TEM uses beam of electrons instead of light like light microscope. Thus, 

TEM operates on the similar basic principle like light microscope. The only major 

change between this is the light microscope uses light rays to generate image whereas, 

in TEM electron beams are focused on specimen to generate an image. The 

wavelength of electrons is much smaller than that of long wavelength of light. In light 

microscope, the resolution is increased with decrease in the wavelength of light while, 
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in case of TEM, the resolution increases with increasing the wavelength of electrons 

transmission. The electrons have 0.005 nm wavelength that is 1,00,000X smaller than 

light. As a result, the best resolution possible for TEM images is several orders of 

magnitude higher and superior to the light microscope's resolution by a factor of 

roughly 1000. It may make the tiniest and most minute interior characteristics of a 

substance visible. 

 

Figure 2.7: (a) Transmission electron microscopy (TEM) and (b) Schematic 

presentation of TEM instrument working 

2.5.2  Working of instrument: 

 The high-resolution power provide in TEM makes the operating mechanism 

possible, enabling a wide range of applications, figure 2.7(a) shows the photograph of 

TEM instrument. TEM consist of following parts as, Electron Gun, condenser lens, 

objective lens, projector lens, condenser aperture, objective aperture, screen and 

sample holder as shown in figure 2.7(b). 

 Electron gun is the basic part of TEM which act as source of electrons. These 

electrons are produced by cathode (heated V-shaped tungsten filament). The tungsten 

filament is covered by a control grid, sometimes known as a Wehnelt cylinder, with a 
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central hole that is columnar to the tube. The cathode is either above or below the 

cylindrical column hole. The cathode and control grid have negative potential with 

disk shaped anode which have axial end. The monochromatic electrons are emitted 

from the cathode. Here, the cathode filament is heated as positive electrical potential 

is given to an anode that results in production of an electron stream. The positive 

potential forces the electrons down whereas, negative potential repels them towards 

the optical axis. All electrons are collected in the space known as space charge 

between filament tip and cap. These electrons which are closet to anode then leave the 

gun area via tiny hole (about 1 mm) in Wehnelt cap towards down the column to be 

used for imaging.  

 The specimen is efficiently focused to produce a clearly defined image by the 

columnar aperture (hole), which is a thin disc of metal through which electrons are 

transmitted from the cathode to the anode at high voltage and constant energy. The 

condenser lenses focus the stream of electron to small and coherent beam. There are 

two condenser lens presents in TEM to focus on specimen. Both lenses are involved 

to create an image; one lens has strong magnification creating smaller image of 

specimen while other lens directed it towards objectives. The objective lens focuses 

the transmitted electrons from sample into image. The objective aperture improves the 

contrast by preventing diffraction of high-angle electrons. Short focal length objective 

produces an intermediate image that transmitted to projector lens for magnification. 

The projector lenses are utilized to increase the beam on phosphor screen and it is of 

two types, intermediate lens and projector lens. Both the lenses allow greater 

magnification of the image. Phosphor screen is made up of zinc sulphide (10-100 µm) 

used for direct observation by the operator. TEM consists of digital camera that 

records the images. TEM is supplied with vacuum system that enables the straight 

movement of electrons towards image. Vacuum system helps to prevent 

bombardment of electrons on air molecules that disturb their movement and focus 

ability. It is made up of guage and pump. Power supply and valves. The 

monochromatic image produced here is either grey or black and white that captured 

by digital camera and viewed on computer screen. 

 Working of TEM have sequential process that starts with production of 

electrons by electron gun via heating of tungsten filament. These electrons then focus 
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on specimen by condenser lenses. The column tube of condenser lens involved in 

formation of vacuum that consents electrons to generate a clear image. When 

electrons reach the specimen, they get scattered and focused on magnetic lenses to 

form large clear image. Electrons scattering is depended on nature of specimen; for 

dense specimen more electrons get scattered to form a dark image as less electrons 

reach the screen for visual detection whereas, thin specimen appears as brighter 

image.  

 Specimen preparation for TEM imaging is a crucial step for better 

visualization and appearance of clear image. As described above more electrons are 

scattered on thick specimen that results in poor visualization. Thus, for TEM imaging 

the specimen should be thin of about 5-100 nm with 0.025-0.1 nm diameter. For 

nanoparticles visualization by TEM, copper grid with various support films is used. 

The carbon black, colloidal gold (Au) solution, thin holey carbon was used as support 

film. The larger atomic weight nano-particles were simulated by the Au, whereas the 

lower atomic weight nano-particles were imitated by the carbon black. There are two 

methods for dispersion of carbon black and Au on TEM grid; one is manual dropping 

of 10 µL solution on grid that prepared by dispersing solid into methanol and allow to 

air dry. Second method involves use of ASP-1000 Automated Specimen Processor by 

Microscopy Innovation. TEM grids were put in mPrep/g capsules and connected to 

the ASP-1000's reagent lines. Initially, the loaded capsules were filled with the 

suspension liquid, and the grids were left to dry. After loading, some grids had up to 

3-5 min methanol rinses. In the mPrep capsules, the grids were allowed to dry. On a 

Tecnai F20, evaluation of the grids from both sample methods was finished at low 

and high magnification. ImageJ was used to calculate the grid’s percent coverage and 

percent agglomeration. The degree of aggregation and interference from the negative 

support film were two additional criteria assessed. Frequently, complete grid coverage 

was achieved by automating a single 10 µL loading and loading without rinsing. Less 

material was on the grid with fewer agglomerations of particles, after the automated 

loading and rinsing. Single particle imaging is made possible by automation, which 

requires less initial volume and less agglomeration when combined with controlled 

rinses [12,13].  
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2.6  Energy Dispersive X-ray spectroscopy (EDAX, EDS, EDAXS): 

 The EDAX is analytical technique that used to analyse elemental composition 

or chemical characterization of material. This technique also called as, energy 

dispersive X-ray microanalysis (EDAXMA) or energy dispersive X-ray analysis 

(EDAXA). It gives result in both qualitative and quantitative way for elemental 

composition of material. This method depends on characteristic X-ray generation for 

identification of elemental composition of tested sample. The core principle that every 

element has a unique atomic structure, allowing for a different set of peaks on its 

electromagnetic emission spectrum, is largely responsible for its capacity to 

characterise materials. 

2.6.1  Working principle: 

 Most peaks generated in EDAX are obtained by X-ray produced by 

characteristic fluorescence radiation. The principle of EDAX depends on high energy 

beam focusing on sample. When X-rays that are high energetic beam focuses on the 

sample, it can emit characteristic X-ray radiation. The quantity of energy of X-ray 

radiation from sample can be estimated by energy dispersive spectrometer. The 

particular fluorescence radiation in energy dispersive study is determined by the 

energy sorting of proton. The amount of each element present in the sample 

determines the intensity of each radiation. Each atom produces fluorescence rays and 

has a unique discrete energy level [9]. X-rays are converted into voltage signals via a 

detector, which feed a pulse processor, which measures the signals and sends them to 

a data analyzer for analysis and display. The atoms in the sample include either 

electron shells bound to the nucleus or ground state (unexcited) electrons at specific 

energy levels. An electron from an inner shell may be excited by an incident beam, 

causing it to burst free of its shell and leave a hole where there was a previous 

electron. An electron from a shell with higher energy can occupy this hole. An X-ray 

is produced as a result of the difference in energies between the higher and lower 

energy shells. Energy-dispersive X-ray analysis is a technique that allows for the 

quantitative assessment of the energy and quantity of these X-rays. Since the energy 

of these X-rays is a distinguishing characteristic of the energy difference between two 

shells and the atomic structure of the discharging element. An electron from a higher-
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energy shell may fill this hole. An X-ray is produced as a result of the difference 

between the energies of the higher- and lower-energy shells. The energy of these X-

rays can be used by EDAX to determine an object's elemental composition because it 

is a typical property of the energy difference between two shells and atomic structure 

of the discharging element [14, 15]. 

2.6.2  Working of instrument: 

 The EDAX instrument consist of four parts as, electron beam source, X-ray 

detector, pulse processor and analyzer. The EDAX is connected with Scanning 

Electron Microscopy (SEM) thus, it uses same electron gun as an electron source. To 

avoid the trade-off between the need for high resolution and the effectiveness of X-

ray production, the energy of the electron beam must be carefully chosen. Two crystal 

spectrometers are used to find the produced X-rays. The EDAX detector measures the 

X-ray counts (the quantity of emitted X-rays) in relation to the X-ray energy. Detector 

is a silicon drifted by lithium and it is a solid-state device. A charge pulse is produced 

as X-rays hit the surface of detector. The detector consists of collimator assembly, 

electron trap, window, crystal, Field Effect transistor (FET) and cryostat. X-rays are 

pass through collimator towards detector that ensure passing of X-rays being excited 

by beam of electrons that get detected. Electron trap ensures entry of X-rays into 

detector and has permanent magnets for strong deflection of passing electrons. Each 

incident X-ray builds up charge on the feedback capacitor during operation, creating 

abrupt voltage steps. The step size of this voltage is inversely proportional to the 

incident X-ray's energy. To prevent preamplifier saturation, the build-up charge must 

be periodically restored. Cryostat is a self-enclosed vacuum system with liquid 

nitrogen. In a cryostat, the crystal and FET are positioned on a cold finger to minimise 

noise through cooling. Pulse processor is a part of EDAX which is a charge sensitive 

preamplifier that convert the charge pulse to voltage pulse. Analyser sort the pulses by 

voltage into signals. By monitoring the voltage of the charge pulses, it is possible to 

determine the energy of X-rays. Then, this energy is used for data processing and 

display. Intensity vs. voltage histogram is used to display the data in this case. EDAX 

examined the elemental composition of material by both qualitative as well as 

quantitative way [16]. 
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2.7  Zeta (ζ) potential: 

 The surface charge of nanoparticles in colloidal solution is determined by zeta 

(ζ) potential analysis. Zeta potential is measured in millivolts (mV). The electric 

potential present on double layer of nanoparticles is called as ζ potential that ranges in 

between +100 to -100 mV. It is the key indicator for determination of colloidal 

stability of nanoparticles. The ζ potential within the range of +30 to -30 mV indicated 

the high degree stability of nanoparticles. Nanoparticles with lower ζ potential leads 

to aggregation because of particle-particle attraction (Van-der-Wall forces). The ζ 

potential typically used for determination of successful surface modification of 

nanoparticles during preparation of nanocomplexes with different functionalizing 

material or biomacromolecule [17]. 

2.7.1  Working principle: 

 The ζ potential is measured by microelectrophoresis method. This method 

involves passing a voltage across two electrodes located at either end of a cell 

containing the particle dispersion. Charged particles are drawn to the electrode with 

the opposing charge. The formation of a net charge at the particle surface affects the 

distribution of ions in the interfacial region, increasing the concentration of counter 

ions having a charge opposite to that of the particle close to the surface. This means 

that each particle is surrounded by an electrical double layer. The liquid layer that 

envelops the particle is composed of an inner zone (Stern layer) where the ions are 

tightly connected and an outer region (diffuse) where they are less securely bonded. 

The ions and particles come together to form a stable entity at a fictitious border 

within the diffuse layer. When a particle travels because of gravity, ions within the 

border move the particle. The ions stay with the bulk dispersant beyond the barrier. At 

this border (surface of hydrodynamic shear), the zeta potential is present. 

2.7.2  Working of instrument: 

 The figure 2.8 represents photograph of Litesizer 500 instrument used for 

analysis of zeta potential. The ζ Potential can be examined in a variety of methods. 

The most popular method is referred to as Laser Doppler Electrophoresis that 

employed in Microtrac particle analyzers method. The ζ potential analyzers for the 
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measurement of zeta potential employ the same power spectrum technique as those 

used to detect nanoparticles and are based on Dynamic Light Scattering (DLS) 

technology.  

 

Figure 2.8: Litesizer 500 for determination of zeta (ζ) potential and Dynamic Light 

Scattering (DLS) measurement 

Figure 2.9 shows the schematic presentation of Litesizer 500 for 

determination of ζ potential. Laser beam is used as source of light to illuminate 

particles of sample. This light source is divided to supply incident as well as reference 

beam where, reference beam is modulated to satisfy Doppler effect conditions. Since 

the applied electric fields rapidly vary, electroosmosis is prevented from occurring 

when the laser-enhanced detection signals are detected in backscatter, as in the size 

measurement. In order to measure the mobility of the particles in an electric field, an 

optical probe is employed, and an electrode is used to detect the polarity of the 

particle charge. Cationic (positive) and anionic (negative) particles are drawn to the 

optical probe and electrode, respectively, in the sample cell. In order to do the 

analysis, it is necessary to ascertain the mobility of charged particles in an alternating 

electric field. Every particle travelling through the measuring volume will affect the 

intensity of light in the cell when an applied electric field is working in the cell. The 

frequency of this intensity change is inversely related to the particle speed. A detector 

will transmit this data to a computerised signal processor. Following the transmission 

of the data to a computer, software creates a frequency spectrum from which the 

electrophoretic mobility is determined. Specific range of scattered light is maintained 

for definite determination of ζ potential. Samples with low concentration or small 



Chapter II: Instrumentation 

 

43 

 

particle size unable to produce measurable scattering intensity whereas, high 

concentrated sample or aggregated particles produces higher scattering intensity. In 

these cases, the attenuator will automatically work to maintain the scattering intensity. 

In case of low concentrated sample, attenuator increases light while for high 

concentrated or aggregated sample the light intensity is reduced. This will help to 

measure proper ζ potential of desirable sample [18].  

 

Figure 2.9: Schematic presentation of Litesizer 500 instrument for zeta (ζ) potential 

analysis [19] 

2.8 Dynamic Light Scattering (DLS):  

 A crucial method for determining the size of suspended particle is Dynamic 

Light Scattering (DLS). DLS is used in various field such as, chemistry, physics, 

nanotechnology, material sciences and biochemistry for determination of particle size 

and size distribution. DLS measures the hydrodynamic diameter of the nanoparticles. 

2.8.1 Working principle: 

 The basic principle behind DLS is the Brownian motion of distributed 

particles. In a liquid, particles are scattered and flow randomly in all directions. The 

fundamental idea behind Brownian motion is that solvent molecules and particles 

constantly collide. Particle movement is brought about by the energy that is 

transmitted during these collisions. Smaller particles are more affected since the 

energy transmission is more or less constant. Hence, the smaller particles travel faster 
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than larger particles. Sedimentation of particles lead to cause inaccurate result as there 

is no random movement of particles. Thus, sedimentation increases the size of 

particles whereas, smaller particles show less scattering of light that unable to 

measure sufficient signal. Therefore, the measurement is dependent on Brownian 

motion where dispersion of particle is required for scattering of light.  

2.8.2  Working of instrument: 

 The DLS is measured by Litesizer 500 instrument (figure 2.8). The basic set 

up of DLS instrument consist of laser light source, detector, sample holding cuvette 

and amplifier. Figure 2.10 represents schematic presentation for DLS analysis by 

using Litesizer 500 instrument. Sample placed in cuvette is targeted by single 

frequency laser. Particles present in the sample dispersed the laser light in all 

directions.  

Turbidity of sample affect the measurement as the processor unable to process 

the turbid sample due to large number of photons. Thus, in order to receive an 

adequate yet manageable signal at the detector, the laser light is attenuated. Litesizer 

500 is modern DLS instrument that include three detection angles for determination of 

size of particles. Side scattering (90°) or back scattering (175°) are preferable 

depending on turbidity of material. It is possible to observe aggregation using a 

forward angle of 15° [20]. 

 

Figure 2.10: Schematic presentation of Litesizer 500 instrument for Dynamic Light 

Scattering analysis 
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As previously mentioned, the particle size of the sample is predicated on the 

movement of the particles rather than being directly measured. The phrase 

"hydrodynamic diameter" describes the size of spherical, smooth particles that diffuse 

at the same rate as the sample's particles. When comparing the outcomes of DLS 

measurements with those of other methods that take into account various physical 

characteristics of the sample, it is important to keep this in mind. The polydispersity 

index (PDI) provides the broadness of the particle size distribution. The cumulant 

approach is also used to determine the polydispersity index. If the percentage falls 

below 10%, the sample is monodispersed and all of the detected particles are roughly 

the same size [21].  
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3.1  Introduction: 

Gold nanoparticles (AuNPs) are the most extensively studied nanostructure 

among the many metal nanoparticles because of their special physiological 

characteristics, including their ease of synthesis, ease of surface modification, 

biocompatibility, non-toxicity, high surface-to-volume ratio, and size tunability [1]. 

Therefore, AuNPs are applicable in varieties of biomedical applications like, 

biosensing, gene delivery, drug delivery and antibacterial as well as anticancer 

activities. Gold has been used medicinally from ancient time whereas, the modern 

advances in nanotechnology have increased its application in the biomedical field [2]. 

The physical and electronic properties of AuNPs are dependent on their size and 

shapes. Also, the size and shape are responsible to color diversity of AuNPs solution 

from violet to dark wine-red where, gold precursor solution appears in yellow color 

[3]. The size and shape dependent optical and electronic properties of AuNPs are the 

result of Surface Plasmon Resonance (SPR) phenomenon; SPR is a plasmon 

oscillation in metal nanocrystals. AuNPs also show easy surface modification or 

functionalization with different chemicals as well as biomolecules. Attachment of 

biomolecules such as, nucleic acid, antibodies, and proteins on surface of AuNPs, 

makes them suitable candidate for specific drug or gene delivery applications [4]. 

Gold nanoparticles (AuNPs) are generated through different techniques such 

as, bottom up and top-down approach. Due to unpredictable size distribution and the 

massive energy required to maintain high pressure and temperature conditions for 

synthesis, the top-down method is unconventional [5]. Therefore, bottom-up approach 

is most commonly used by researchers. This includes three common approaches such 

as, physical, chemical and biological approaches. Among these approaches, the 

chemical reduction method is simple and easy to handle thus, routinely used for 

synthesis of AuNPs. The chemical reduction method was developed by Turkevich in 

1951 that produces AuNPs of size range 10-20 nm [6] and further improved in 1973 

by Frens [7]. The size of AuNPs can be controlled by the ratio of reducing agent to 

precursor solution [8]. The chemical reduction method involves use of chemical 

reducing agent that reduces gold salt (Au3+) to gold (Au0). Same reducing agent 
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sometimes act as both reducing as well as capping agent [9]. It is based on successive 

reaction between the reducing agent and precursor with heating and continued stirring 

conditions [10]. 

Optical properties of AuNPs are applicable in biosensing field. Moitra et. al. 

[11] detected SARS-CoV-2 RNA by combining gold nanoparticles with thiolated 

antisense oligonucleotides (ASO). This needs thiol modified oligonucleotides for its 

conjugation with AuNPs. The positively charged AuNPs were developed by 

functionalization of AuNPs with functionalizing agent such as, 

cetyltrimethylammonium bromide (CTAB), cysteamine, and different cationic 

biopolymer (Poly-L-Lysine) for various biomedical applications. Jamaluddin et. al. 

[12] reported the use of cysteamine capped AuNPs for viral RNA detection through 

optical reflectometry approach. PLL functionalized AuNPs were reported previously 

for gene transfection study which were synthesized by combining with a negatively 

charged nucleic acid via electrostatic interactions [13]. The positively charged AuNPs 

were employed in detection of pathogen from clinical samples as well as from water 

and food sample for colorimetric biosensor [14]. 

The proposed chapter presents the synthesis of AuNPs and Poly-L-Lysine 

functionalizing AuNPs (PLL-AuNPs) along with their physiochemical 

characterization. The biopolymer Poly-L-Lysine (PLL) is used as reducing as well as 

functionalizing agent. The highly cationic nature of PLL provides surface positive 

charge to synthesized AuNPs. The method completes in single step and single pot 

thus, named as one pot synthesis method which is easy to handle and requires 

minimum chemicals. The chapter also contains comparison of AuNPs and PLL-

AuNPs depending on the physiochemical characterization.  

3.2  Experimental details: 

3.2.1  Materials: 

All of the reagents utilized in this research were of analytical quality and 

applied directly. Trisodium citrate (Himedia), (0.01%) Poly-L-Lysine solution, and 
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gold tetrachloroaurate solution (Sigma Aldrich, Saint Louis, MO) were purchased and 

used as required. 

3.2.2  Synthesis of gold nanoparticles (AuNPs): 

 The gold nanoparticles were generated using the Turkevich chemical 

reduction procedure using trisodium citrate as a reducing agent. The 1 mM precursor 

HAuCl4 solution was prepared in distilled water and heated on magnetic stirrer upto 

boiling point with continue stirring at 350 rpm. The reducing agent trisodium citrate is 

then rapidly added into heated precursor solution and continue the stirring upto color 

change from pale yellow to wine-red. The reaction was completed with color change 

within 5-6 min where, the gold ions (Au3+) were reduced to Au0 by reducing agent 

trisodium citrate. The produced nanoparticle solution was then cooled to room 

temperature and centrifuged for 20 min at 7500 rpm to obtain pellet. By repeating the 

centrifugation step, the resulting pellet was washed three times with distilled water. 

The obtained pellet was then resuspended in distilled water and stored in refrigerator 

upto further use. For synthesis of AuNPs, the nucleation of gold takes place by the 

reducing agent. The color change from pale yellow to wine-red indicated reduction of 

gold salt (Au3+) to gold (Au0).  

3.2.3  Mechanism of gold nanoparticles (AuNPs) formation: 

In this reduction method, the heated gold precursor HAuCl4 reacts with 

trisodium citrate solution. Herein, the citrate ions act as reducing agent (figure 3.1). 

The formation of AuNPs is a multistep process. The Au3+ salt gets reduced to Au by 

reducing agent following the Au nucleus formation as shown in figure 3.1(a). Upon 

addition of citrate to gold precursor solution, the pH of the solution changes and 

convert the gold complex equilibrium towards more hydrolysed form with formation 

of oxidation product of citrate, dicarboxy acetone. After this, there is reduction of 

auric salt to aurous salt and Au0. Finally, the AuNPs are formed by assembling aurous 

salt on Au0 atom (figure 3.1b) [16]. 

Small part of trisodium citrate reduces the Au3+ to Au0 while the remaining 

part takes place in stabilization of gold nanoparticles. The size of gold nanoparticles 
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depends on the ratio of trisodium citrate to precursor HAuCl4 solution. The high 

concentration of citrate results in development of small sized particles whereas, the 

concentration more than 4.5:1 shows increase in particle size. The high concentration 

of citrate rapidly stabilizes AuNPs of smaller size [10]. pH of the solution also affects 

the ionization of citrate that influences particle size distribution and colloidal stability. 

The uniform sized nanoparticles were obtained at neutral or near neutral pH [16, 17]. 

 

Figure 3.1: (a) Nucleation process for gold nanoparticles (AuNPs) synthesis           

and (b) presentation of AuNPs synthesis by citrate using chemical reduction method 

[16] 

3.2.4 Synthesis of Poly-L-Lysine functionalized gold nanoparticles (PLL-AuNPs): 

The synthesis of PLL-AuNPs was accomplished by one-step synthesis method 

where Poly-L-Lysine (PLL) itself acts as a reducing as well as stabilizing agent. The 

synthesis of PLL-AuNPs requires a 0.01% Poly-L-Lysine solution as reducing agent 

and chloroauric acid (HAuCl4) as a precursor. The synthesis reaction was carried out 

in pure distilled water. The 1 mM precursor solution (HAuCl4) was heated on 

magnetic stirrer up to 80°C and 0.01% PLL solution was then rapidly added in heated 

precursor solution with continue stirring. The reaction was continued to observe color 

transition from pale yellow to wine-red. The color change indicates formation of 

AuNPs. To achieve successful synthesis of PLL-AuNPs, reaction parameters such as, 

pH, concentration of precursor, reaction time, and temperature were varied in a range 
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of 2-10, 0.5-4 mM, 50-80°C, and 1-10 min, respectively. Every optimization 

experiment used UV-Vis spectra between 200 and 800 nm to monitor the process. The 

PLL-AuNPs were then synthesized for further experiments by using the optimized 

conditions. The solution was then cooled to room temperature, and the produced 

nanoparticles are centrifuged at 13000 rpm for 15 min at room temperature after being 

washed three times with distilled water. For later use, the produced nanoparticles were 

suspended in distilled water and kept at 4°C. The synthesis of PLL-AuNPs through 

one pot synthesis method is schematically presented in figure 3.2. 

 

Figure 3.2: Schematic presentation of synthesis of Poly-L-Lysine functionalized gold 

nanoparticles (PLL-AuNPs) through one pot synthesis method 

3.2.5 Mechanism of Poly-L-Lysine functionalized gold nanoparticles (PLL-

AuNPs) formation: 

 Traditionally, AuNPs were synthesized by reduction method and 

functionalized with various materials by different techniques. One pot synthesis 

method comprises single step for synthesis of PLL-AuNPs where, PLL itself acts as 

reducing as well as stabilizing agent. Poly-L-Lysine is a highly cationic biopolymer 
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that made up of basic amino acid, Lysine. PLL serves as reducing agent as it contains 

hydroxyl (-OH) and amino (-NH2) group in its structure as a functional group [18]. 

The inclusion of an amine (-NH2) group in the PLL structure may be the reason of the 

reduction of the gold salt. Further, in same synthesis condition PLL is responsible for 

stabilization of gold nanoparticles with surface positive charge. The synthesis 

proceeds with color transition from pale yellow to wine-red that indicates formation 

of gold nanoparticles. Basically, gold nanoparticles interact with each other through 

Van-der-Walls forces; here positive charge is present on AuNPs surface that results in 

electrostatic repulsion of positively charged AuNPs that avoiding aggregation [12]. 

Poly-L-Lysine reduced gold salt (Au3+) to gold (Au0) and also further stabilized the 

synthesized PLL-AuNPs.  

3.2.6 Characterization of gold nanoparticles and Poly-L-Lysine functionalized 

gold nanoparticles (AuNPs and PLL-AuNPs): 

 Gold nanoparticle formation was first visually validated by observing the color 

change from pale yellow to wine-red, and then by measuring the UV-Vis spectrum in 

the 200-800 nm region. X-ray Diffraction (XRD) (Rigaku 600 miniflex) analysis was 

used to determine the crystalline nature of the synthesized nanoparticles. The 

functional groups were analyzed with the help of Fourier transform infrared (FTIR) 

spectrum. Transmission electron microscopy (TEM) was used to study size and 

morphology of synthesized gold nanoparticles. Surface charge and hydrodynamic size 

of nanoparticles were determined by zeta (ζ) potential analyzer and Dynamic Light 

Scattering (DLS), respectively. The chemical composition of AuNPs was analyzed 

with the help of Energy Dispersive X-Ray analysis (EDAX). 

3.3 Results and discussion: 

3.3.1 Characterization of gold nanoparticles (AuNPs): 

• UV-Vis spectroscopy: 

 After visual confirmation of the synthesis of the gold nanoparticles, the 

Surface Plasmon Resonance (SPR) dependent preliminary characterization of the 

AuNPs was carried out using UV-Vis spectroscopy. As shown in figure 3.3(a-b), the 
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synthesized AuNPs exhibit an absorbance peak at 532 nm, while the gold precursor 

solution shows a peak at 217 nm. The obtained result of UV-Vis spectroscopy was 

accompanying with previous data where, the AuNPs synthesized through citrate 

showed absorbance peak at 525 nm [19] whereas, the biologically synthesized AuNPs 

by Physalis minima and Capsicum annum fruit extract showed UV-Vis absorbance 

peak at 546 nm and 540 nm respectively [20, 21]. Hydroxyl group (-OH) of citrate 

acts as an electron donor for reduction of gold salt (Au3+) and a capping agent that 

improve stability of AuNPs [9].  

 

Figure 3.3: Characterization of gold nanoparticles (AuNPs), (a-b) UV-Vis 

spectroscopy of AuNPs, citrate, and Au precursor; inset photograph of synthesized 

AuNPs, (c) FTIR spectrum, and (d) XRD 

• FTIR analysis: 

FTIR spectra was used to detect the functional groups which are primarily 

involved in the production and stabilization of nanoparticles. According to FTIR 



Chapter III: Synthesis and characterization of gold nanoparticles (AuNPs) and 

Poly-L-Lysine functionalized gold nanoparticles (PLL-AuNPs) 

 

56 

 

analysis, functional groups of trisodium citrate have a role in reducing metal ions into 

nanoparticles and enhancing colloidal stability [22]. The IR spectra of AuNPs, shown 

in figure 3.3(c), reveal the presence of various functional groups. The spectrum 

exhibits an O-H vibrational stretching at a wavenumber of 3294 cm⁻¹ along with C=C 

stretching at 1637 cm⁻¹, and a C-H bending at 1184 cm⁻¹ for the AuNPs. This 

investigation found that stabilization of synthesized AuNPs as well as reduction was 

facilitated by the O-H functional group present in citrate. 

• XRD analysis: 

The XRD examination, a crucial characteristic method used to ascertain the 

crystalline structure of nanoparticles. Figure 3.3(d) shows XRD examination 

of AuNPs that revealed four distinct peaks with 2θ degree of 37.92, 44.14, 64.37, and 

77.41 corresponding to the planes of (111), (200), (220), and (311), respectively. The 

(111) plane is a primary growth orientation plane among the four peaks. In addition to 

the typical JCPDS file number 04-0784 [23], these acquired values were corelated to 

the previously reported data for the synthesis of AuNPs [24].  

The crystalline size of AuNPs was determined by Scherrer formula equation 

2.2. The average crystalline size of AuNPs for (111) plane is 24.11 nm. The sharp and 

intense diffraction peaks presented in XRD analysis indicated the highly crystalline 

nature of AuNPs. Furthermore, the absence of any other additional peaks proved the 

purity of the synthesized AuNPs. 

• TEM analysis:  

Transmission electron microscopy (TEM) was used to examine the size, 

shape, and morphological properties of AuNPs. The AuNPs, observed at various 

scales (500, 100, 50, 20, 10, and 5 nm), are spherical in shape, as shown in figure 

3.4(a-f). The TEM images were studied through ImageJ application for analysis of 

size. The inset image displays the size distribution histogram of the AuNPs in the 

range of 20 to 30 nm. The TEM micrograph revealed that the AuNPs were 19.1 nm in 

size on average.  
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Figure 3.4: TEM images of gold nanoparticles (AuNPs) at scales (a) 500 nm, (b) 100 

nm, (c) 50 nm, (d) 20 nm, (e) 10 nm, and (f) 5 nm. The inset image show size 

distribution histogram of AuNPs at the magnifications of 8KX, 50KX, 100KX, 

200KX, 400KX, and 800KX, respectively 

• Zeta (ζ) potential: 

The average ζ potential of AuNPs is determined from figure 3.5(a) to be         

-25.17±0.30 mV, indicating the stability of the synthesized AuNPs. The acquired ζ 

potential was comparable to previously reported AuNPs [26]. This negative value 

represents the vital role of the trisodium citrate in reduction of gold salt. Negative ζ 

potential indicates the stability of AuNPs, whereas the surface negative charge of 

AuNPs is frequently linked to the existence of a stabilizing agent generated during 

AuNPs synthesis. As previously mentioned, the potential of colloidal nanoparticles 

ranged from -30.0 to +30.0 mV and indicated the stability of the particles [25]. Thus, 

the negative ζ potential value of synthesized AuNPs (-25.17±0.30 mV) indicates 

stability of AuNPs. 

• DLS analysis: 

Dynamic Light Scattering (DLS) is the most extensively used method for 

particle size measurement analysis in the nanoscale range. Hydrodynamic size refers 
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to the particle size and it is determined by DLS analysis. The DLS gives the 

information of hydrodynamic diameter of the material while TEM provides the 

projected area diameter of the particles. Here, the average hydrodynamic size of 

AuNPs is found to be 159.6 nm as presented in figure 3.5(b). 

 

Figure 3.5: Surface charge and hydrodynamic size of gold nanoparticles (AuNPs) 

studied by (a) Zeta potential and (b) DLS, respectively 

3.3.2 Optimization of PLL functionalized gold nanoparticles (PLL-AuNPs) 

synthesis: 

Gold nanoparticles (AuNPs) were traditionally synthesized by reduction 

method and then different materials are used as capping agents for stabilization 

purpose [10]. In this study, AuNPs were synthesized by one-pot or single step 

synthesis method where the gold precursor was reduced by Poly-L-Lysine (PLL) 

solution. Here, the Poly-L-Lysine was playing role of both reducing as well as 

functionalizing agent. PLL is a biopolymer that contains high positive charge and 

made up of cationic amino acid, Lysine. PLL serves as reducing agent as it contains 

hydroxyl and amino group in its structure as a functional group [20]. Figure 3.2 

represents the reaction mechanism for synthesis of PLL-AuNPs which indicates 

reduction of gold salt (Au3+) to gold (Au0) by PLL at 80ºC. The inclusion of an amine 

(-NH2) group in PLL structure may be the reason of the reduction of the gold salt. 

Further, in same synthesis condition PLL was responsible for stabilization of gold 

nanoparticles with surface positive charge. The synthesis proceeds with color change 
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from light yellow to wine-red that indicates formation of gold nanoparticles. 

Formation of PLL-AuNPs was first visibly confirmed by observing color change from 

pale yellow to dark wine-red indicating the synthesis of PLL-AuNPs due to reduction 

of Au3+ to Au0. The optimization of several parameters was required to study the 

effect on size and shape of nanoparticles [26]. Therefore, in this study, next 

optimization of PLL-AuNPs synthesis was studied by varying the different reaction 

parameters of synthesis. 

• Effect of precursor concentration on synthesis of PLL-AuNPs: 

To study the effect of variation in precursor concentration HAuCl4 on PLL-

AuNPs synthesis, the different concentrations were used as 0.5-4 mM and taking 

other parameters constant (pH 6, reaction time 6, and temperature 80ºC) (figure 3.6a). 

The precursor concentrations 0.5 and 4 mM were turned into wine-red color but 

absolute synthesis is not done as no sharp SPR peaks are observed. However, at the 

concentration of 1 mM HAuCl4 color change is observed that shows SPR peak at 524 

nm indicating reduction of Au3+ to Au0. In case of increasing concentration of 

HAuCl4 as 2-3 mM the SPR peaks are broadened and slightly red shifted to 530 and 

536 nm, respectively. This result indicates that 1 mM concentration of precursor is 

optimized precursor concentration for synthesis of PLL-AuNPs. 

• Effect of pH on synthesis of PLL-AuNPs: 

The pH of the synthesis reaction plays vital role in reduction and stabilization 

of nanoparticles. It is reported that increase in pH helps in efficient capping and 

supports the formation of smaller nanoparticles [27]. In this study, the effect of 

variation of pH in the range of 2-10 on synthesis was studied by taking other 

parameters constant (temperature 80ºC, reaction time 6, and percussor concentration  

1 mM) (figure 3.7b). Synthesis occurs at high acidic pH values of 2 and 4, where the 

reaction mixture turns purple in color, but no strong SPR peaks are observed. In this 

study at pH 6, an intense and sharp SPR peak is appeared at 524 nm, clearly 

validating the formation of PLL-AuNPs. However, further increases in pH to 8 and 10 

led to the formation of clumps that settled at the bottom, resulting in the absence of a 
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characteristic SPR peak, as shown in figure 3.6(b). This study concludes that a pH 

value of 6 is optimal for the synthesis of PLL-AuNPs. 

• Effect of temperature synthesis of PLL-AuNPs: 

Along with pH and precursor concentration, the reaction temperature is also an 

important factor in synthesis of nanoparticles which affects rate of reaction, growth, 

and other properties of AuNPs [28]. Rate of reaction increases with increase in 

temperature due to kinetic energy while, at low temperature the synthesis requires 

more time [29]. In account to this, the temperature effect was studied by variation the 

temperature in a range of 50-80°C and taking other parameters constant (pH 6, 

reaction time 6, and percussor concentration 1 mM) for optimization of synthesis 

(figure 3.6c). The characteristic peaks were not observed when the reaction was 

incubated at 50-70°C temperature. This indicated that, at 50-70°C temperature slow 

reduction of Au3+ is observed. However, incubating the reaction at 80°C shows 

typical SPR peak at 524 nm suggesting the optimum reduction of Au3+ to AuNPs as 

shown in figure 3.6(c). Therefore, this study indicated the 80°C temperature is 

optimum for PLL-AuNPs synthesis.  

• Effect of incubation time on synthesis of PLL-AuNPs: 

The effect of incubation time on the synthesis of PLL-AuNPs is represented in 

figure 3.6(d) where, reaction time is varied from 1-10 min and other parameters keep 

constant as, pH 6, temperature 80ºC, and precursor concentration 1 mM. The reaction 

mixture appeared light yellow after 1 minute, with no distinct SPR peak, suggesting 

that the PLL and precursor were interacting at a slow rate. As reaction proceeds from 

1 to 2 min, the formation of PLL-AuNPs takes place by reduction of Au3+. Further 

continuation of reaction from 2 to 6 min the SPR peak intensity is increased and the 

sharp SPR peaks at 544 nm and 524 nm are observed for 4 min and 6 min incubation 

time, respectively as shown in figure 3.6(d). Though the sharp peak is observed at 4 

min incubation time, the peak (544 nm) is showing red shift as compared to 6 min 

incubation time peak at 524 nm. The absorption spectrum of AuNPs is a size and 

shape dependent property of AuNPs. Absorption spectra are associated with particular 

size of AuNPs [30]. Thus, the 6 min incubation time is selected as optimum for the 
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synthesis of PLL-AuNPs. When reaction is further increased from 7-10 min, the SPR 

peaks are broaden and shifted to higher wavelength with lower intensities. Thus, this 

study indicates that the reaction requires 6 min incubation for synthesis of PLL-

AuNPs. 

 

Figure 3.6: Optimization of synthesis parameters for PLL-AuNPs, (a) Precursor 

concentration, (b) pH, (c) Temperature, and (d) Reaction time 

3.3.3    Characterization of PLL functionalized gold nanoparticles (PLL-AuNPs): 

• UV-Vis spectroscopy: 

 The alteration of color from pale yellow to wine-red confirms the formation of 

PLL-AuNPs using PLL as both reducing and stabilizing agent. Then, the UV-Vis 

spectroscopy was used for initial characterization of synthesized PLL-AuNPs 

depending on Surface Plasmon Resonance (SPR) phenomenon. The synthesized PLL-

AuNPs shows UV-Vis absorbance peak at 524 nm while, Au3+solution shows peak 

217 nm as represented in figure 3.7(a) indicating successful synthesis of PLL-AuNPs. 

The obtained result was compared with previously reported data, where cationic 
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AuNPs were synthesized by PLL and cysteamine that showed UV-Vis absorbance 

peak at 530 and 542 nm, respectively [12, 13].  

 

Figure 3.7: (a) UV-Vis absorption spectra of Poly-L-Lysine (PLL), Au precursor and 

PLL functionalized gold nanoparticles (PLL-AuNPs) after synthesis (524 nm). Inset 

image shows photographs of PLL, Au precursor, and synthesized PLL-AuNPs, and 

(b) UV-Vis absorbance spectrum of PLL-AuNPs after two months of synthesis (528 

nm). Inset image shows photograph of PLL-AuNPs after two months 

The stability of the synthesized PLL-AuNPs was assessed over a longer period 

by storing them in a refrigerator. The AuNPs remained stable for up to 2 months when 

stored at 4ºC in the dark. When PLL-AuNPs stored at 4ºC, they remain stable for 

longer period of time as compared to storing at 28ºC or above temperature condition. 

The PLL-AuNPs stored at 28ºC leads to increase in size of nanoparticles as 28ºC 

temperature provides sufficient kinetic energy responsible for aggregation of PLL-

AuNPs [31]. The UV-Vis absorbance peak of PLL-AuNPs after 2 months of synthesis 

is presented in figure 3.7(b) showing absorbance peak at 528 nm representing the 

stability of synthesized PLL-AuNPs. Amino group (-NH2) and hydroxyl group (-OH) 

of PLL acts as electron donor for reduction of gold salt (Au3+) and a functionalizing 

agent that improve stability of PLL-AuNPs.  

• XRD analysis: 

The XRD measurement confirms the crystalline structure of PLL-AuNPs. The 

XRD examination of PLL-AuNPs reveal distinct peak with 2θ degrees of 37.92. 

According to figure 3.8(a), this peak associated with the plane of (111) of Au. The 
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(111) plane is a primary growth orientation plane. In addition to the standard JCPDS 

file number 04-0784, these obtained values were equivalent to previously published 

data for the synthesis of AuNPs [32]. The crystalline size of PLL-AuNPs was 

determined by Scherrer formula by equation 2.2. The average crystalline size of PLL-

AuNPs is 22.5 nm. Furthermore, the absence of any other additional peaks proved the 

purity of the synthesized PLL-AuNPs.  

• FTIR analysis: 

The functional groups that are principally responsible for the synthesis and 

stabilization of nanoparticles are identified by FTIR spectra. FTIR analysis shown 

that, functional groups of PLL involved in reduction of metal ions into nanoparticles 

and in promoting the colloidal stability. Figure 3.8(b) illustrates several IR spectra 

that correspond to various functional groups present in PLL. The O–H vibrational 

stretching for PLL-AuNPs is observed at a wavenumber of 3312.79 cm⁻¹, as shown in 

the figure 3.8(b). The N-H stretching is observed at 1637.19 cm-1. Additionally, the 

C-H bending for PLL-AuNPs is at wavenumber 700.1 cm-1. The research also reveals 

C=C stretching at wavenumber 2122.32 cm-1. According to the results of this 

investigation, PLL-AuNPs were reduced as well as stabilized by the O-H and N-H 

functional groups found in PLL. 

 

Figure 3.8: Characterization of PLL-AuNPs (a) XRD for crystalline nature and (b) 

FTIR analysis for functional group  
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• EDAX analysis: 

 Energy Dispersive X-Ray Analysis (EDAX) was used to confirm the 

elemental composition of PLL-AuNPs. EDAX data of PLL-AuNPs shows strong 

peaks of Au0 at 2.2, 1.8, 8.5 and 9.7 keV as shown in figure 3.9. EDAX analysis 

shows atomic % of carbon, nitrogen, oxygen, and gold as 66.94, 2.40, 21.38, and 

9.29%, respectively. The presence of carbon, nitrogen and oxygen is a result of PLL 

solution. This study shows the reduction ability of PLL for synthesis of PLL-AuNPs.  

 

Figure 3.9: Elemental analysis of PLL-AuNPs by EDAX 

 

Figure 3.10: TEM images of PLL-AuNPs at scales (a) 500 nm, (b) 200 nm, (c) 100 

nm, (d) 50 nm, (e) 20 nm, and (f) 10 nm. Inset image show size distribution histogram 

of PLL-AuNPs at the magnifications of 8KX, 25KX, 50KX, 100KX, 200KX, and 

400KX, respectively 
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• TEM analysis: 

Transmission electron microscopy (TEM) was used to examine the 

morphological properties of PLL-AuNPs, including their size and shape. The PLL-

AuNPs exhibit a spherical shape, as shown in figure 3.10(a-f), and are observed at 

various scales, including 500, 200, 100, 50, 20, and 10 nms. The size of nanoparticles 

was analyzed through TEM images by ImageJ applications. Inset image shows size 

distribution histogram of PLL-AuNPs showing size in the range of 10-25 nm with 

average size 17 nm.   

• Zeta (ζ) potential: 

The average potential of PLL-AuNPs is obtained from figure 3.11(a), and it is 

+27.0±0.30 mV, indicating that the synthesized PLL-AuNPs are stable. The acquired 

cationic potential was comparable to that of PLL-AuNPs synthesis that had previously 

been reported [33]. This positive value denoted the important role of the PLL in 

reduction of gold salt. Positive potential of PLL-AuNPs suggests the stability of PLL-

AuNPs, whereas positive surface charges of PLL-AuNPs are commonly associated 

with the presence of stabilizing chemicals produced during PLL-AuNPs formation. 

The positive ζ potential value of synthesized PLL-AuNPs (+27.0±0.30 mV) indicates 

stability of AuNPs. 

 

Figure 3.11: Surface charge and hydrodynamic size of PLL-AuNPs studied by        

(a) Zeta potential and (b) DLS, respectively 
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• DLS analysis: 

The DLS provides information about the hydrodynamic radius of the material, 

while TEM offers the projected area diameter of the particles. The hydrodynamic 

diameter reveals details about the composition of the coating material and inorganic 

core. In this case, the hydrodynamic size of the synthesized PLL-AuNPs is found to 

be 179.43 nm, as shown in figure 3.11(b).  

3.3.4       Comparison between characterization of AuNPs and PLL-AuNPs: 

 Both AuNPs and PLL-AuNPs were synthesized by the single step (one pot) 

synthesis method by using citrate and PLL as a reducing agent, respectively. The 

stabilization in AuNPs also required the addition of another stabilizing agent, but in 

the case of PLL-AuNPs, PLL alone serves as both a reducing and a stabilizing agent. 

As a result, it eliminates the need for additional functionalizing agents. The stability 

of AuNPs was lower than that of PLL-AuNPs, which was found to be stable for up to 

two months. Both AuNPs and PLL-AuNPs were appeared in wine-red color with SPR 

peaks at 532 nm and 524 nm, respectively. According to TEM pictures, the 

morphology of both AuNPs is spherical, but their diameters are different, being     

19.1 nm for AuNPs and 17 nm for PLL-AuNPs. Due to the cationic nature of PLL, 

PLL-AuNPs have a positive charge on their surface (+27.0±0.30 mV), whereas citrate 

gives AuNPs a negative charge (-25.17±0.30 mV). AuNPs were reported to have a 

hydrodynamic size of 159.6 nm, while PLL-AuNPs had a size of 179.43 nm. The 

EDAX analysis revealed the presence of N in the case of PLL-AuNPs which is a 

result of PLL functionalization. Previously reported study showed that cationic 

AuNPs were suitable candidate for different biomedical applications such as, gene 

delivery, drug delivery, antibacterial applications, and biosensing. Thus, this study 

focuses on synthesis of cationic PLL-AuNPs and their interactions with nucleic acid 

for various biomedical applications.  

3.4 Conclusions:  

This chapter concludes that, PLL-AuNPs are synthesized by one pot synthesis 

method by using gold precursor and PLL as reducing agent. AuNPs has negative 
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surface charge whereas, the PLL functionalization influences the surface charge of 

AuNPs by providing cationic charge on its surface. The PLL-AuNPs were synthesized 

using 1 mM precursor concentration at pH 6 with approximately 6 min reaction time 

at 80ºC. The present strategy provides the easy and one pot synthesis approach for 

preparation of cationic AuNPs. The use of PLL reduced the need of any other 

functionalizing agent as PLL itself act as reducing and stabilizing agent. The 

synthesized AuNPs and PLL-AuNPs were of 19.1 nm and 17 nm in size showing UV-

Vis absorbance at 532 nm and 524 nm, respectively. PLL-AuNPs were found to be 

stable upto two months in comparison to AuNPs. Thus, PLL-AuNPs were continued 

for further study for its biological applications. Cationic surface charge was 

responsible for repulsion of two particles that results in dispersion of PLL-AuNPs. 

The one pot synthesis method was useful to prepare the positively charged AuNPs in 

easy way that further used for various biomedical applications. 
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4.1  Introduction:  

 Nucleic acids are macromolecules that hold great potential as therapeutic tools 

for diseases, including cancer and genetic disorders, as well as in diagnostic 

applications. [1]. Single stranded deoxyribonucleic acid (ssDNA), plasmids are used 

for gene delivery application in different diseases [2, 3]. Nucleic acids are small 

molecules that require delivery vehicle for protection against nucleases and other 

external agents to facilitate its entry inside cells. There are two types of delivery 

vehicles: biological and synthetic vectors. The biological vectors include use of 

viruses whereas, synthetic vectors include polymers, lipids, and dendrimers [4-6]. 

Although, these vehicles provide transfection efficacy but, has some limitations such 

as, low stability, limited In-vivo trafficking, immunogenicity and carcinogenicity with 

limited targeting efficacy [6, 7].  

 Metal nanoparticles have been used as non-viral or synthetic vectors for gene 

and drug delivery [8]. Amongst different metal nanoparticles, gold nanoparticles 

(AuNPs) have attracted researchers. AuNPs are employed various biomedical 

applications like, biosensors, drug delivery, gene delivery, diagnostic applications, 

and gene detection [9]. Among these applications, the transfection and biosensing are 

the most promising applications that involves use of DNA molecule. The 

conventional methods used for these applications are encountered with many 

difficulties such as, tedious, costly, time consuming, and require specific 

instrumentation facilities. Therefore, there is need to find alternative for conventional 

methods used for transfection and biosensing applications [10].  

More studies are being conducted to gain a fundamental understanding of how 

interactions between AuNPs and DNA may change the molecular structure of the 

DNA and their biological activity. AuNPs interacts with nucleic acid molecule with 

either covalent or non-covalent interactions. The DNA molecule can be covalently 

attached to AuNPs through different groups like, thiol (-SH), hydroxyl (-OH), amine 

(-NH2) or carboxyl (-COOH). These covalent interactions are responsible to generate 

specific binding of DNA to gold nanoparticles which are applicable in detection of 

target sequences. The non-specific interactions are achieved by non-covalent 
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interactions through simple adsorption of DNA on surface of gold nanoparticles. The 

non-covalent interactions include electrostatic interactions that depends on charge 

present on surface of AuNPs and nucleic acid without any surface modification 

(thiol).  Non-covalent interactions are generally used for controlled release of DNA 

for gene therapy application. Therefore, it is essential to understand the molecular 

binding reaction of DNA and gold nanoparticles for describing the structural and 

functional basis of mechanisms. The functionalization of AuNPs is achieved through 

the use of thiolated oligonucleotides [1, 11]. 

Due to the fundamental properties of DNA bonding, specifically Watson-

Crick base pairing, DNA strands can act as ligand molecules to combining with 

nanoparticles. Additionally, colloidal AuNPs are stable and durable in a variety of 

aqueous conditions due to the negative electrostatic nature of DNA backbones. 

Therefore, DNA conjugation to AuNPs surfaces is a crucial step for stabilizing, 

managing, and using DNA conjugated AuNPs, and the successful conjugation method 

should be used and executed for a particular application [12]. Mirkin et. al. [13] first 

time reported the interactions of DNA with gold nanoparticles where, AuNPs were 

covalently attached to thiol modified oligonucleotide and used this conjugate for 

siRNA-based gene silencing applications. Thiol modification of oligonucleotide 

makes disulphides (HS-SH) bond with AuNPs surface that provide specific 

interactions between DNA and AuNPs [14].  

The DNA adsorption on surface of AuNPs can be influenced by various 

factors such as, pH and salt concentration that affects the charge present on DNA and 

AuNPs and weakens the non-specific interactions. The concentration, nature and 

length of DNA also influence the interactions between DNA and AuNPs. Thus, study 

of these parameters is required to evaluate the stability of AuNPs-DNA conjugate. 

The negatively charged (citrate) AuNPs interacts with thiol modified DNA by 

covalent interactions; that are utilized for various biomedical applications such as, 

biosensing, gene transfection, and delivery [15, 16]. 

 The chapter includes, optimization of synthesis parameters of gold 

nanoparticles and nucleic acid conjugate and their characterization study. The surface 
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functionalized gold nanoparticles were conjugated with standard DNA (Calf thymus 

DNA) by optimizing the synthesis parameters such as, standard DNA concentration, 

pH, reaction time and salinity. The prepared conjugates were then characterized by 

UV-Vis spectroscopy, zeta potential, dynamic light scattering (DLS) and transmission 

electron microscopy (TEM). The conjugate preparation was finally confirmed by 

observing their electroneutrality using band shift assay or gel retardation assay. 

4.2  Experimental details: 

4.2.1  Materials: 

The reagents employed in this investigation were all of analytical quality and 

utilized without further purification. The chemicals, gold tetrachloroaurate solution 

(Sigma Aldrich, Saint Louis, MO), 0.01% Poly-L-Lysine (Sigma), and Calf thymus 

DNA (Sigma) were purchased and used as per the requirement. Hydrochloric acid 

(HCl) and sodium hydroxide (NaOH) were obtained from Himedia and used for pH 

study.  Agarose, DNA ladder, ethidium bromide, and gel loading dye were purchased 

from Himedia (India) and Thermofisher (India). The UV illuminator was used for 

observing gel bands.  

4.2.2     Synthesis of PLL functionalized gold nanoparticles-nucleic acid (PLL-

AuNPs-NA) conjugate: 

The PLL-AuNPs were synthesized using PLL as reducing and stabilizing 

agent as described in chapter 3. After PLL-AuNPs synthesis, the PLL-AuNPs-NA 

conjugate were prepared by incubating the nanoparticles with NA concentration at 

28°C for particular time period. The color of solution changes from wine-red to violet 

that indicates formation of conjugate. For this, 100 µL of PLL-AuNPs were incubated 

with 100 µg concentration of calf thymus DNA (standard DNA) at 28°C for 15 min 

with continuous stirring. The conjugate formation was then confirmed by observing 

change in UV-Vis absorption spectrum. PLL-AuNPs-NA conjugate were successfully 

synthesised and effect of parameters such as, standard DNA concentration, incubation 

time, pH, and salt concentration in the ranges of 5-200 µg/mL, 0-35 min, 2–12, and 

0.1-0.5 M, respectively was studied. All optimization experiments were monitored 
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using UV-Vis spectroscopy in the range of 200–800 nm, with absorbance measured at 

660 nm. PLL-AuNPs-NA conjugate were then synthesized for further experiments by 

using the optimized conditions. The prepared nanoparticles conjugates were washed 

twice with distilled water by centrifugation at 10000 rpm for 15 min at room 

temperature. The obtained nanoparticles were suspended in distilled water and stored 

at 4°C for further use. 

4.2.3   Mechanism of synthesis of PLL functionalized gold nanoparticles-

nucleic acid (PLL-AuNPs-NA) conjugate: 

Mirkin et. al. [13] introduces AuNPs-NA hybrid that comprises use of citrate 

AuNPs and thiol modified oligonucleotides. Thiol modification of oligonucleotides 

helps in formation of covalent interactions between citrate AuNPs (negatively 

charged) surface and oligonucleotides. In this study, positively charged AuNPs were 

used for NA interactions. Here, unmodified oligonucleotides were used for 

interactions with AuNPs. The conjugates preparation is based on electrostatic 

interactions instead of covalent interactions thus, minimizes the need of thiol 

modification. PLL provides surface positive charge to synthesized AuNPs as PLL is a 

highly cationic biopolymer. These synthesized cationic gold nanoparticles are 

responsible to minimize the need of oligonucleotide modification by interacting with 

nucleic acid via electrostatic interactions. Nucleic acid contains phosphate residue in 

their backbone structure thus appears negatively charged molecule. Positively charged 

PLL-AuNPs interacts with negatively charged nucleic acid through electrostatic 

interactions thus, it reduces the need of surface modification of AuNPs or thiol 

modification of oligonucleotides for conjugate formation.  

4.2.4      Characterization of PLL functionalized gold nanoparticles-nucleic acid 

(PLL-AuNPs-NA) conjugate: 

Color change from wine-red to violet indicates formation of PLL-AuNPs-NA 

conjugate. The formation was further confirmed by observing change in UV-Vis 

spectroscopy result. The synthesized PLL-AuNPs-NA conjugate were then 

characterized by characterization techniques such as, TEM, Zeta potential, and DLS.  
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4.2.5  Band shift assay: 

Preparation of PLL-AuNPs-NA conjugate was examined by assessing the 

electrophoretic mobility of prepared conjugate with comparison to PLL-NA 

conjugate. This was achieved by band shift assay method. For this study, the PLL-

AuNPs-NA and PLL-NA conjugates were prepared by using different concentrations 

of PLL-AuNPs and PLL such as, 25, 50, and 100% with 100 µg/mL standard DNA 

concentration at 28°C and at pH 6. After incubation at 28°C for 15 min, the prepared 

conjugates were subjected to electrophoresis on 0.8% agarose gel containing ethidium 

bromide (1 µg/mL). After loading of samples to gel, the electrophoresis was 

performed at 35 V for one and half hour to allow 80% of gel run. After the gel run, 

power supply was turned off and the gel was carefully removed from the gel box. The 

interactions between PLL and PLL-AuNPs with standard DNA were analyzed, and 

images were captured under UV light by exposing the gel for 2-3 s [17].  

4.3  Results and discussion: 

4.3.1    Optimization of PLL functionalized gold nanoparticles-nucleic acid (PLL-

AuNPs-NA) conjugate synthesis: 

In this study, the conjugates were synthesized using cationic AuNPs 

functionalized with PLL biopolymer and unmodified (without thiol modification) 

nucleic acid. As PLL is a cationic biopolymer, it provides surface positive charge to 

synthesized AuNPs. This surface positive charge interacts with negatively charged 

nucleic acid molecule via electrostatic interactions. These electrostatic interactions 

result in reduction of surface positive charge. The formation of conjugate results in 

increasing the size of nanostructures leading to color change from wine-red to violet. 

Previously, PLL-AuNPs are repelling each other due to surface positive charge. After 

addition of negatively charged nucleic acid, the electrostatic attraction takes place 

between positively charged AuNPs and negatively charged nucleic acid to make the 

charge neutral. In this study, PLL-AuNPs and standard DNA were used to study the 

interactions between gold nanoparticles and nucleic acid. For this, PLL-AuNPs were 

incubated with standard DNA (calf thymus DNA) at 28°C by following the 15 min 

incubation time that results in uniformed size conjugate formation. The color change 
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from wine-red to violet confirms the formation of conjugate due to electrostatic 

interactions of PLL-AuNPs and nucleic acid. The PLL-AuNPs-NA conjugate shows 

broad SPR spectrum as compared to PLL-AuNPs alone. Different parameters of 

conjugate synthesis are needed to study to achieve successful synthesis of AuNPs-NA 

conjugate. Thus, in this chapter next study includes optimization of synthesis by 

varying the different reaction parameters.  

 

Figure 4.1: Purity check of various concentrations of standard DNA from 5-200 

µg/mL and 1 mg/mL 

The purity of standard DNA for 5-200 µg/mL concentration was checked by 

taking the A260/A280 ratio and observing the peak at 260 nm as shown in figure 4.1. 

The pure DNA has maximum absorbance at 260 nm due to the aromatic structures 

present in nitrogenous bases of DNA (purine and pyrimidine). The DNA also shows 

A260/A280 ratio at 1.8 whereas, good quality of DNA is considered to be obtained at 

ratio 1.7-2.0 [18, 19]. In figure 4.1, 5-25 µg/mL concentration of standard DNA did 

not show any absorbance peak at 260 nm as the nanodrop instrument (Multiscan sky) 

used for the study only show sensitivity above 50 µg/mL concentration of DNA. The 

concentrations from 50-200 µg/mL and 1 mg/mL shows absorbance at 260 nm 

representing the purity of standard DNA.   
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• Effect of standard DNA concentration on synthesis of PLL-AuNPs-NA 

conjugate: 

The effect of standard DNA concentration on synthesis of PLL-AuNPs-NA 

conjugate was studied by using different concentration of standard DNA as               

5-200 µg/mL. The SPR peak at 534 nm is observed at 100 µg/mL concentration as 

presented in figure 4.2 in comparison to other concentrations of standard DNA and 

PLL-AuNPs shows SPR peak at 524 nm. The small DNA purity peak at 260 nm is 

also observed for 100 µg/mL concentration that indicate the involvement of DNA in 

conjugate preparation. This result for standard DNA concentration effect indicates 

that 100 µg/mL concentration is optimized for the preparation of PLL-AuNPs-NA 

conjugate. 

 

Figure 4.2: Change in UV-Vis absorbance spectra of PLL-AuNPs-NA conjugate at 

different concentrations of standard DNA (5-200 µg/mL) 

• Effect of pH on synthesis of PLL-AuNPs-NA conjugate: 

The reaction pH plays a crucial role in the synthesis and stabilization of the 

PLL-AuNPs-NA conjugate. In this study, the effect of pH in the range of 2 to 12 on 

conjugate synthesis was examined. As shown in figure 4.3, no sharp SPR peaks are 

observed at pH 2 and 4. At pH 6, a strong SPR peak appears at 534 nm with slight red 
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shift compared to the PLL-AuNPs. Further increase in pH (8, 10, 12) results in a 

lower absorbance peak compared to pH 6. Thus, this study indicates that pH 6 is 

optimal for the synthesis of PLL-AuNPs-NA conjugate. 

 

Figure 4.3: Change in UV-Vis absorbance spectra of PLL-AuNPs-NA conjugate at 

different pH (2, 4, 6, 8, 10, and 12) 

• Effect of reaction time on synthesis of PLL-AuNPs-NA conjugate: 

Reaction or incubation time affects the synthesis of PLL-AuNPs-NA 

conjugate depending on interactions of standard DNA and nanoparticles. This effect 

of reaction time on synthesis of conjugate is represented in figure 4.4. The effect is 

studied by observing change in absorbance spectra (figure 4.4). At 0 min, the reaction 

mixture appears wine-red color indicating that the PLL-AuNPs have not participated 

in conjugate formation. All absorbance peaks at 260 nm further confirms the presence 

of unconjugated DNA in solution. As reaction proceeds from 0-10 min the initial 

wine-red color changes to light violet color and the standard DNA peak at 260 nm 

starts to disappear. At 15 minutes of reaction time, the standard DNA peak at 260 nm 

disappears completely, indicating full interaction of the standard DNA with PLL-

AuNPs. At 15 to 35 minutes, the standard DNA peak reappears, suggesting an excess 

of standard DNA in the reaction mixture. These findings suggest that 15 minutes of 

reaction time is sufficient for the formation of the PLL-AuNPs-NA conjugate. 
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Figure 4.4: Change in UV-Vis absorbance spectra of PLL-AuNPs-NA conjugate at 

different reaction time (0-35 min) 

 

Figure 4.5: Change in Surface Plasmon resonance (SPR) spectra of PLL-AuNPs with 

different concentrations of standard DNA (25-200 µg/mL) at (a) 0 min and (b) 15 min 

of incubation  

Further, this study validates the change in UV-Vis absorption spectrum of 

PLL-AuNPs after incubation of 15 min with different concentrations of standard 

DNA as shown in figure 4.5. Initially, after addition of standard DNA into PLL-

AuNPs, there is no change in UV-Vis absorption spectrum as it appear similar to 

PLL-AuNPs as shown in figure 4.5(a). Whereas, after 15 min of incubation the UV-

Vis absorption spectrum changes for all concentrations of standard DNA as shown in 

figure 4.5(b); it is result of electrostatic interactions of standard DNA and PLL-
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AuNPs. This data clearly shows the difference between UV-Vis absorption spectrum 

of PLL-AuNPs before and after incubation with standard DNA indicating the 

successful formation of PLL-AuNPs-NA conjugate.  

• Effect of NaCl concentration on synthesis of PLL-AuNPs-NA conjugate: 

Stability of conjugate in presence of NaCl is another important parameter of 

conjugate synthesis. The effect of different concentrations of NaCl on synthesis of 

PLL-AuNPs-NA conjugate is presented in figure 4.6. To study this effect, different 

concentrations of NaCl were used such as, 0.1-0.5 M. Figure 4.6 shows the change in 

SPR absorption spectrum of conjugate in case of different NaCl concentrations. 0.3 M 

NaCl concentration shows higher absorption peak at 533 nm as compared to other 

NaCl concentrations. Therefore, this study indicates that PLL-AuNPs-NA conjugate 

is stable at 0.3 M NaCl concentration.  

 

Figure 4.6: Change in UV-Vis absorbance spectra of PLL-AuNPs-NA conjugate at 

different concentrations of NaCl (0.1-0.5M) 

4.3.2     Characterization of PLL functionalized gold nanoparticles-nucleic acid 

(PLL-AuNPs-NA) conjugate: 

• UV-Vis absorption Spectroscopy: 

The color shift from wine-red to violet served as the first visual indicator of 

the successful conjugation of standard DNA with PLL-AuNPs. After this visible 

confirmation, the conjugates were primarily characterized with UV-Vis spectroscopy 
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by Surface Plasmon Resonance (SPR) Phenomenon. The change in color is result of 

electrostatic interactions between negatively charged standard DNA and positively 

charged PLL-AuNPs. The prepared PLL-AuNPs-NA conjugate shows absorption 

peak at 534 nm whereas, PLL-AuNPs shows peak at 524 nm as shown in figure 4.7 

indicating successful synthesis of PLL-AuNPs-NA conjugate. The addition of 

standard DNA to PLL-AuNPs results in red shift and decrease in SPR absorption peak 

with comparison to PLL-AuNPs that ensures the interactions of standard DNA with 

PLL-AuNPs. Obtained data is associated with previously reported data that showed 

red shift after conjugation of chitosan AuNPs and standard DNA where the chitosan 

AuNPs has absorption peak at 560 nm [20]. The prepared conjugates were stored in 

the refrigerator for long-term use, but it was observed that the synthesized conjugates 

were not stable over extended periods. Hence, freshly prepared conjugate solutions 

were used for all the experiments.  

 

Figure 4.7: UV-Vis absorption spectra of PLL-AuNPs-NA conjugate showing red 

shift with absorption peak at 534 nm in comparison to PLL-AuNPs having absorption 

peak at 524 nm. Inset image of PLL-AuNPs (wine-red) and PLL-AuNPs-NA 

conjugate (violet) 

• Zeta (ζ) potential analysis: 

Zeta (ζ) potential is used to analyze the surface charge present on 

nanoparticles that indicates the stability of nanoparticles. Figure 4.8 represents the 

surface charge of PLL-AuNPs-NA conjugate (figure 4.8a) and PLL-AuNPs (figure 

4.8b). The ζ potential of PLL-AuNPs-NA conjugate is obtained as +0.10±0.02 mV, 
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that indicated the conjugate formation. The obtained ζ potential is compared with           

the ζ potential of PLL-AuNPs and it is observed that the positive charge of PLL-

AuNPs (+27.0±0.30 mV) decreases after conjugation of standard DNA. This decrease 

in positive charge of PLL-AuNPs is result of the conjugation of negatively charged 

standard DNA and positively charged PLL-AuNPs by electrostatic interactions.  

  

Figure 4.8: Apparent zeta (ζ) potential of (a) PLL-AuNPs-NA conjugate     

(+0.10±0.02 mV) in comparison to (b) PLL-AuNPs (+27.0±0.30 mV) 

Also, table 4.1 shows the comparison of ζ potential of citrate AuNPs, PLL-

AuNPs, and PLL-AuNPs-NA conjugate. The citrate AuNPs has negative surface 

charge (-25.17±0.30 mV), PLL-AuNPs has positive surface charge (+27.0±0.30 mV) 

while PLL-AuNPs-NA conjugate show lower surface positive charge as +0.10±0.02 

mV. As mentioned in characterization section of chapter 3, the -30.0 to +30.0 mV     

ζ potential of colloidal nanoparticles are considered to be stable. Thus, the obtained     

ζ potential value confirms the formation of conjugate and also indicates the stability 

of conjugate. 

Table 4.1: Comparison of zeta (ζ) potential between AuNPs, PLL-AuNPs and PLL-

AuNPs-NA conjugate 

Sr. No. Name of Nanostructures Zeta (ζ) Potential (mV) 

1.  AuNPs -25.17±0.30 

2.  PLL-AuNPs +27.0±0.30 

3.  PLL-AuNPs-NA +0.10±0.02 
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• DLS analysis: 

The hydrodynamic radius of the nanoparticles was analyzed using DLS. 

Figure 4.9 shows the hydrodynamic sizes of (a) PLL-AuNPs and (b) PLL-AuNPs-NA 

conjugate, measuring 179.43 nm and 304.14 nm, respectively. This indicates that 

conjugation of standard DNA with PLL-AuNPs results in an increase in the 

hydrodynamic size. The increase in hydrodynamic size of nanostructure confirms the 

conjugation of standard DNA and PLL-AuNPs.  

 

Figure 4.9: Hydrodynamic size of (a) PLL-AuNPs and (b) PLL-AuNPs-NA 

conjugate  

• TEM analysis: 

Transmission electron microscopy (TEM) was used to examine the size, 

shape, and morphological properties of AuNPs. The AuNPs were observed to be 

spherical in shape, as shown in figure 4.10(a-b), with scales of 100 and 50 nm, 

respectively. These obtained TEM images were examined by ImageJ software to 

define the particle size. Inset image shows size distribution histogram of the PLL-

AuNPs-NA conjugate. The TEM micrograph displays AuNPs with sizes ranging from 

30 to 60 nm with 38.3 nm average size. 
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Figure 4.10: TEM images of PLL-AuNPs-NA conjugate at various scales (a) 100 nm 

and (b) 50 nm at the magnifications of 50KX and 100KX, respectively. Inset image 

shows size distribution histogram of PLL-AuNPs-NA conjugate 

4.3.3  Band shift assay: 

 Band shift assay is also referred as mobility shift electrophoresis, an 

electrophoretic mobility shift assay (EMSA), gel mobility shift assay, gel shift assay, 

or gel retardation assay. It is a powerful technique that commonly used to study 

Protein-DNA interactions. The technique is based on separating free DNA from 

DNA-protein complexes using variations in charge, size, and structure [21, 22].  

Figure 4.11 shows the band shift assay for PLL-NA and PLL-AuNPs-NA 

conjugate prepared by using different concentrations of PLL and PLL-AuNPs. The 

complexes in lanes 2-4 were prepared using different concentrations of PLL as 

0.0001%, 0.001%, and 0.01%, combined with 100 µg/mL standard DNA. For lanes 5-

7, the PLL-AuNPs-DNA conjugates were formulated with 25%, 50%, and 100% 

PLL-AuNPs, each containing 100 µg/mL standard DNA. In figure 4.11, the 

electroneutrality point indicates red color number (lane 6 and 7) and white arrows 

which represents the conjugation of anionic standard DNA and cationic PLL-AuNPs 

resulting in formation of an electroneutral conjugate. The conjugation of standard 

DNA and PLL-AuNPs shows strong effect on electrophoretic mobility of DNA within 

the gel. Surface positive charge of PLL-AuNPs is responsible for complete binding of 

negatively charged standard DNA on its surface. The PLL-AuNPs-NA conjugate 
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prepared by using of 50% (lane 6) and 100% (lane 7) concentration of PLL-AuNPs 

shows complete retardation that represents binding of standard DNA to nanoparticles, 

as shown in figure 4.11. The complete retardation is observed for the conjugate 

prepared by 100% PLL-AuNPs as compared to 50% PLL-AuNPs. Strong retardation 

was not observed in case of PLL-NA conjugate (lane 2-4) and PLL-AuNPs-NA 

conjugate prepared by 25% of PLL-AuNPs (lane 5). The electrostatic interactions 

between the positively charged PLL-AuNPs and negatively charged standard DNA 

result in the formation of an electroneutral complex, which is retained in the lane, 

demonstrating complete retardation of the PLL-AuNPs-DNA conjugate. 

 

Figure 4.11: Band shift assay of prepared conjugates. Standard DNA concentration 

was kept constant as 100 µg/mL. Lane 1: DNA ladder, Lane 2-4: PLL-NA conjugate, 

and Lane 5-7: PLL-AuNPs-NA conjugate prepared by using 25, 50, and 100% 

concentration of PLL and PLL-AuNPs, respectively. The lane number showing 

electroneutrality point are indicated in red color and white arrows. 

4.4  Conclusions:  

The PLL-AuNPs-NA conjugate was synthesized by using 100 µg/mL 

concentration of standard DNA at 28°C with 15 min incubation time. The conjugates 

were stable at 0.3 M NaCl concentration. The conjugate preparation was first visibly 

confirmed by observing the color change from wine-red to violet. Furthermore, the 
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UV-Vis absorption spectrum exhibited a red shift, with the SPR peak shifting to     

534 nm, compared to the PLL-AuNPs peak at 524 nm. The conjugate formation was 

confirmed by observing the change in ζ potential showing decreased positive charge 

as +0.10±0.02 mV from +27.0±0.30 mV. Increase in morphological size studied by 

TEM and the hydrodynamic size of conjugate indicated the binding of standard DNA 

to PLL-AuNPs. The band shift assay represented the electroneutrality of PLL-AuNPs-

NA conjugate prepared by using 100% PLL-AuNPs by showing the retardation of 

conjugate into the well. Thus, this study indicated the electrostatic interactions of the 

positively charged PLL-AuNPs and negatively charged standard DNA for            

PLL-AuNPs-NA conjugate preparation. This strategy of PLL-AuNPs-NA conjugate 

preparation was further utilized to study biomedical applications such as, optical, 

electrochemical, and UV-Vis spectroscopy based biosensing of pathogenic 

(viral/bacterial) nucleic acid. 
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5.1      Introduction: 

Severe acute respiratory syndrome corona virus 2 (SARS-CoV-2) has been 

responsible for outbreak of corona virus disease 2019 (COVID-19) which collapsed 

many health care systems and resulted in declination in economies [1]. The SARS-

CoV-2 infection spreads through air and appears as asymptomatic infection that 

causes mild upper respiratory tract illness, severe viral pneumonia with respiratory 

failure and causes death [2]. The SARS-CoV-2 virus is a spherical, enveloped virus of 

125 nm diameter that contains positive-sense single-stranded RNA as genetic material 

[3].  

Conventional methods used for COVID-19 detection includes quantitative 

reverse transcription polymerase chain reaction (qRT-PCR) for gene detection, 

immunoassays for viral antigen and antibodies detection. RT-PCR method is 

considered as standard method for detection due to its sensitivity, specificity and 

ability to detect multiple pathogens in single test [4]. RT-PCR detects SARS-CoV-2 

RNA by specific regions of genes that act as target [5]. These targets involve genes 

such as, RNA-dependent RNA polymerase gene (RdRp), Envelope Protein gene (E) 

or Nucleo-capsid gene (N) [6]. The immunoassays examine presence of IgG and IgM 

against SARS-CoV-2 during infection. The production of antibodies after infection is 

detected after five days of infection as well as the IgG production is detected after 14 

days of infection [7]. Thus, the infection is difficult to detect at initial stages by using 

immunoassays. The alternative techniques are also developing such as, rapid antigen 

detection system [8], and direct fluorescent antibody testing (DFA) that are easy, 

inexpensive with speedy detection within 15-30 min [9]. The RT-PCR and 

immunoassays has several disadvantages such as, need of expensive instruments and 

chemicals, tedious steps, time consuming methods, and needs skilled technicians for 

handling [10]. Therefore, to overcome the limitations of existing techniques which are 

tedious and difficult to handle there is crucial need to develop simple, rapid, cost-

effective and sensitive detection method for SARS-CoV-2 detection which can 

provide precise and fast results within short period of time [11].  
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Nanotechnology received attention of researchers for colorimetric biosensing 

which are convenient and suitable for biosensing due to their simple nature, visual 

appearance and no requirement of complex instrumentation [12]. Gold nanoparticles 

(AuNPs) show application of colorimetric biosensing due to their desirable optical 

characteristics such as, Surface Plasmon Resonance (SPR), high extinction 

coefficient, and photostability [13]. AuNPs are used in different colorimetric 

biosensing applications to detect metal ions, heavy metals, biological entities such as, 

microorganisms, nucleic acid, and proteins where AuNPs changes its color according 

to specific reactivity of nanoparticles with detectable material [14]. AuNPs are widely 

used for fabrication of biosensor to detect pathogens in the field of clinical diagnosis 

[15], biology, water bodies, and food contamination [16].  

Nucleic acid biosensors are employed for detection of pathogen due to their 

sensitivity and specificity [17]. The conjugation of nucleic acids with gold 

nanoparticles for optical biosensing has gained significant attention from researchers 

due to the unique properties of gold nanoparticles. Gold nanoparticles based 

colorimetric bioassays are developed for DNA/RNA detection by combining the 

AuNPs with thiol modified DNA probe via disulphide (covalent) bonding [18]. This 

was first reported by Mirkin et. al. [19] where sulphur gold interaction specificity was 

widely exploited to mediate DNA-AuNPs assembly. Depending upon this concept 

nucleic acids conjugated gold nanoparticles were utilized for biosensing applications. 

For example, citrate capped AuNPs in conjugation with thiol modified nucleic acid 

were used for detection of Klebsiella pneumoniae [20], SARS-CoV-2 RNA [21], and 

Mycobacterium avium subspecies paratuberculosis DNA [22]. The use of positively 

charged gold nanoparticles minimizes the need of thiol modification of DNA. Such 

platforms were used to detect various analytes like antibiotics, microorganisms, 

nucleic acids of pathogens, and heavy metals [23].  

The present chapter demonstrates optical biosensing assay of cationic       

PLL-AuNPs conjugated with nucleic acid for detection of target SARS-CoV-2 RNA. 

This detection is based on electrostatic interactions between unmodified anionic 

oligonucleotides (ASO) and cationic PLL-AuNPs. Here, Poly-L-Lysine polymer acts 

as both reducing and functionalizing agent that provide amino group which permits 
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binding of AuNPs to nucleic acid. Antisense oligonucleotides (ASO) are the single 

stranded DNA sequence which is complementary to RNA sequence of SARS-CoV-2. 

These ASOs were adsorbed on surface of PLL-AuNPs to make PLL-AuNPs-ASO 

conjugate. Concentration of ASO, reaction time, and temperature influence the 

formation of PLL-AuNPs-ASO conjugate. The immobilized oligonucleotide probe 

(ASO) binds to complementary SARS-CoV-2 RNA due to higher affinity of 

oligonucleotide probe towards SARS-CoV-2 RNA as compare to PLL-AuNPs. This 

interaction between probe and target RNA releases PLL-AuNPs which get aggregated 

in presence of sodium chloride (NaCl). The aggregation was visible by naked eyes 

and was confirmed by UV-Vis absorption at 660 nm. The working principle of this 

optical biosensing system is presented schematically in figure 5.1, which shows 

formation of PLL-AuNPs-ASO conjugate that is used for detection of SARS-CoV-2 

RNA by forming DNA-RNA hybrid that leads to aggregation of PLL-AuNPs.  

 

Figure 5.1: Schematic presentation of optical biosensing of SARS-CoV-2 RNA by 

PLL-AuNPs-ASO conjugate 

5.2. Experimental details: 

5.2.1  Material: 

All the reagents used in this study were of analytical grade obtained from 

commercial vendors and used without any purification step. Gold tetrachloroaurate 

(HAuCl4) solution, 0.01% Poly-L-Lysine (PLL) solution were purchased from Sigma 
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(Maharashtra, India) and NaCl from Himedia (Maharashtra, India). Deionized water 

was used for preparation of all the respective solutions. The antisense oligonucleotide 

(ASO) sequence and target SARS-CoV-2 RNA sequence were purchased from 

Krumak Traders, Pune (Maharashtra, India) and stored at -20°C for further use. ASO 

solution was prepared in 1X TAE buffer. The sequences used in the study with their 

purity ratio are presented in table 5.1.  

Table 5.1: The anti-sense oligonucleotide (ASO) and target sequences used in study 

Sr. 

No. 
Oligonucleotide Base sequence (5’-3’) 

Purity 

ratio 
Ref 

1.  
Anti-sense 

oligonucleotide (ASO) 
CCAATGTGATCTTTTGGTGT 

1.9 

[24] 

2.  Target sequence ACACCAAAAGAUCACAUUGG 
1.86 

5.2.2 Clinical samples: 

Clinical samples of COVID-19 positive individual were collected by 

nasopharyngeal swab. SARS-CoV-2 RNA is crucial for detection of SARS-CoV-2 

infection thus it should be extracted from the nasopharyngeal swab collected from 

SARS-CoV-2 infected person. The SARS-CoV-2 RNA was extracted using the RNA 

extraction kit (Viral RNA miniprep kit, Sigma). All the processes from collection to 

extraction of SARS-CoV-2 RNA were conducted by experts in biosafety laboratory-2 

(BSL-2) in National Accreditation Board for Hospitals & Healthcare Providers 

(NABH) recognized molecular biology laboratory of Dr. D. Y. Patil Hospital, 

Kolhapur, India. These samples were verified for the presence of SARS-CoV-2 RNA 

using the qRT-PCR technique with Ct values (27.05, 30.27, and 33.42 for P1, P2, and 

P3 respectively).  

a) Ct value ≤ 25  : high viral load. 

b) Ct value (26 to 36) :  low viral load. 

c) Ct value (37 to 40) :  not detected. 

5.2.3  Synthesis of PLL-AuNPs and PLL-AuNPs-ASO conjugate: 

The synthesis of PLL-AuNPs was achieved by one-step synthesis method 

where Poly-L-Lysine (PLL) itself acts as a reducing as well as stabilizing agent. The 

synthesis method for PLL-AuNPs is described in chapter 3 of this thesis. In short, the 

synthesis was achieved by heating HAuCl4 solution of 1 mM concentration on 
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magnetic stirrer at 80°C and rapid addition of 0.01% Poly-L-Lysine solution. The 

stirring was continued to obtain color change from pale yellow to wine-red which 

indicated formation of gold nanoparticles. Further, this mixture was cooled down at 

room temperature and prepared nanoparticles were washed thrice with distilled water 

by centrifugation at 13000 rpm for 15 min at room temperature. The obtained 

nanoparticles were suspended in distilled water and stored at 4°C for further use. 

 The PLL-AuNPs-ASO conjugate was prepared by incubating the synthesized 

PLL-AuNPs with antisense oligonucleotides (ASO). To achieve successful synthesis 

of PLL-AuNPs-ASO conjugate for detection of SARS-CoV-2 RNA, different reaction 

parameters were studied such as various concentrations of ASO (0.5-2 µM), reaction 

time (0-25 min), and temperature (28, 37 to 65ºC). The prepared conjugate (PLL-

AuNPs-ASO) was then centrifuged at 10000 rpm at room temperature for 10 min. The 

pellet of PLL-AuNPs-ASO conjugate was then resuspended in equal volume of 

distilled water and stored at 4°C for further use. 

5.2.4     Characterization of PLL-AuNPs and PLL-AuNPs-ASO Conjugate: 

The change in color of gold precursor solution from pale yellow to wine-red 

during synthesis step indicates successful formation of PLL-AuNPs. The color of 

solution changed from wine-red to violet after addition of ASO. This formation of 

PLL-AuNPs and PLL-AuNPs-ASO conjugate was further confirmed by UV-Vis 

spectroscopy. The Surface Plasmon Resonance (SPR) of nanoparticles and their 

conjugates were analyzed in the UV-Vis range of 300-800 nm to study the change in 

absorption due to change in size and particle distribution. The PLL-AuNPs and PLL-

AuNPs-ASO conjugate were then characterized with different characterization 

techniques such as, zeta (ζ) potential, dynamic light scattering (DLS), and 

transmission electron microscopy (TEM). The change in ζ potential and 

hydrodynamic diameters of the PLL-AuNPs, the PLL-AuNPs-ASO conjugate were 

analyzed by using BM10, Litesizer 500 with dynamic light scattering (DLS) analysis. 

The morphological shape and size of synthesized nanoparticles and their ASO 

conjugate were studied by transmission electron microscope (TEM) performed on 
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JEM-2100F, JEOL, Japan. For this analysis, a 10 µL PLL-AuNPs-ASO conjugate 

sample was air dried on copper grid for TEM analysis.  

5.2.5  Optical biosensing experiment: 

For the optical biosensing of SARS-CoV 2, the synthesized bioconjugate was 

incubated with SARS-CoV-2 RNA sequence that complementary to ASO sequence. 

The 100 µL conjugate solution was incubated with 1 ng/µL RNA sample at 28°C for   

5 min. In above mixture, 40 µL of 1M NaCl solution was added. The range of 

detection was studied by taking different concentrations of SARS-CoV-2 RNA (0.1-3 

ng/µL) incubated with PLL-AuNPs-ASO conjugate. Concentration of ASO was kept 

constant at 1 µM for formation of PLL-AuNPs-ASO conjugate. The detection was 

analyzed by observing change in UV-Vis spectrum and UV-Vis absorbance at 660 

nm. The sensitivity of the conjugate was assessed by measuring the UV-Vis 

absorbance at 660 nm at various time intervals (0-60 min), using a standard 1 ng/µL 

concentration of target SARS-CoV-2 RNA. This was done in reference to a previous 

publication involving the AuNPs-ASO conjugate [24]. The selectivity of the 

conjugate was evaluated by using non-target RNA such as, Influenza A RNA. The 

UV-Vis spectrum and absorbance at 660 nm was then compared with the readings of 

target RNA. 

5.2.6  Detection of SARS-CoV-2 RNA by PLL-AuNPs-ASO conjugate from 

clinical samples: 

SARS-CoV 2 RNA was isolated from the nasopharyngeal swab taken from the 

COVID-19 positive individual. The three RNA samples named as, P1, P2 and P3 

were obtained from the Dr. D. Y. Patil Hospital, Kolhapur, India. Isolation process 

was carried out in biosafety laboratory-2 (BSL-2) in National Accreditation Board for 

Hospitals & Healthcare Providers (NABH) recognized molecular biology laboratory 

of Dr. D. Y. Patil Hospital, Kolhapur, India. The total concentration of RNA was 

determined by Nanodrop (MultiSky Scan). These positive control samples were used 

for detection of SARS-CoV-2 RNA using prepared PLL-AuNPs-ASO conjugate. In 

detail, positive control RNA was incubated with PLL-AuNPs-ASO conjugate for 5 

min at 28°C and the aggregation was observed in presence of 1M NaCl solution. The 
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results were compared with qRT-PCR analysis used for detection of SARS-CoV-2 

RNA. 

5.2.7  UV-Visible absorption spectra: 

Nanodrop (Multisky Scan) was used for UV-Vis absorption spectrum analysis 

of PLL-AuNPs and their ASO conjugates in absence and presence of SARS-CoV-2 

RNA. The Surface Plasmon Resonance (SPR) of nanoparticles and their conjugates 

were analyzed in the UV-Vis range of 300-800 nm to study the change in absorption 

due to change in size and particle distribution. 

5.2.8  Hydrodynamic diameter analysis: 

The change in ζ potential and hydrodynamic diameters of the PLL-AuNPs and 

PLL-AuNPs-ASO conjugate were analyzed by using BM10, Litesizer 500. The 

hydrodynamic diameter of the conjugate in the presence of a SARS-CoV-2 RNA 

sample at a 1 ng/µL concentration was also measured using the same method. For this 

analysis, the prepared nanoparticle and conjugate samples were diluted in distilled 

water, and the diluted samples were then injected into the machine to determine the 

hydrodynamic size. 

5.2.9  Transmission electron microscopy (TEM): 

The morphological shape and size of synthesized nanoparticles and their ASO 

conjugate in absence and presence of SARS-CoV-2 RNA sample were studied by 

transmission electron microscope (TEM) performed on JEM-2100F, JEOL, Japan. A 

10 µL sample was air dried on copper grid for TEM analysis.  

5.3  Results and discussion: 

5.3.1    Optimization of PLL-AuNPs-ASO conjugates for SARS-CoV-2 detection: 

Gold nanoparticles synthesized through citrate reduction method possesses 

negative charge on its surface that have interacted with -SH group of modified 

oligonucleotides with covalent interactions [25]. In this study, the modification of 

oligonucleotide was avoided by using positively charged PLL-AuNPs. Here, the 
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preparation of conjugate was based on electrostatic interactions between PLL-AuNPs 

and ASO. The reaction was occurred in single tube and did not require any complex 

reaction. 

PLL functionalization provides surface positive charge on gold nanoparticles 

as it is a cationic biopolymer. These positively charged PLL-AuNPs were combined 

with negatively charged ASO by electrostatic attraction force. The reduction of the 

gold salt could be caused by the presence of an amine (-NH2) group in the PLL 

structure [26]. The PLL-AuNPs-ASO conjugates were prepared by incubating the 1 

µM concentration of ASO with PLL-AuNPs at 28°C for 15 min. The formation of 

conjugate was first visibly confirmed by observing color change from wine-red to 

violet indicating the conjugation of PLL-AuNPs and ASO due to electrostatic 

interactions. This conjugate formation was further confirmed by observing the change 

in UV-Vis absorption Spectrum. The optimization of reaction parameters was 

required to observe the effect on detection of SARS-CoV-2 RNA. Thus, different 

reaction parameters such as, reaction time, ASO concentration, and temperature were 

studied for synthesis of PLL-AuNPs-ASO conjugate.  

• Effect of reaction time on synthesis of PLL-AuNPs-ASO conjugate: 

To study the effect of reaction time for synthesis of PLL-AuNPs-ASO 

conjugate, three different concentrations of ASO (0.5, 1, and 2 µM) were incubated 

with PLL-AuNPs for different time period (0-25 min) at room temperature (28ºC). 

The use of 28ºC temperature is due to several reasons as, first it is a biologically 

relevant temperature as the interactions between DNA and AuNPs was studied at this 

temperature. It will reduce unnecessary thermal stress to the DNA molecule and gold 

nanoparticles. The room temperature (28ºC) is easy and convenient to maintain in 

laboratory conditions. The binding of DNA probe to PLL-AuNPs is due to positive 

surface charge of PLL-AuNPs and the efficiency of the interactions is optimal at 

28ºC. The room temperature around 28ºC provides practical stability to DNA and 

gold nanoparticles. Thus, 28ºC temperature is used for experiment to synthesize DNA 

probe (ASO) conjugated PLL-AuNPs. The absorbance at 660 nm increases with 

increase in time from 0-15 min for all concentrations whereas, the absorbance 
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decreases after 15 min of reaction time. The maximum absorbance is observed when 

PLL-AuNPs were incubated with ASO of 1 µM concentration for 15 min of time 

period as shown in figure 5.2(a). This suggests that 15 min of reaction time is 

optimum for synthesis of PLL-AuNPs-ASO concentration.  

 

Figure 5.2: Optimization of (a) reaction time and (b) temperature for formation of 

PLL-AuNPs-ASO conjugate using different concentrations of ASO such as, 0.5, 1 and 

2 µM, (c) Optimization of ASO concentrations for sensitive detection SARS-CoV-2 

RNA using 1 ng/µL concentration of SARS-CoV-2 RNA, and (d) optimization of 

SARS-CoV-2 RNA for analysis of developed biosensor. The error bars in the diagram 

display the standard deviation of the readings derived from the three measurements 

• Effect of temperature on synthesis of PLL-AuNPs-ASO conjugate: 

In addition to reaction time, reaction temperature has a significant impact on 

the rate of reaction as well as other features of nanoconjugates during the synthesis 

process. To study this, the reaction was carried out at different time intervals such as, 

28, 37, 45, 55, and 65ºC. The maximum absorbance at 660 nm is observed when the 

reaction is carried out at 28°C whereas, the absorbance is decreased with increase in 
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temperature as shown in figure 5.2(b). Here, 1 µM concentration of ASO shows 

maximum absorption at 28°C as compared to other ASO concentrations. This is 

observed due to sensitivity of oligonucleotides towards temperature increase. The 

nucleic acid undergoes denaturation with an increase in reaction temperature; 

therefore, the immobilization of oligonucleotides onto PLL-AuNPs was carried out at 

28°C. Increased temperature leads to denaturation of ASO thus there is no 

immobilization of ASO on PLL-AuNPs. At temperature below 28ºC the kinetic 

energy of molecule is reduced which is responsible to reduce interactions between 

DNA molecule and PLL-AuNPs. DNA probe may not conjugate with AuNPs at lower 

temperatures that potentially decreasing surface coverage of nanoparticles. At lower 

temperatures, the mobility of ions and molecules may decrease, potentially weakening 

the electrostatic interactions between DNA and the nanoparticles. Therefore, the 

absorbance intensity will decrease with decrease in temperature.  Thus, throughout the 

study synthesis of PLL-AuNPs-ASO conjugate was carried out at 28°C.  

• Effect of ASO concentration on synthesis of PLL-AuNPs-ASO conjugate: 

The impact of varying ASO concentrations, ranging from 0.5 to 2 µM, on the 

production of the PLL-AuNPs-ASO conjugate was examined (figure 5.2c). The PLL-

AuNPs-ASO conjugate prepared by 1 µM ASO concentration shows maximum 

absorbance at 660 nm in presence of 1 ng/µL concentration of SARS-CoV-2 RNA as 

compared PLL-AuNPs-ASO conjugate prepared by 0.5 and 2 µM ASO concentration. 

The 1 ng/µL concentration of SARS-CoV-2 RNA is optimum for detection of SARS-

CoV-2 RNA as it shows maximum absorption at 660 nm as compared to 0.25 and 0.5 

ng/µL concentration (figure 5.2d). The 1 µM ASO concentration is shown to be the 

most sensitive for detecting SARS-CoV-2 RNA out of the three tested ASO 

concentrations. It is observed that the concentration of ASO used for conjugate 

preparation played important role in sensitive detection of SARS-CoV-2 RNA.  

By observing the results from figure 5.2(a-c), 1 µM ASO concentration is 

found to be optimum for preparation of PLL-AuNPs-ASO conjugates. Therefore, for 

further study PLL-AuNPs-ASO conjugates were prepared by incubating 1 µM ASO 

concentration with PLL-AuNPs.  
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Figure 5.3: Characterization of PLL-AuNPs-ASO conjugate by (a) UV-Vis 

spectroscopy in comparison to PLL-AuNPs. Inset image shows color change of PLL-

AuNPs (wine-red) after conjugation with ASO (violet). (b) ζ potential, (c) TEM 

image at 100 nm and at magnification of 50KX, and (d) size distribution histogram of 

PLL-AuNPs-ASO conjugate 

5.3.2  Characterization of PLL-AuNPs-ASO conjugate: 

The formation of PLL-AuNPs-ASO conjugate was first visibly confirmed by 

observing the color change from wine-red to violet. Upon conjugation, the sharp peak 

of PLL-AuNPs (524 nm) is replaced with broad absorption spectrum as shown in 

figure 5.3(a). The inset image of figure 5.3(a) shows color change where wine-red 

color of PLL-AuNPs changed to violet color after conjugation with ASO. Due to the 

interaction of cationic PLL-AuNPs and anionic ASO, the conjugate exhibited broad 

absorption spectrum. The formation of PLL-AuNPs-ASO conjugate is also confirmed 

by observing change in zeta potential. The positive surface charge of PLL-AuNPs 

(+27.0±0.30 mV) decreases to +0.40±0.02 mV after ASO conjugation with PLL-

AuNPs as shown in figure 5.3(b). This change in Zeta potential indicated the 
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electrostatic interactions between positively charged PLL-AuNPs and negatively 

charged ASO. Transmission electron microscopy (TEM) was used to examine the 

morphological properties of PLL-AuNPs, including their size, shape, and 

morphological aspects. Figure 5.3(c) shows TEM images of PLL-AuNPs-ASO 

conjugate, which demonstrate well-dispersed PLL-AuNPs-ASO conjugate without 

any aggregation. The TEM image represents spherical morphology for PLL-AuNPs-

ASO conjugate as shown in figure 5.3(c). From the TEM micrograph PLL-AuNPs-

ASO conjugate, the size distribution histogram is drawn with the help of ImageJ 

application (figure 5.3d). The PLL-AuNPs-ASO conjugate display size between 20-

45 nm whereas, the average size of PLL-AuNPs-ASO is 33.3 nm.  

5.3.3   Principle of PLL-AuNPs based optical biosensing of SARS-CoV 2 RNA: 

The synthesized PLL-AuNPs display a strong absorption peak at 524 nm, 

revealing small size gold nanoparticles. Due to the surface positive charge, two 

AuNPs are repelled from one another by electrostatic forces, resulting in a 

monodispersed solution of colloidal AuNPs. Due to the electrostatic interaction 

between the negatively charged ASO and the positively charged PLL-AuNPs, the 

initial wine-red PLL-AuNPs solution changes to violet when conjugated with the 

unmodified ASO solution. This conjugation approach was achieved without the need 

for salt ageing, which is often necessary for citrate stabilized AuNPs since they have 

ionic susceptibility and produce unstable colloidal solutions [27]. The coupling of 

cationic PLL-AuNPs with anionic ASO resulted in a remarkable modification in UV-

Vis absorption. It was found that the PLL-AuNPs-ASO conjugate was responsible, as 

it maintained its violet color, unlike the wine-red PLL-AuNPs, and caused a 

significant shift from a sharp absorption peak to a broad-spectrum absorption. 

In presence of target (SARS-CoV-2) RNA, the DNA-RNA hybrid structure is 

formed between immobilized ASO and target RNA that cause PLL-AuNPs to 

segregate everywhere. Monodispersed nanoparticles again aggregate at higher salt 

concentration due to ionic interactions. The affinity of immobilized ASO towards its 

complementary target RNA is more as compare to the positively charged PLL-AuNPs 

[23]. The formation of hybrid structure of ASO (DNA) and target RNA results in 
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neutralizing the electrostatic interactions between negatively charged ASO and 

positively charged PLL-AuNPs that leads to free AuNPs and get aggregated in 

presence of salt which was observed by naked eyes. However, in case of detection, 

the enhancement of UV-Vis absorption at 660 nm was based on concentration of 

loading RNA. The slight increase in UV-Vis absorption, compared to ASO alone, was 

attributed to a small amount of anionic ASO being released from the conjugate to 

react with the target RNA, while the majority remained bound to the cationic PLL-

AuNPs. Addition of high concentration of RNA to PLL-AuNPs-ASO conjugate 

solution shows maximum UV-Vis absorption at 660 nm and proper visible 

aggregation that indicated maximum detachment of ASO from PLL-AuNPs due to 

competitive binding of ASO between PLL-AuNPs and complementary target RNA. 

The specific complementary interactions of ASO and target RNA annulled the 

electrostatic interactions between anionic ASO and cationic PLL-AuNPs. The 

redispersed PLL-AuNPs are aggregated in presence of NaCl solution. 

5.3.4  Detection of SARS-CoV-2 RNA: 

The total duration of the analysis for SARS-CoV-2 RNA detection is 

determined by the sensitivity or response time of the assay. After ASO conjugation, 

the original wine-red color of PLL-AuNPs turned to violet due to electrostatic 

attraction-induced aggregation, which display a broad UV-Vis spectrum as shown in 

figure 5.3(a). After introduction of target RNA, the gold nanoparticles get aggregated 

in presence of NaCl concentration due to formation of DNA-RNA hybrid which 

releases ASO from surface of PLL-AuNPs. The sensitivity of PLL-AuNPs-ASO 

conjugate towards target RNA was further validated by observing change in UV-Vis 

absorption spectrum within the range 300-800 nm and % change in absorbance at 660 

nm. The significant change in absorption is observed in absence and presence of 

SARS-CoV-2 RNA. As presented in figure 5.4(a), the PLL-AuNPs-ASO conjugate 

shows broad range spectrum with maximum absorbance at 660 nm in presence of 

target RNA and increased absorbance at 660 nm as compared to only PLL-AuNPs-

ASO conjugate and PLL-AuNPs (figure 5.4b). 
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Figure 5.4: Change in (a) UV-Vis absorption spectra (300-800 nm) and (b) 

absorbance at 660 nm of PLL-AuNPs and PLL-AuNPs-ASO in absence (-RNA) and 

presence (+RNA) of viral SARS-CoV-2 RNA. Inset image shows color difference 

between PLL-AuNPs (I), PLL-AuNPs-ASO in absence (II) and in presence (III) of 

SARS-CoV-2 RNA. The error bars in the diagram display the standard deviation of 

the readings derived from the three measurements 

The sensitivity of the assay with respect to response time was further validated 

by calculating % change in UV-Vis absorption at 660 nm. For this, the % change in 

absorbance for PLL-AuNPs-ASO conjugate in absence and presence of target RNA 

was calculated by taking absorbance at 660 nm for different time points from 0 to 60 

min. The sensitivity of PLL-AuNPs-ASO conjugate is found within 5 min of 

incubation at 28°C in presence of definite concentration of SARS-CoV-2 RNA         

(1 ng/μL) as shown in figure 5.5(a). The absorbance decreases due to formation of 

stable DNA-RNA hybrid and aggregation of gold nanoparticles. The hydrodynamic 

size of the conjugate increases in presence of SARS-CoV-2 RNA showing 586 nm 

with comparison to PLL-AuNPs-ASO conjugate that is 487 nm (figure 5.5b). This 

indicates the formation of DNA-RNA hybrid that increases the hydrodynamic size of 

conjugate.  

This sensitivity response of PLL-AuNPs-ASO conjugate for SARS-CoV-2 

detection was further confirmed by TEM analysis. The TEM images represent 

aggregated gold nanoparticles in presence of target RNA and NaCl as shown in figure 

5.5(c-e). Single stranded RNA structure is unstable at 28°C and highly sensitive to 
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RNase. Though, the RNA was when bounds to conjugated oligonucleotides, it forms a 

stable DNA-RNA hybrid structure within 5 min of incubation time. The ASO has 

high affinity towards complementary RNA as compare to cationic PLL-AuNPs and 

the nanoparticles gets aggregated in presence of NaCl concentration. Since, in 

absence of target RNA, the conjugated ASO protects the gold nanoparticles from 

aggregation by shielding the surface of gold nanoparticles by electrostatic 

interactions. This proposed optical biosensing system exhibited diagnostic potential 

for detection of pathogenic nucleic acid.  

 

Figure 5.5: (a) The % change in UV-Vis absorption at 660 nm of PLL-AuNPs-ASO 

conjugate and (b) the change in hydrodynamic diameter of PLL-AuNPs-ASO 

conjugate in absence and presence of 1 ng/µL concentration of SARS-CoV-2 RNA, 

and (c-e) TEM images showing aggregation of PLL-AuNPs after addition of target 

SARS-CoV-2 RNA. The error bars in the diagram display the standard deviation of 

the readings derived from the three measurements  

Interestingly, as per the hypothesis, the PLL-AuNPs-ASO conjugates were 

formed due to electrostatic interactions and primarily dispersed in solution in absence 

of SARS-CoV-2 RNA whereas, in presence of target viral RNA the DNA-RNA 

hybrid was formed and the PLL-AuNPs get aggregated forming clusters. A significant 

red shift is observed when PLL-AuNPs-ASO conjugates were treated with SARS-
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CoV-2 RNA as shown in figure 5.4(a). The table 5.2 shows the change in ζ potential 

of PLL-AuNPs and PLL-AuNPs-ASO conjugate that represents the decrease in 

surface positive charge of PLL-AuNPs upon conjugation with ASO. 

Table 5.2: Change in Zeta (ζ) potential of PLL-AuNPs before and after ASO 

conjugation  

Sr. No. Material Zeta (ζ) potential 

1.  PLL-AuNPs +27±0.30 mV 

2.  PLL-AuNPs-ASO +0.4±0.02 mV 

The analytical performance of developed biosensing method was analyzed at 

optimized conditions. The performance was validated by observing the change in 

absorbance at 660 nm for different concentrations of SARS-CoV-2 RNA. The linear 

increase in absorbance is observed with increasing concentration of SARS-CoV-2 

RNA (0.1-3 ng/µL) as shown in figure 5.6. The presented result shows linear 

relationship between the absorbance at 660 nm with concentration of target RNA 

where, the linear relationship (R2 = 0.97773) means the sensitivity of technique. The 

limit of detection was found to be 0.52 ng/µL with respect to the tested RNA range 

0.1-3 ng/µL. 

 

Figure 5.6: Linear regression of corresponding absorbance at 660 nm of PLL-AuNPs-

ASO conjugate in presence of different concentrations of target SARS-CoV-2 RNA. 

The error bars in the diagram display the standard deviation of the readings derived 

from the three measurements 
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5.3.5  Selectivity of PLL-AuNPs-ASO conjugate for SARS-CoV-2 RNA 

detection: 

Another important parameter for any biosensor is the selectivity of the 

biosensor toward its target. The selectivity of presented optical biosensing assay was 

examined by using different RNA sequences including the perfectly complementary 

positive control (SARS-CoV-2 RNA) and non-complementary negative control 

(Influenza A RNA). The response of PLL-AuNPs-ASO conjugate in presence of 

positive and negative control was recorded in terms of change in UV-Vis absorbance 

spectrum in the range of 300-800 nm and absorbance at 660 nm as presented in figure 

5.7(a). The PLL-AuNPs-ASO conjugate in presence of positive control shows the red 

shift broad spectrum absorbance with two peaks showing high peak at 660 nm (figure 

5.7a). Also, the conjugate in presence of positive control shows maximum absorbance 

at 660 nm in comparison to negative control as shown in figure 5.7(b). In presence of 

positive control SARS-CoV-2 RNA, the naked eye aggregation is observed whereas, 

no visible aggregation is observed in negative control tube as presented in figure 

5.7(a) (inset image). This affirms that redispersion of PLL-AuNPs and its 

aggregation in presence of NaCl is only occurred in presence of complementary 

SARS-CoV-2 RNA containing viral N gene. Whereas, in presence of non-

complementary RNA (Influenza A RNA) no visible aggregation is seen because, ASO 

protects the PLL-AuNPs from aggregation. Thus, the developed optical biosensing 

system using PLL-AuNPs-ASO conjugate shows excellent selectivity towards SARS-

CoV-2 RNA detection.  

The molecular detection analysis for SARS-CoV-2 mainly depends on the 

highly conserved sequences such as, RNA-dependent RNA polymerase gene (RdRP 

gene), nucleocapsid protein gene (N gene) and envelope protein gene (E gene) [5, 28]. 

Among these genes, as per the reports, the N gene, which produces the N protein, is 

the most sensitive target for detecting SARS-CoV-2 [29]. In comparison to other 

structural proteins such as, spike (S), envelope (E) and membrane (M) the N gene 

contains large amount viral RNA genome [23, 30]. Recent data using nanopore-based 

transcriptome analysis showed that, the N gene RNA is the most frequently expressed 

transcript in SARS-CoV-2 infected cells [31]. 
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Figure 5.7: Change in (a) UV-Vis absorption spectra and (b) absorbance at 660 nm of 

the PLL-AuNPs-ASO conjugate in presence of positive control/target RNA (SARS-

CoV-2 RNA) and negative control/Non-target RNA (Influenza A RNA). The inset 

image shows visual naked-eye detection of SARS-CoV-2 after addition of SARS-

CoV-2 RNA (PC) into PLL-AuNPs-ASO conjugate solution in presence of 1-2 M 

NaCl solution in comparison to Influenza A RNA (NC). The error bars in the diagram 

display the standard deviation of the readings derived from the three measurements 

5.3.6   Detection of SARS-CoV-2 RNA by PLL-AuNPs-ASO conjugate from 

clinical sample: 

The practical application of PLL-AuNPs-ASO conjugate was investigated for 

nucleic acid detection from nasopharyngeal swab taken from COVID-19 positive 

individuals. The RNA was isolated from these samples using RNA extraction kit and 

quantify by Nanodrop (Multisky Scan). The RNA quantification of these three 

samples is presented in table 5.3 with their purity ratio (A260/A280). Purity ratio for 

pure RNA is ⁓2.0 that usually used to asses any protein contamination presents in 

RNA solution. The three RNA samples are labelled as P1, P2 and P3. For direct 

comparison between optical biosensing assay and RT-PCR, the UV-Vis absorbance at 

660 nm was taken in presence of SARS-CoV-2 RNA in target sample and non-target 

sample. Also, the visible aggregation in presence of target RNA from positive 

samples is observed.  
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Table 5.3: RNA quantification and purity ratio of RNA samples collected from 

COVID-19 individuals and healthy individual 

Sr. No. RNA Samples Concentration (µg/mL) Purity Ratio (260/280) 

1.  P1 28.52 1.91 

2.  P2 21.37 1.97 

3.  P3 15.53 2.05 

4.  Control 25.39 2.01 

According to the results presented in table 5.4, the positive samples (P1, P2, 

and P3) exhibit visible aggregation, whereas the non-target RNA shows no visible 

aggregation. The observation and status obtained with RNA biosensor based on PLL-

AuNPs-ASO conjugate are reliable with the results produced by RT-PCR analysis of 

the COVID-19 target samples and non-target sample.  

Table 5.4: Comparison between the detection results of PLL-AuNPs-ASO conjugate 

with qRT-PCR for SARS-CoV-2 RNA detection isolated from oropharyngeal sample 

taken from three COVID-19 positive individuals (P1, P2, P3) and control RNA taken 

from healthy individual  

Sr. No. RNA Samples qRT-PCR detection 
Detection by PLL-AuNPs-

ASO conjugate 

1.  P1 Detected (27.05b) 

Detected 

2.  P2 Detected (30.27b) 
Detected  

3.  P3 Detected (33.42b) 

Detected  

4.  Control Not Detected (38.36c) 

Not Detected  

 

a) Ct value ≤ 25          : high viral load. 

b) Ct value (26 to 36) : low viral load. 

c) Ct value (37 to 40) : not detected. 
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This suggests that the results obtained from PLL-AuNPs-ASO conjugate are 

agreeable to RT-PCR method for SARS-CoV-2 RNA detection. The commercial    

RT-PCR method provides specificity and sensitivity for detection of SARS-CoV-2 

RNA but, requires specific instrumentation and sophisticated laboratory. 

Nanoparticles based biosensing approach like, AuNPs-nucleic acid conjugate would 

be useful for applications in point of care device for diagnosis of pathogenic nucleic 

acid that permits convenient acquisition of information about viral presence in less 

time and without use of any sophisticated instrument facility [32]. 

5.4      Conclusions: 

This study presents the use of cationic Poly-L-Lysine conjugated with 

antisense oligonucleotides (ASO) for SARS-CoV-2 RNA detection. The conjugates 

were prepared using 1 µM concentration of ASO with 15 min incubation time at 

28°C. The optical biosensing of pathogenic nucleic acid based on cationic            

PLL-AuNPs with antisense oligonucleotide conjugation demonstrated good potential 

as biosensor with high sensitivity and specificity as well as rapid detection within 5 

min at the level of 0.52 ng/µL concentration. The formation of PLL-AuNPs-ASO 

conjugate was based on electrostatic interactions between cationic PLL-AuNPs and 

anionic nucleic acid (ASO) which, act as favorable sensor for detection of pathogenic 

nucleic acid without any need of sophisticated instrumentation. The PLL-AuNPs-

ASO based detection assay shows visible aggregation in presence of complementary 

target RNA and NaCl which can be visualized by naked eyes, and UV absorbance at 

660 nm was taken for the interpretation of results. The developed method was utilized 

successfully to detect SARS-CoV-2 RNA from clinical samples as well. The detection 

method is carried out in single tube with minimum steps and the synthesis of 

nanoparticles is also based on one pot synthesis method; therefore, offers simplicity. 

The method also offers rapidity and specificity as the detection occurred within 5 min 

and specifically detect SARS-CoV-2 over other RNA viruses (Influenza A RNA). 

Therefore, the proposed PLL-AuNPs-ASO conjugate based biosensing would serve as 

a promising platform in future for rapid and easy diagnosis of viral infections.  
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6.1  Introduction: 

The outbreak of corona virus disease 2019 (COVID-19) was caused by severe 

acute respiratory syndrome corona virus 2 (SARS-CoV-2) which has collapsed the 

economy as well as global health [1]. The critical point in control of COVID-19 spread 

is the rapid and sensitive detection of SARS-CoV-2 infection. Primarily, quantitative 

Reverse Transcription Polymerase Chain Reaction (qRT-PCR) or immunogen assays 

are used as conventional methods for the detection of SARS-CoV-2 RNA or protein 

from clinical samples [2]. The gold standard diagnostic technique for identification of 

SARS-CoV-2 is qRT-PCR. But this tool requires sophisticated instrumentation, skilled 

technicians and is time consuming [3]. Point-of-care testing also has limited efficacy 

when the viral load is low, despite being quick, easy to operate, and under low equipped 

settings. To overcome these issues, varieties of virus detection methods are being 

developed. Specific biosensor systems for the detection of virus that may be an 

intriguing alternative in this regard as, they offer easy handling, cost-effective, highly 

sensitive way of detection. 

Sequence specific nucleic acid detection is gaining attention of researchers due 

to their wide range of applications in detection of genetic disorders, viruses, bacteria, 

food borne pathogens as well as, drug screening and environmental monitoring [4].  

These nucleic acid biosensors are emerging as an alternative strategy for the sensitive 

detection of the pathogen as it is equally sensitive to qRT-PCR and equally rapid as 

antigen point of care tests. These nucleic acid biosensors are based on the hybridization 

of complementary DNA to RNA sequences [5]. Another important aspect of these 

biosensors is transduction techniques and signal amplification such as, optical 

(fluorescence, colorimetric) and electrochemical (amperometric or potentiometric) 

detection [6]. Among these, electrochemical detection is reported for the diagnosis of 

SARS-CoV-2 RNA due to their rapid, sensitive, and easy to handle aspect in point of 

care devices [7]. These biosensors have analytical characteristics such as, duration of 

response ranges from 3 to 1 h and detection ranges from 10 nM to 3 aM [8-10]. 

Electrochemical detection of nucleic acid provides high specificity and sensitivity for 

rapid detection of nucleic acid. In recent years, nanomaterials with distinctive 
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electrocatalytic capabilities, great adsorption capacities, smallest sizes, large surface to 

volume ratio, and easy surface modification have proven to be suitable for biosensing 

applications [11]. Biosensors are analytical tools that translate biological data into a 

measurably strong signal. Electrochemical biosensors are the type of biosensors utilized 

to detect biological entity such as, enzymes, ligands, nucleic acids and pathogens. These 

are made up of five main components such as, a bioreceptor, an interface, a transducer 

element, computer software, and a user interface. The bioreceptor selectively binds to 

desirable analyte causing biochemical reaction to occur at an interface, electrochemical 

transducer for conversion of transducing signal into electronic signal that gets converted 

into meaningful interpretation by computer software. This interpretation then presented 

to operator through user interface [12]. The three-electrode system is used for 

electrochemical biosensing that contain, i) working, ii) counter and iii) reference 

electrode. These three electrodes are connected to potentiostat to record the signal. 

 Nanobiosensors are biosensors that make use of nanostructures and have great 

efficiency and sensitivity due to their extensive level of sample stabilization. 

Nanostructures are responsible for enhancement of the effectiveness, sensitivity, and 

reaction times of the sensors. Electrochemical techniques are based on electron transfer 

mechanism. Use of metal nanoparticles enhances electron transfer due to their electro 

catalytic effect. This enhancement results in reduction of response time, thus increases 

efficiency of biosensor. Also, metal nanostructures increase the sensitivity of the sensor 

by increasing the surface area of receptor. Therefore, use of nanostructure in 

electrochemical biosensor can detect smallest concentration of about femtomolar and 

also detect single molecule of analyte [13].  

Among different nanostructures, gold nanoparticles have more attention due to 

their unique characteristics such as, large surface area, excellent biocompatibility, high 

electrical conductivity, and easy preparation methods [14]. The use of AuNPs in 

biosensor development was previously reported by many researchers for the detection 

of various pathogens. For example, Pan et. al. [15] reported the electrochemical 

detection of Klebsiella pneumoniae carbapenemase, Hajihosseini et. al. [16] reported 

the determination of Helicobacter pylori by AuNPs and graphene oxide whereas, Cano 

et. al. [17] reported gold nanotriangles for successful detection of SARS-CoV-2 RNA 
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from a clinical sample. In particular, these AuNPs required modified oligonucleotide 

for immobilization purposes either thiol or dithiol modification. The use of cationic 

AuNPs minimizes the need for thiol modification as it is conjugated with 

oligonucleotide by electrostatic interactions; where positively charged AuNPs interact 

with negatively charged oligonucleotide molecules [18]. Further, the hybridization of 

target nucleic acid and oligonucleotide takes place due to complementary interactions 

that can be detected electrochemically by using an electrochemical indicator. 

In this chapter, the hybridization of target RNA to complementary ASO 

sequence was carried out for specific detection of SARS-CoV-2 RNA by conjugation 

of unmodified ASO to cationic PLL-AuNPs through electrostatic interactions. Here, 

methylene blue was used as an electrochemical indicator for hybridization events. The 

biosensor efficiency was studied by differential pulse voltammetry (DPV), square wave 

voltammetry (SWV), and electrochemical impedance spectroscopy (EIS). The 

developed biosensor provided specificity and sensitivity for the detection of           

SARS-CoV-2 RNA from clinical samples collected from nasopharyngeal samples of 

COVID-19 individuals. 

6.2 Experimental details: 

6.2.1  Materials: 

Gold tetrachloroaurate (HAuCl4) solution, 0.01% Poly-L-Lysine solution, and 

methylene blue were purchased from Sigma (Maharashtra, India). Tris Acetate EDTA 

(TAE) buffer, phosphate buffer saline (PBS), and methylene blue were purchased from 

Himedia (Maharashtra, India). The 0.1 M concentration of phosphate buffer saline was 

prepared by dissolving 0.858 g of PBS powder into 1000 mL of distilled water. The 

antisense oligonucleotide (ASO) sequence and target sequence were purchased from 

Krumak Traders, Pune (Maharashtra, India), and stored at -20ºC for further use. Stock 

solutions of ASO and target sequences were prepared in 1X TAE solutions. All the 

chemicals were of analytical grade and used without any purification step. Deionized 

water was used for the preparation of all the respective solutions used in this study. The 

purity of the studied sequence was analysed using nanodrop (Multiscan skyhigh 

microplate reader) by checking the purity ratio (above A260/A280). The ASO sequence 
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used in this study was previously reported for naked eye detection of SARS-CoV-2 

RNA using AuNPs [19]. The sequence employed in this study and its purity ratio are 

mentioned in table 5.1 of chapter 5. 

6.2.2 Clinical samples: 

Clinical samples of COVID-19 positive individuals were collected by 

nasopharyngeal swab. The SARS-CoV-2 RNA was extracted using the RNA extraction 

kit (Viral RNA miniprep kit, Sigma). All the processes from collection to extraction of 

SARS-CoV-2 RNA were conducted by experts in biosafety laboratory-2 (BSL-2) in 

National Accreditation Board for Hospitals & Healthcare Providers (NABH) 

recognized molecular biology laboratory of Dr. D. Y. Patil Hospital, Kolhapur, India. 

These samples were verified for the presence of SARS-CoV-2 RNA using the qRT-

PCR technique with cycle threshold (Ct) values (26.05, 30.27, and 33.42 for P1, P2, 

and P3 respectively). The purity ratio and concentrations of collected RNA samples are 

given in table 5.3 of chapter 5.  

a) Ct value ≤ 25  : high viral load. 

b) Ct value (26 to 36) :  low viral load. 

c) Ct value (37 to 40) :  not detected. 

6.2.3 Apparatus: 

The cyclic voltammetry (CV), differential pulse voltammetry (DPV), and 

electrochemical impedance spectroscopy (EIS) were performed by using Biologic 

Electrochemical Workstation (VSP). The electrochemical detection was performed by 

using three-electrode system consisting of (i) Reference electrode (Ag/AgCl), (ii) 

Counter electrode (helical platinum wire), and (iii) Working electrode [Glassy Carbon 

Electrode (GCE) with 0.05 cm2 surface area].  

6.2.4  Synthesis of PLL-AuNPs: 

The synthesis of PLL-AuNPs was previously explained in chapter 3 of the 

thesis. The PLL-AuNPs were synthesised by one-step synthesis method using PLL as 

reducing and stabilizing agent. For PLL-AuNPs synthesis, the PLL was added into          
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1 mM HAuCl4 solution and stirred on magnetic stirrer until color change from pale 

yellow to wine-red. The prepared nanoparticles were washed thrice with distilled water 

by repeating the step of centrifugation at 13000 rpm for 15 min.  

6.2.5  GCE preparation: 

Prior to the modification of GCE with PLL-AuNPs, the bare GCE was polished 

to get a mirror-like surface using 0.05 µm alumina powder on a circular micro cloth 

pad. Polished bare GCE was then rinsed with distilled water, ethanol, and acetone for 

2-4 min. This polished bare GCE was used for further experiments.  

6.2.6  GCE modification by PLL-AuNPs: 

The polished GCE was modified with synthesized PLL-AuNPs (PLL-

AuNPs/GCE) by drop cast method with the help of a micropipette. The drop was 

allowed to dry using a hot air oven heated up to 70ºC for 1 to 2 minutes. After drying, 

the PLL-AuNPs/GCE was scanned for CV twice to check its stability and deposition 

from -1 to 1 V with a 20 mV scan rate using 0.1 mM PBS buffer.  

6.2.7  Biosensor development and characterization: 

ASOs are single-stranded DNA sequences that are complementary to target 

sequences (SARS-CoV-2 RNA). The ASO immobilization on PLL-AuNPs/GCE was 

explained as follows: 10 µL of 1 µM ASO concentration was deposited on the           

PLL-AuNPs/GCE surface by drop cast method and allowed to dry at 28ºC. Finally, it 

was rinsed with distilled water to remove unbound ASO and named this modified 

electrode as ASO/PLL-AuNPs/GCE. The bare GCE electrode and the modified 

electrodes (PLL-AuNPs/GCE and ASO/PLL-AuNPs/GCE) were characterized by CV 

from -1 to 1 V with a 20 mV scan rate using 0.1 mM PBS buffer.  

6.2.8   Hybridization with target RNA and electrochemical detection: 

The modified ASO/PLL-AuNPs/GCE electrode was allowed to hybridize with 

target SARS-CoV-2 RNA in 0.1 mM PBS containing 10 µL of target RNA of 10 nM 

concentration. This electrode was denoted as RNA/ASO/PLL-AuNPs/GCE. The 
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electrochemical detection of ASO-RNA hybridization was achieved by immersing the 

ASO/PLL-AuNPs/GCE and RNA/ASO/PLL-AuNPs/GCE electrode into 0.1 mM PBS 

containing methylene blue of 2 X 10-5 mol/L concentration as an electrochemical 

indicator for 15 min. These modified electrodes were then scanned for DPV, SWV, and 

EIS in 0.1 mM PBS using the electrochemical indicator methylene blue. The change in 

peak current due to the oxidation of methylene blue was observed for the response of 

biosensors. 

6.2.9   Electrochemical detection of SARS-CoV-2 RNA from clinical sample: 

The isolated SARS-CoV-2 RNA samples were quantified using nanodrop 

(Multiscan skyhigh microplate reader). For electrochemical detection, 4-5 µL of SARS 

CoV-2 RNA sample of 10 nM concentration was deposited on modified ASO/PLL-

AuNPs/GCE for hybridization at 28ºC. Afterward, the electrode was immersed in 0.1 

mM PBS containing methylene blue, and the DPV, SWV, and EIS were recorded at a 

scan rate of 20 mV from -1 to 1 V with compared to biosensor ASO/PLL-AuNPs/GCE. 

6.3  Results and discussion: 

6.3.1  Deposition of PLL-AuNPs on GCE: 

The primary step for the development of biosensor includes the deposition of 

PLL-AuNPs on the surface of polished GCE by drop cast method. The strategy used to 

deposit nanoparticles on GCE includes the use of the drop cast method and the 

application of heat. The bare GCE and PLL-AuNPs modified GCE that named as     

PLL-AuNPs/GCE are scanned for CV at scanning rate of 20 mV/s in 0.1 mM PBS as 

shown in figure 6.1(a), the PLL-AuNPs/GCE shows increased peak current (at -0.3 V) 

than bare GCE. This indicates that the PLL-AuNPs are well deposited over GCE along 

with good electrical conductivity and catalysis activity. Figure 6.1(b) shows no 

significant change in 10 cycles of CV for PLL-AuNPs/GCE with 20 mV/s scan rate. 

this study represents the proper deposition of PLL-AuNPs on GCE surface.   
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Figure 6.1: (a) Cyclic Voltammogram (CV) at scan rate of 20 mV/s of GCE with 

compare to PLL-AuNPs/GCE, and (b) 10 cycles of cyclic Voltammogram (CV) at scan 

rate of 20 mV/s for PLL-AuNPs/GCE  

6.3.2  Biosensor development and characterization: 

PLL-AuNPs were deposited on polished GCE surface by drop cast method in 

primary step of biosensor development. After the deposition of nanoparticles, the ASO 

sequence, which is complementary to the target RNA was added to the                          

PLL-AuNPs/GCE electrode. The positively charged PLL-AuNPs interact with 

negatively charged ASO through electrostatic interactions. To analyze the change in 

peak current with modification step, the ASO was added separately after deposition of 

PLL-AuNPs on GCE as shown in figure 6.2. The addition of ASO also increases the 

surface area of reaction during the electrochemical sensing. After the formation of PLL-

AuNPs and ASO conjugate, the hybridization of target RNA and conjugate was allowed 

to be done on a biosensor surface. Methylene blue (MB) was employed as an 

electrochemical indicator for the hybridization event that accumulated on the ASO-

RNA hybrid produced due to hybridization. The biosensor was then characterized with 

cyclic voltammetry (CV) with a 20 mV/s scan rate in 0.1 mM PBS as shown in figure 

6.2, the PLL-AuNPs/GCE shows increased peak current (at -0.3 V) than bare GCE. 

This indicates, the PLL-AuNPs were well deposited over GCE along with good 

electrical conductivity and catalysis activity. In case of ASO/PLL-AuNPs/GCE, the 
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peak current goes on decreasing compared to PLL-AuNPs/GCE electrode due to 

interaction occurring between cationic PLL-AuNPs and anionic ASO that reduces the 

electron transfer (figure 6.2).  

 

Figure 6.2: Cyclic Voltammogram (CV) at scan rate of 20 mV/s of GCE,                     

PLL-AuNPs/GCE, and ASO/PLL-AuNPs/GCE electrode in 0.1 mM PBS 

6.3.3  The working principle of developed electrochemical biosensor: 

Figure 6.3 represents the working principle of developed electrochemical 

biosensor of SARS-CoV-2 RNA using modified GCE. This study explains the 

development of a simple and sensitive electrochemical sensing method, depending on 

cationic gold nanoparticles and ASO deposition on the GCE surface. As presented in 

figure 6.3, the first step of GCE modification includes the deposition of PLL-AuNPs 

on the surface of GCE by drop cast method following the deposition of ASO to make a 

PLL-AuNPs-ASO conjugate by electrochemical interactions between cationic          

PLL-AuNPs and anionic ASO. Next, the target RNA and ASO hybridization were 

carried out for specific and sensitive SARS-CoV-2 RNA detection. Then, the detection 

of target RNA and ASO hybridization was detected by measuring DPV, SWV, and EIS 

with the help of methylene blue as a redox indicator.  
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Figure 6.3: Schematic representation of biosensor development and electrochemical 

investigations of SARS-CoV-2 RNA detection  

6.3.4  Detection of SARS-CoV-2 RNA: 

Cyclic voltammetry technique is not able to significantly distinguish the 

interactions of ASO/PLL-AuNPs and target RNA. Differential Pulse Voltammetry 

(DPV), Square Wave Voltammetry (SWV), and Electrochemical Impedance 

Spectroscopy (EIS) techniques were employed for the detection of pathogens from test 

samples due to their high sensitivity. The analytical ability of biosensor for viral RNA 

detection was investigated by using different concentrations of target RNA. The 

electrochemical response of developed biosensor was recorded using electrochemical 

indicator, methylene blue. The MB can intercalate into the helical structure of an 

immobilized double-stranded DNA-RNA hybrid structure. As shown in figure 6.4, 

more concentration of MB interacts with DNA-RNA hybrid structure through major 

and minor groove as compare to ssDNA probe. The variation in MB binding results 

into increased current response for DNA-RNA hybrid than ssDNA probe. 

 The SARS-CoV-2 RNA concentration was optimized for biosensing by taking 

three different concentrations of SARS-CoV-2 RNA such as 1, 10, and 100 nM. The 

response current was measured using DPV by adding three different concentrations of 

https://eng.libretexts.org/Bookshelves/Materials_Science/Supplemental_Modules_(Materials_Science)/Insulators/Electrochemical_Impedance_Spectroscopy
https://eng.libretexts.org/Bookshelves/Materials_Science/Supplemental_Modules_(Materials_Science)/Insulators/Electrochemical_Impedance_Spectroscopy
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SARS-CoV-2 RNA (1, 10, and 100 nM) to the developed biosensor ASO/PLL-

AuNPs/GCE. The current response for 10 nM and 100 nM is higher as compared to 1 

nM concentration of SARS-CoV-2 RNA as shown in figure 6.5. Though 100 nM 

concentration shows higher response current, it cannot be further used because of a 

requirement of very high concentration of RNA. The 10 nM concentration shows 

significant current change as compared to the biosensor ASO/PLL-AuNPs/GCE. Thus, 

for the further study 10 nM concentration of RNA is used as optimum concentration of 

SARS-CoV-2 RNA. 

 

Figure 6.4: Mechanism of methylene blue interaction with DNA-RNA hybrid and 

ssDNA  

 

Figure 6.5: Differential Pulse Voltammogram (DPV) of ASO/PLL-AuNPs/GCE with 

varying concentration of SARS-CoV-2 RNA (1, 10, 100 nM). 
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The DPV, SWV, and EIS response of modified electrodes with and without 

target RNA using MB as an electrochemical indicator was recorded and shown in 

figure 6.6(a), (b), and (d), respectively. The DPV response for target RNA shows an 

increased current value as compared to the modified electrode in the absence of target 

RNA in MB. As shown in figure 6.6(a), after the hybridization of target RNA with 

ASO, the redox signal (peak current) is higher (1.7 µA) as compared to the redox signal 

of ASO (1.2 µA). The increase in peak current with increased redox potential is a result 

of the intercalation of MB on the DNA-RNA hybrid structure. The obtained data 

demonstrated that methylene blue is accumulated on modified electrodes (PLL-

AuNPs/GCE, ASO/PLL-AuNPs/GCE and RNA/ASO/PLL-AuNPs/GCE). 

The accumulation of MB on RNA/ASO/PLL-AuNPs/GCE surface shows 

higher oxidoreductase signal that results in increased redox peak current. This result 

was similar to the previous report showing an increased current peak for dsDNA due to 

MB accumulation. This may be due to the high concentration of MB used in the study, 

resulting in the intercalation of MB on the double helix of dsDNA [20-22]. 

Furthermore, confirmation and understand the sensitivity of the current experiment, 

SWV was performed, and the results are shown in figure 6.6(b). The results show the 

same trend as DPV, after hybridization of target RNA with ASO, the peak current (2.7 

µA) goes on increasing as compared to the redox signal of ASO (2.5 µA). As shown in 

figure 6.6(c), after deposition of PLL-AuNPs the current is increases as compere to 

bare GCE. Whereas, after hybridization of ASO and target SARS-CoV-2 RNA, DPV 

and SWV response is increased as compare to ASO.  

Electrochemical impedance spectroscopy (EIS) is a potent method for analysing 

the interfacial characteristics of bio-recognition processes that takes place at the 

electrode surface such as, antibody-antigen recognition, substrate-enzyme interaction, 

whole cell interaction, and DNA. Also, it is an effective method for demonstrating the 

characteristics of modified electrodes. Hence for a detailed understanding of  

ASO/PLL-AuNPs and RNA/ASO/PLL-AuNPs interactions, electrodes were tested by 

EIS technique in the range of 200 KHz to 100 mHz. Figure 6.6(d) shows the EIS 

response of bare GCE, PLL-AuNPs/GCE, and ASO/PLL-AuNPs/GCE before and after 

the hybridization event with target RNA in the presence of MB, and the corresponding 
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equivalent circuit of EIS is depicted in the inset of figure 6.6(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). In the Nyquist plot of figure 

6.6(d) higher Rct values are denoted by the incomplete semicircle. This is probably due 

to the non-faradaic analysis [23]. 

 

Figure 6.6: Electrochemical analysis of developed biosensor. (a) Differential Pulse 

Voltammogram (DPV), (b) Square Wave Voltammogram (SWV), (c) bar diagram of 

DPV and SWV, and (d) Nyquist plot of GCE, PLL-AuNPs/GCE, ASO/PLL-

AuNPs/GCE, RNA/ASO/PLL-AuNPs/GCE electrode in 0.1 mM PBS. The error bars 

in the diagram display the standard deviation of the readings derived from the 

three measurements  

The Nyquist plot shows reduction in radius of curvature of incomplete semi-

circle which is associated with increase in MB accumulation on ASO-RNA 

hybridization as compared to ASO alone. The values of circuit elements for bare GCE, 

PLL-AuNPs/GCE, ASO/PLL-AuNPs/GCE, and RNA/ASO/PLL-AuNPs/GCE 

electrodes are mentioned in table 6.1. It is found that the solution resistance of 

RNA/ASO/PLL-AuNPs/GCE electrodes (605.7 Ω) is higher as compared to the 
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remaining electrodes which indicates the decrease in electroactive species in electrolyte 

due to the hybridization of probe (ASO) and target RNA. The value of α provided for 

constant phase element (CPE) exposes the capacitive behavior, which becomes 0 for 

pure resistive behavior and 1 for optimum capacitive behavior. The values of α were 

found to be > 0.7 for all electrodes, revealing non-ideal capacitive behavior of all 

electrodes.  

Table 6.1: Equivalent circuit elements values of bare GCE, PLL-AuNPs/GCE, 

ASO/PLL-AuNPs/GCE, and RNA/ASO/PLL-AuNPs/GCE electrodes. 

Sr. 

No 
Electrode Rs (Ω) Q (Fs-1) α 

1.  Bare GCE 183.9 9.828×10-6 0.87 

2.  PLL-AuNPs/GCE 166.6 6.796×10-6 0.79 

3.  ASO/PLL-AuNPs/GCE 155.6 4.652×10-6 0.78 

4.  RNA/ASO/PLL-AuNPs/GCE 605.7 5.62×10-6 0.77 

The analytical ability of biosensor for viral RNA detection was investigated by 

using different concentrations of SARS-CoV-2 RNA. Figure 6.7(a) shows the response 

of the biosensor towards increasing concentration of target RNA from 0 nM to 100 nM. 

The response increases with increasing concentration of SARS-CoV-2 RNA. The linear 

increase in peak current was observed for different (0 to 100 nM) concentrations with 

a slope (0.01431 ± 0.001125) and intercept (1.3315 ± 0.05344) and good fitting 

parameter (r2 = 0.98181), as shown in figure 6.7(b). In the present case, the limit of 

detection (LOD) is 30.2 nM. The LOD was calculated by the equation, D = 3.3(σ/s) 

where, the D is the limit of detection, σ is the standard deviation of the regression line, 

and s is the slope. 

6.3.5 Selectivity of the biosensor: 

For the development of a sensitive electrochemical biosensor, it is necessary to 

check its selectivity towards the target analyte. The activity of the biosensor is 

influenced by interference from many external substances, so a selectivity study of the 
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modified electrode is essential. Given this, the developed electrode was then analyzed 

for its selectivity through non-complementary RNA sequence (Influenza A RNA) as 

non-target. Influenza A viruses and SARS-CoV-2 viruses are single-stranded RNA 

viruses that are responsible to cause contagious respiratory illnesses. Thus, in this study, 

the Influenza A RNA was used to study the selectivity of biosensors. Figures 6.8(a) 

and 6.8(b) shows the DPV and SWV results of 10 nM concentration of target        

(SARS-CoV-2) compared with 10 nM concentration of non-target (Influenza A) RNA. 

 

Figure 6.7: (a) DPV of MB accumulation on ASO/PLL-AuNPs/GCE after 

hybridization with different concentrations of target SARS-CoV-2 RNA (0-100 nM), 

and (b) Linear regression of corresponding DPV peak current for biosensor with 

different concentrations of target SARS-CoV-2 RNA. The error bars in the diagram 

display the standard deviation of the readings derived from the three measurements (0-

100 nM)  

The results show that after hybridization with the target (SARS-CoV-2 RNA), 

the current response increases in comparison to the ASO-modified electrode. Figure 

6.8(c) shows the comparative difference between DPV and SWV current response after 

hybridization of target SARS-CoV-2 RNA and non-target Influenza A RNA. As shown 

in figure 6.8(c), for 10 nM concentration of non-target sequence, the DPV and SWV 

response is lower than 10 nM concentration of target SARS-CoV-2 RNA. The data 

indicates that lower concentrations of target SARS-CoV-2 RNA can be detected by the 

biosensor in comparison to same concentration of non-target SARS-CoV-2 RNA. The 

minute increase in current response for non-target was possibly due to non-specific 

adsorption. The results suggest that the developed biosensor is selective towards 
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complementary target SARS-CoV-2 RNA sequences. Figure 6.8(d) represents the 

Nyquist plots of ASO/PLL-AuNPs/GCE, RNA/ASO/PLL-AuNPs/GCE, and Influenza 

A RNA/ASO/PLL-AuNPs/GCE electrodes in the range of 200 KHz to 100 mHz. The 

equivalent circuit element values are depicted in table 6.2. The capacitance values 

(CPE) for ASO/PLL-AuNPs/GCE and Influenza A RNA/ASO/PLL-AuNPs/GCE are 

comparatively low as compared to RNA/ASO/PLL-AuNPs/GCE, suggesting the 

accumulation of MB on RNA/ASO is more than Influenza A RNA/ASO. The overall 

results suggest that the developed biosensor has good selectivity towards SARS-CoV-

2 RNA.  

 

Figure 6.8: (a) DPV, (b) SWV, (c) bar diagram of DPV and SWV for MB accumulation 

on ASO/PLL-AuNPs/GCE before and after hybridization with the 10 nM concentration 

of target (SARS-CoV-2) with comparison to 10 nM concentration of non-target 

(Influenza A) RNA, and (d) EIS results of ASO/PLL-AuNPs/GCE, RNA/ASO/PLL-

AuNPs/GCE, and Influenza A RNA/ASO/PLL-AuNPs/GCE electrodes. The error bars 

in the diagram display the standard deviation of the readings derived from the 

three measurements 
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Table 6.2: Equivalent circuit elements values of ASO/PLL-AuNPs/GCE and 

RNA/ASO/PLL-AuNPs/GCE and Influenza A RNA/ASO/PLL-AuNPs/GCE 

electrodes. 

Sr. No Electrode Rs (Ω) Q (Fs-1) α 

1.  ASO/PLL-AuNPs/GCE 155.6 4.6×10-6 0.78 

2.  RNA/ASO/PLL-AuNPs/GCE 605.7 4.5×10-6 0.74 

3.  
Influenza A RNA/ASO/PLL-

AuNPs/GCE 
144.5 4.3 ×10-6 0.73 

6.3.6  Detection of SARS-CoV-2 RNA from clinical sample: 

The development of rapid, easy, and specific detection methods for             

SARS-CoV-2 is required for early diagnosis of COVID-19. The gold standard 

technique, qRT-PCR though provides specificity and sensitivity but, requires 

sophisticated laboratory, amplification, and required a lot of time. The developed 

biosensor was used to detect SARS-CoV-2 RNA from clinical samples taken from 

COVID-19 individuals as nasopharyngeal swabs without the need for amplification and 

oligonucleotide modification. The developed biosensor was used to detect                

SARS-CoV-2 RNA from COVID-19 individuals by collecting their nasopharyngeal 

swabs. The collected samples were already analyzed through qRT-PCR and then used 

to validate the developed biosensor. In this study, three samples were collected from 

COVID-19 individuals named P1, P2, and P3 with Ct values 26.05, 30.27, and 33.42, 

respectively. The nasopharyngeal sample from a healthy individual was considered a 

control. 

The P1 sample with high viral load shows increased response as compared to 

P2 and P3 with lower viral load; whereas, the control shows a small increase in DPV 

and SWV current response (figure 6.9a and b). Figure 6.9(c) shows a comparative 

increase in DPV and SWV pick current after hybridization with different RNA samples 

taken from COVID-19 individuals compared to RNA taken from healthy individual 

(control RNA). The results show that the developed biosensor can differentiate between 

infected and non-infected individuals along with various viral loads. Furthermore, EIS 

results of the P1, P2, and P3 samples with Ct values 26.05, 30.27, and 33.42, 
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respectively, and control RNA are shown in figure 6.9(d). The corresponding 

equivalent circuit was shown in the inset. The circuit fitting parameters as summarized 

in table 6.3. These results justify solution resistance is higher for the P1 sample and the 

low for the P3 sample which is directly related to the concentration of viral RNA. The 

diffusion coefficient value that appeared for the P1 sample is lower than P2 and P3 

represents the higher diffusion rate of MB at the RNA/ASO surface, which indirectly 

suggest the higher concentration of SARS-CoV-2 RNA.  The obtained biosensor results 

are correlated with the qRT-PCR results as shown in figure 6.10, representing the 

potential of the proposed method. The developed biosensor exhibits robust 

responsiveness for the samples with different viral loads without any amplification step. 

 

Figure 6.9: (a) DPV, (b) SWV, (c) bar diagram for comparison of DPV with SWV, and 

(d) Nyquist plot of methylene blue accumulated on ASO before and after hybridization 

with target RNA from clinical samples P1, P2, P3, and RNA from healthy individual 

taken as control. The error bars in the diagram display the standard deviation of the 

readings derived from the three measurements 
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Table 6.3: Equivalent circuit elements values of control RNA/ASO/PLL-AuNPs/GCE, 

P1-RNA/ASO/PLL-AuNPs/GCE, P2-RNA/ASO/PLL-AuNPs/GCE, and                       

P3-RNA/ASO/PLL-Au NPs/GCE electrodes. 

Sr. No Electrode Rs (Ω) Q (Fs-1) α 

1.  Control RNA/ASO/PLL-AuNPs/GCE 189.7 6.11×10-6 0.73 

2.  P1 RNA/ASO/PLL-AuNPs/GCE 270.4 0.8×10-6 0.81 

3.  P2 RNA/ASO/PLL-AuNPs/GCE 254.2 4.05×10-6 0.80 

4.  P3 RNA/ASO/PLL-AuNPs/GCE 240.4 4.39×10-6 
0.74 

 
 

 

Figure 6.10: Correlation between the current response of biosensor (Y-axis) and Ct 

values of qRT-PCR (X-axis) of the COVID-19 positive nasopharyngeal samples P1 

(26.05), P2 (30.27), and P3 (33.42).  

6.3.7  Reproducibility and stability of developed biosensor: 

An important feature of the developed biosensor is the reproducibility of the 

response and reproducibility of the biosensor preparation. The electrochemical 

detection of SARS-CoV-2 RNA was performed five times by using the modified 

electrode under the same experimental conditions as per the procedure explained above. 

The DPV and SWV (figures 6.11a and 6.11b) were recorded to study the 

reproducibility of biosensor. The relative standard deviation (RSD) is found to be 

3.99%, which indicated the excellent reproducibility of the developed DNA biosensor.  
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Figure 6.11: (a-b) Reproducibility and (c-d) stability of developed biosensor studied 

by DPV and SWV techniques after accumulation of MB in the presence of target 

SARS-CoV-2 RNA.  

Apart from the reproducibility, the stability of the biosensor is another important 

parameter to assess the quality of biosensor. For this study, the modified electrode 

(ASO/PLL-Au NPs/GCE) was stored at 4ºC in a refrigerator for two weeks and then 

used for the detection of target RNA by hybridization through DPV and SWV 

techniques (figure 6.11c and 6.11d). The stability investigation revealed that following 

electrode storage, the analytical accuracy of biosensor is unaffected, and the resulting 

RSD value is found to be 2.16 %. These results asserted that the present biosensor has 

good reproducibility and stability.  

6.3.8   Comparison between various electrochemical biosensors for nucleic acid 

detection:  

Available reports on electrochemical biosensing have shown its great potential 

for nucleic acid detection. Nowadays, viral or bacterial nucleic acid detection is gaining 

attention of researcher due to specificity and sensitivity. C. Hwang et. al. [8] reported 
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detection of SARS-CoV-2 RNA using electrochemical method by capacitance 

measurement with 10 nM limit of detection. However, the amino group functionalized 

DNA probe is required for biosensor preparation with Interdigitated platinum/titanium 

electrodes. The analysis time for SARS-CoV-2 detection is about 2 h. The detection of 

bacterial nucleic acids (Klebsiella pneumoniae carbapenemase and Helicobacter 

pylori) using AuNPs/GCE via electrochemical biosensing was performed by Pan et. al. 

[15] and Hajihosseini et. al. [16], using methylene blue and oracet blue as hybridization 

indicators, respectively. The detection is based on DPV analysis with lower limit of 

detection. Anyhow, the thiol modified DNA probes are required for biosensor 

development along with high analysis time as 1.5 h and 3.41 h for detection of 

Klebsiella pneumoniae carbapenemase and Helicobacter pylori, respectively. 

Likewise, SARS-CoV-2 RNA detection by electrochemical biosensing with lower 

detection limit was reported in various studies. However, the detection required 10 min 

to 1.5 h analysis time with DPV and EIS methods [17, 24-26]. The formation of the 

biosensor required either a thiol-modified DNA probe or a probe with a length of 51 

nucleotides. Also, the study was completed with different electrodes such as, GCE, 

SCPE, and gold screen printed electrode. The electrochemical indicator used in these 

studies are azure A and methylene blue functionalized carbon dots that accumulated on 

DNA-RNA hybrid within specific time of incubation.  

The proposed electrochemical biosensing method, utilizing cationic AuNPs and 

unmodified probes, offers an alternative approach for the detection of SARS-CoV-2 

RNA. This method is simple, efficient, and allows for the specific detection of SARS-

CoV-2 RNA in a short time frame. The cationic PLL-AuNPs are synthesized using a 

straightforward one-pot method, with PLL acting as both the reducing and 

functionalizing agent. The adsorption of the ASO onto these PLL-AuNPs relies on 

electrostatic interactions, eliminating the need for thiol modifications commonly 

required by other biosensing techniques. Electrochemical detection is performed using 

DPV, SWV, and EIS methods, all within short period of time (15 minutes). The 

fabricated electrode demonstrates excellent analytical performance, with a low limit of 

detection (30.2 nM), good reproducibility (3.99%), and stability (2.16%), 

outperforming other reported biosensors. The developed biosensor needs to be carried 

forward for study related to stability and specificity. The principle of biosensor is based 
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on electrostatic interactions, which are non-covalent in nature and are affected by small 

changes in pH and temperature. Therefore, the biosensor was developed at constant pH 

and temperature. The method offers a quick, specific and sensitive alternative to 

detection over conventional gold standard methods like PCR which have complicated 

processing steps, require more time for reporting and cannot be performed in 

underequipped laboratory settings. 

6.4  Conclusions: 

The study presents a successful development of an electrochemical biosensor 

for the sensitive detection of SARS-CoV-2 RNA. A cationic gold nanoparticle (PLL-

AuNPs) biosensor has been developed, significantly reducing the need for surface 

modification of oligonucleotides. The cationic PLL-AuNPs were conjugated with an 

unmodified anionic antisense oligonucleotide (ASO) through electrostatic interactions. 

An immobilized ASO serves as the capture probe, enabling specific recognition of viral 

SARS-CoV-2 RNA. Methylene blue (MB) is used as an electrochemical indicator to 

monitor the hybridization event between the capture probe (ASO) and the target SARS-

CoV-2 RNA. The analytical performance of the biosensor is assessed through various 

electrochemical techniques, including Differential Pulse Voltammetry (DPV), Square 

Wave Voltammetry (SWV), and Electrochemical Impedance Spectroscopy (EIS). 

Notably, the biosensor demonstrates sensitive and specific detection of SARS-CoV-2 

RNA with approximately 30.2 nM limit of detection. Furthermore, the developed 

ASO/PLL-AuNPs/GCE biosensor shows reproducibility and stability with low RSD 

values of 3.99 and 2.16%, respectively indicating consistent and reliable performance. 

The biosensor can detect a 10 nM concentration of SARS-CoV-2 RNA in comparison 

to same concentration of Influenza A RNA. This ability of the biosensor to discriminate 

between complementary (SARS-CoV-2 RNA) and non-complementary RNA 

sequences (Influenza A RNA) confirms the specificity of the proposed biosensor. The 

study concludes by suggesting potential future applications of the present biosensor in 

the sensitive detection of viral RNA, underscoring its versatility and promising 

attributes for broader use in viral RNA detection. 
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7.1 Introduction: 

Klebsiella pneumoniae (K. pneumoniae) is a Gram negative, rod shaped, non-

motile, encapsulated bacterium that belongs to Enterobacteriaceae family. It is an 

opportunistic pathogen commonly found in intestine and feces. The organism 

becomes pathogenic when spread to other body parts such as, lungs and urinary tract. 

K. pneumoniae is reported to cause variety of infections such as, pneumonia, urinary 

tract infection (UTI), skin or soft tissue infection, meningitis, endophthalmitis, and 

bacteremia [1]. In recent years, Klebsiella spp. gaining attention of researcher due to 

its resistant nature towards different antibiotics and its disease severity [2]. The 

development of resistance is due to overuse of antibiotic and drugs for the treatment 

of infection. The bacteria have ability to develop resistance against antibiotics through 

variety of methods including efflux pump system and formation of biofilm [3].         

K. pneumoniae is capable of producing capsular polysaccharides (CPS), that 

encourage anti-phagocytosis and resistance nature. The CPS production of                

K. pneumoniae is identified by using K2 associated protein A (K2A) gene [4]. 

Capsular nature of K. pneumoniae help to escape them from the host immune system 

[5]. Klebsiella infection generally caused due to direct entry of organism into host 

body via person to person contact or infected hospital equipment [1].  

 The Klebsiella infection is identified by conventional diagnostic methods as 

well as molecular based detection system. The conventional diagnostic methods 

including immunoassay such as, immunodiffusion assay, capsular swelling technique, 

enzyme linked immuno sorbent assay (ELISA), and immunoblot assay whereas; 

molecular based detection system includes southern blot and PCR based methods [6, 

7]. Biochemical tests have various limitations, such as being time-consuming, costly, 

and exhibiting lower specificity and sensitivity [8]. Similarly, molecular-based 

methods like PCR offering improved specificity and sensitivity, also come with 

challenges. These include the need for advanced laboratory equipment, skilled 

technicians and are being time-consuming and expensive [7]. 

https://www.healthline.com/health/endophthalmitis
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 Recently the researchers have developed different types of biosensors for 

sensitive and rapid detection of pathogens and pathogenic products. Simple, sensitive, 

and trustworthy nucleic acid detection has become increasingly important with the 

advancement of molecular biology in numerous applications, including disease 

prevention, diagnosis, controlling food quality, and detection of environmental 

pollutants. Nanoparticles based biosensor development is gaining attention of 

researchers due to unique features of nanoparticles. Among different metal 

nanoparticles, gold nanoparticles (AuNPs) attract researchers due to their extensive 

characterization such as, easy synthesis methods, biomolecule functionalization, 

stabilization, less toxicity, and biocompatible nature [9]. AuNPs are widely used 

nanoparticles for biosensor development due to their optical properties [10]. AuNPs 

are functionalized with different biomolecules including nucleic acid and proteins for 

detection of pathogenic DNA, various antigens, and cancer biomarkers [11]. The 

AuNPs are functionalized with nucleic acid either by thiol modification or 

electrostatic interactions. AuNPs are utilized for colorimetric detection of pathogens 

by combining them with DNA probe. The drawbacks of using citrate capped AuNPs 

for DNA functionalization are explained in introduction section of chapter 4. In 

short, they need thiol modification and salt aging process for stabilization whereas, 

cationic AuNPs minimize the requirement of thiol modification and salt aging 

procedure. The cationic AuNPs are functionalized with DNA probe by electrostatic 

interactions and then be used for detection of interested analyte.   

 In this chapter, the Exonuclease III and cationic AuNPs based detection 

method is used for detection of bacterial DNA. Exonuclease III (Exo III) is an enzyme 

from exonuclease family that specifically degrade double stranded DNA [12]. The 

cationic AuNPs were synthesized by one pot synthesis method using Poly-L-Lysine 

(PLL) as reducing and functionalizing agent. The DNA probes specific to                  

K. pneumoniae were conjugated with PLL functionalized AuNPs (PLL-AuNPs) by 

electrostatic interactions that protects the PLL-AuNPs from aggregation. After 

introduction of target DNA of K. pneumoniae, double stranded DNA structure is 

formed with complementary probe sequences. Exo III addition leads to degradation of 

this double stranded DNA that decreases the UV absorption at 660 nm. In absence of 
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target DNA there is no degradation by Exo III thus, the UV absorbance remains 

unchanged. The developed detection system can specifically detect target DNA in 

small period of time. s 

7.2  Experimental details: 

7.2.1  Materials: 

All the reagents used in this study were of analytical grade obtained from 

commercial vendors and used without any purification step. Gold tetrachloroaurate 

(HAuCl4) solution, 0.01% Poly-L-Lysine (PLL) solution were purchased from Sigma 

(Maharashtra, India) and Exonuclease III from ThermoFisher Scientific 

(Maharashtra, India). Deionized water was used for preparation of all the respective 

solutions. The ssDNA probe sequences and target sequence were purchased from 

Krumak Traders, Pune (Maharashtra, India) and stored at -20ºC for further use. Probe 

and target DNA solution were prepared in 1X TAE buffer. The sequences were 

presented in table 7.1.  

Table 7.1: The DNA probes and target DNA sequences used in this study 

Sr. No. Oligonucleotide Base sequence (5’-3’) Ref 

1.  DNA Probe 1 CCTTCCGTTGCAAGTAAAATC 

[13]  2.  DNA probe 2 CCGTTCTAGGTTGAGAGAAAT 

3.  Target sequence TTCATTTTAGGGCAAGATCC 

7.2.2  Synthesis of PLL-AuNPs and PLL-AuNPs-DNA conjugate: 

The synthesis of PLL-AuNPs was carried out using a one-step method. The 

details of this synthesis process are outlined in chapter 3 of this thesis. In short, the 

synthesis was achieved by heating the HAuCl4 solution of 1 mM concentration on 

magnetic stirrer at 80°C and rapid addition of 0.01% Poly-L-Lysine solution. The 

stirring was continued to obtained color change from pale yellow to wine-red which 

indicated formation of gold nanoparticles. Further, this mixture was cooled down at 

room temperature and prepared nanoparticles were washed thrice with distilled water 

https://www.thermofisher.com/order/catalog/product/EN0191
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by centrifugation at 13000 rpm for 15 min at room temperature. The obtained 

nanoparticles were suspended in distilled water and stored at 4°C for further use. 

 The PLL-AuNPs-DNA conjugate was prepared by incubating the synthesized 

PLL-AuNPs with DNA probes mixture. The successful synthesis of the PLL-AuNPs-

DNA conjugate for detecting K. pneumoniae DNA was achieved by applying the 

optimization parameters detailed in Chapter 5 for its synthesis. In short, 0.5 µM 

concentration of each DNA probe (probe 1 and probe 2) was incubated with 

synthesized PLL-AuNPs at 28ºC for 15 min reaction time. The purification step was 

carried out by repeating the step of centrifugation at 10000 rpm for 10 min. The pellet 

was resuspended in distilled water for further use. 

7.2.3  Characterization PLL-AuNPs-DNA conjugate: 

Synthesized PLL-AuNPs were characterized by UV-Vis spectroscopy, XRD, 

FTIR, EDAX, and TEM. The results were explained in chapter 3. In short, the     

PLL-AuNPs shows spherical morphology with UV-Vis absorption at 524 nm. The 

initial wine-red color of PLL-AuNPs changed to violet color due to DNA probe 

addition. The formation of PLL-AuNPs-DNA conjugate was further confirmed by 

UV-Vis absorption spectroscopy in range of 300-800 nm. These conjugates were then 

characterized by zeta (ζ) potential, dynamic light scattering (DLS), and transmission 

electron microscopy (TEM). The change in ζ potential and hydrodynamic diameters 

of PLL-AuNPs-DNA conjugate were analyzed by using BM10, Litesizer 500 with 

dynamic light scattering (DLS) analysis. The morphological shape and size of 

synthesized nanoparticles and their DNA conjugate were studied by transmission 

electron microscope (TEM) performed on JEM-2100F, JEOL, Japan. For this 

analysis, a 10 µL sample was air dried on copper grid for TEM analysis.  

7.2.4  Detection of K. pneumoniae DNA by PLL-AuNPs-DNA conjugate: 

 For the UV-Vis spectroscopy-based detection of K. pneumoniae, the 

synthesized PLL-AuNPs-DNA conjugate was treated with target DNA sequence that 

complementary to the DNA probe sequence. Basically, the 100 µL PLL-AuNPs-DNA 

conjugate solution was incubated with 1 ng/µL concentration of target DNA at 28ºC 



Chapter VII: Poly-L-Lysine functionalized gold nanoparticle–nucleic acid 

conjugate for detection of bacterial DNA (Klebsiella pneumoniae DNA) 

141 

 

for 4-6 min. After incubation, the different concentrations of Exonuclease III enzyme 

(10-100 U) were added and incubated at 28ºC for further 4-5 min time period for 

optimization of enzyme concentration. After this Exonuclease III treatment, the 

mixture was examined to observe change in UV-Vis absorption spectroscopy and 

UV-Vis absorption at 660 nm.  

 The range of detection was studied by utilizing the different concentration of 

target DNA as (0.2-2.0 ng/µL) which were incubated with PLL-AuNPs-DNA 

conjugate and further treated with 50 U concentration of Exonuclease III enzyme. The 

detection was analyzed by observing change in UV-Vis spectrum and UV-Vis 

absorbance at 660 nm. The selectivity of the prepared conjugate was studied by using 

other different non-target bacterial DNA such as, E. coli and S. aureus with compare 

to target K. pneumoniae DNA.  

7.2.5  UV-Visible absorption spectra: 

Nanodrop (Multiscan skyhigh microplate reader) was used for UV-Vis 

absorption spectrum analysis of PLL-AuNPs and PLL-AuNPs-DNA conjugate in 

absence and presence of K. pneumoniae DNA. The Surface Plasmon Resonance 

(SPR) of nanoparticles and their conjugates were analyzed in the UV-Vis range of 

300-800 nm to study the change in absorption due to change in size and particle 

distribution. 

7.3 Results and discussion: 

7.3.1 Synthesis and characterization of PLL-AuNPs-DNA conjugates: 

Thiol-modified oligonucleotides were used for conjugation with gold 

nanoparticles in the nucleic acid-based pathogen detection assay. The thiol (-SH) 

group is added to the 5' or 3' end of the oligonucleotide sequence, which then 

covalently bonds with the nanoparticles [13]. Use of cationic PLL-AuNPs reduces the 

need of thiol modification where, the nucleic acid interacts with PLL-AuNPs through 

electrostatic interactions. The conjugation reaction was carried out in single tube that 

did not require any complex reaction steps.  
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Synthesis and characterization of PLL-AuNPs were described in chapter 3. 

Positive charge of PLL involved in electrostatic interactions with nucleic acid. The 

color shift from wine-red to violet served as the first visual indication that the                

PLL-AuNPs-DNA conjugate had formed. The PLL-AuNPs-DNA conjugate formation 

was further confirmed by observing the change in UV-Vis absorption spectrum in the 

range of 300-800 nm. Due to DNA conjugation the initial sharp peak of PLL-AuNPs 

is replaced with broad range of absorption spectrum as presented in figure 7.1(a). The 

inset image of figure 7.1(a) shows wine-red to violet color change after DNA 

conjugation.   

 

Figure 7.1: Characterization of PLL-AuNPs-DNA conjugate by (a) UV-Vis 

spectroscopy in comparison to PLL-AuNPs. Inset image shows color change of PLL-

AuNPs (wine-red) after conjugation with DNA probes (violet), (b) hydrodynamic 

diameter, (c) TEM image at magnification of 50KX, and (f) Histogram of size 

distribution depending on TEM  
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The conjugate formation also shows change in zeta (ζ) potential (table 7.2), 

where the surface positive charge of PLL-AuNPs decreases after DNA conjugation. 

PLL-AuNPs initially had +27.0±0.30 mV surface charge that get decreased to    

+0.50±0.07 mV due to conjugation of DNA probes. The change in ζ potential 

indicated the electrostatic interactions between PLL-AuNPs and DNA probes. The 

hydrodynamic size of PLL-AuNPs-DNA conjugate also increases as compare to PLL-

AuNPs. As shown in figure 7.1(b), the hydrodynamic size of PLL-AuNPs-DNA 

conjugate is 321.64 nm. The conjugation of DNA to PLL-AuNPs is evidenced by the 

increase in hydrodynamic size. 

The figure 7.1(c) shows TEM micrograph of PLL-AuNPs-DNA conjugate 

that demonstrating spherical shaped well dispersed PLL-AuNPs-DNA conjugate. The 

size distribution histogram was drawn from the TEM micrograph by ImageJ 

application as presented in figure 7.1(d). According to measurements, the PLL-

AuNPs-DNA conjugates size ranges between 25-40 nm with average size of 37.02 

nm. 

Table 7.2: Change in zeta potential of PLL-AuNPs before and after DNA conjugation 

Sr. No. Material Zeta potential 

1.  PLL-AuNPs +27.0±0.30 mV 

2.  PLL-AuNPs-DNA +0.50±0.07 mV 

7.3.2     Principle of UV-Vis based biosensing of K. Pneumoniae DNA using   

PLL-AuNPs-DNA conjugate:     

The synthesized PLL-AuNPs possesses surface positive charge obtained from 

cationic biopolymer PLL. Thus, two positively charged PLL-AuNPs repel each other 

and generate monodispersed solution of colloidal AuNPs. The initial wine-red color 

of PLL-AuNPs changed to violet color due to electrostatic interaction between 

cationic PLL-AuNPs and anionic probe DNA. Though the interactions are based on 

electrostatic force there is no need of thiol modification of probe DNA and surface 

modification of AuNPs. Thus, unmodified DNA probes are used for conjugation. The 

DNA probe conjugation with PLL-AuNPs shows observable change in UV-Vis 

absorption spectrum as the initial sharp peak of PLL-AuNPs changes to broad 
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spectrum range. After addition of target K. pneumoniae DNA to conjugate solution, 

there is formation of dsDNA structure between target K. pneumoniae DNA and DNA 

probe. This formed dsDNA structure is degraded by Exonuclease III enzyme as it 

specifically degrades dsDNA structure. The detection is based on change in UV-Vis 

absorption at 660 nm. The absorbance increases after addition of target K. 

pneumoniae DNA with increasing concentration of target K. pneumoniae DNA. 

Further, the absorption decreases due to degradation of dsDNA by Exonuclease III 

enzyme which is similar to absorbance of PLL-AuNPs. In the presence of non-

complementary DNA, no dsDNA formation occurs, and as a result, no degradation by 

the Exonuclease III enzyme takes place. Thus, the DNA probe remains attached to 

PLL-AuNPs showing increased UV-Vis absorbance at 660 nm. 

 

Figure 7.2: Change in absorbance at 660 nm of PLL-AuNPs-DNA conjugate in 

presence of target K. pneumoniae DNA for different concentrations of Exonuclease 

III (10-100 U). The error bars in the diagram display the standard deviation of the 

readings derived from the three measurements 

7.3.3 Optimization of Exonuclease III for K. pneumoniae DNA detection: 

The dsDNA structure was formed after addition of target K. pneumoniae DNA 

due to complementary sequence. This dsDNA sequence was then degraded with 

Exonuclease III as it specifically degrade dsDNA structure. To study the effect of 
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different concentration of Exonucease III for K. pneumoniae DNA detection, different 

concentration of Exonuclease III as 10-100 U were added to detection mixture and 

incubated at 28ºC for 4-5 min. The absorbance was then taken at 660 nm. As shown 

in figure 7.2, the absorbance at 660 nm decreases with increaeing concentration of 

Exonuclease III upto 50 U concentration and then shows slight decrese in absorption 

from 60-100 U of concentrations. The major decrease in absorbance is observed at 50 

U concnetration of Exonuclease  III enzyme. This study suggested that 50 U 

concentration of Exonuclease III enzyme was optimum for detection of                      

K. pneumoniae DNA. 

7.3.4 Detection of K. pneumoniae DNA: 

The sensitivity or response time of the assay determines the overall length of the 

analysis for K. pneumoniae DNA detection. After addition of target K. pneumoniae 

DNA, there is formation of dsDNA which is degraded by introduction of Exonuclease 

III enzyme. The sensitivity of prepared PLL-AuNPs-DNA conjugate was evaluated 

by observing the change in UV-Vis absorption spectrum in the 300-800 nm range as 

well as change in UV-Vis absorption at 660 nm. As shown in figure 7.3(a), the PLL-

AuNPs-DNA conjugate shows broad range spectrum in presence of target K. 

pneumoniae DNA with increased absorbance at 660 nm as compared to PLL-AuNPs 

and PLL-AuNPs-DNA conjugate. The absorbance at 660 nm is eventually decreased 

after Exonuclease III treatment as a result of dsDNA degradation as shown in figure 

7.3(b). The sensitivity of the PLL-AuNPs-DNA conjugate is discovered after only 10-

12 min including the Exonuclease III treatment in the presence of K. pneumoniae 

DNA.  

The analytical performance of the bioconjugate was determined in optimized 

conditions. Figure 7.4 shows the linear increase in absorbance for increasing 

concentrations of target K. pneumoniae DNA. The presented data demonstrated the 

linear relationship between absorbance of bioconjugate at 660 nm with concentration 

of target K. pneumoniae DNA with a slope (0.08507±0.00494) and intercept 

(0.11709±0.00475). A good fitting parameter or a linear relationship (r2 = 0.097369) 
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shows the sensitivity of the biosensor. In this case, the limit of detection was 0.78 

ng/µL. 

 

Figure 7.3: Change in (a) UV-Vis absorption spectra (300-800 nm) and (b) 

absorbance at 660 nm of PLL-AuNPs and PLL-AuNPs-DNA in absence and presence 

target K. pneumoniae DNA with and without treatment of Exonuclease III. The error 

bars in the diagram display the standard deviation of the readings derived from the 

three measurements 

 

Figure 7.4: Linear regression of corresponding absorbance at 660 nm of bioconjugate 

in presence of different concentrations of target K. pneumoniae DNA. The error bars 

in the diagram display the standard deviation of the readings derived from the 

three measurements 
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Intriguingly, according to the hypothesis, in the absence of target K. 

pneumoniae DNA, PLL-AuNPs-DNA conjugates were predominantly distributed in 

solution due to electrostatic interactions, however in the presence of target viral RNA, 

the dsDNA structure was generated which get degraded by Exonuclease III. The UV-

Vis absorbance of the PLL-AuNPs-DNA conjugate was decreased after enzyme 

treatment in presence of target K. pneumoniae DNA whereas, in absence of target K. 

pneumoniae DNA the absorbance was similar to the absorbance of PLL-AuNPs-DNA 

conjugate.  

7.3.5 Selectivity of PLL-AuNPs-DNA conjugate for K. pneumoniae DNA 

detection:  

The selectivity of the biosensor towards its target is another crucial factor for 

every biosensor. The selectivity of the biosensor was evaluated by examining the 

detection using different DNA of different pathogens as, E. coli and S. aureus. The 

conjugate shows maximum absorbance at 660 nm in presence of target K. 

pneumoniae DNA with comparison to non-target one (figure 7.5). It was found that, 

after the Exonuclease III treatment the absorbance at 660 nm of conjugate was 

decreased in case of target K. pneumoniae DNA whereas, there was no decrease in 

absorbance for non-complementary DNA as shown in figure 7.5. This change 

confirms that a decrease in absorbance at 660 nm after Exonuclease III treatment 

occurs only in the presence of target K. pneumoniae DNA containing the K. 

pneumoniae K2A gene. In contrast, no decrease in absorbance is observed when non-

target DNA is present after Exonuclease III treatment. The K2A gene of K. 

pneumoniae involved in formation of biofilm that responsible for pathogenesis. K2A 

gene is harboring the carbapenemase gene that hydrolyze the β lactamase present in 

antibiotics. Thus, the K2A gene is responsible to develop resistance against many β 

lactam antibiotics [13, 14].  

AuNPs conjugated with thiol modified oligonucleotide were reported for 

detection of various pathogens by optical, electrochemical, and spectrometric method. 

AuNPs based colorimetric and spectrometric detection of pathogen have been 

reported for their specificity and sensitivity with compare to other conventional 
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methods [15, 16]. Oligonucleotide conjugated AuNPs were utilized for detection of 

many bacteria such as, Brucella spp. [17] Mycobacterium tuberculosis [18], 

Escherichia coli [19], Pseudomonas aeruginosa [20], Klebsiella pneumoniae [21], 

and Listeria monocytogenes [22] with considerable specificity and sensitivity. Very 

few studies are available on utilization of cationic AuNPs with unmodified nucleic 

acid conjugation for detection of pathogens such as, cysteamine capped AuNPs 

conjugated with nucleic acid that utilized for SARS-CoV-2 RNA detection [23]. The 

present study provides the use of cationic PLL-AuNPs conjugated with unmodified 

nucleic acid through electrostatic interactions for detection of K. pneumoniae DNA. 

The proposed study does not require any sophisticated laboratory facilities for 

detection purpose without PCR amplification. The method is easy to handle and 

dependent on UV-Vis absorption at 660 nm after Exonuclease III treatment. The use 

of cationic AuNPs and unmodified nucleic acid probe for detection of K. pneumoniae 

DNA is the new aspect of this study. 

 

Figure 7.5: Change in absorbance at 660 nm of PLL-AuNPs-DNA conjugate in 

presence target DNA (K. pneumoniae) and Non-target DNA (E. coli, S. aureus) with 

and without Exonuclease III treatment 
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7.4 Conclusions: 

The current study presents the application of cationic PLL-AuNPs conjugated 

with probe DNA for K. pneumoniae DNA specific for K2A gene. The PLL-AuNPs-

DNA conjugate was prepared by using 1 µM concentration of probe DNA (0.5 µM of 

each probe) simply incubating with PLL-AuNPs at 28ºC for 15 min. The UV-Vis 

based detection of bacterial nucleic acid using cationic PLL-AuNPs and Exonuclease 

III treatment shows considerable potential as a biosensor with a high degree of 

specificity and sensitivity, as well as quick detection within 10-12 minutes at the level 

of 0.78 ng/µL concentration. The PLL-AuNPs-DNA conjugate was utilized for 

detection of bacterial nucleic acid without a need of any complex instrumentation. 

The PLL-AuNPs-DNA based bacterial nucleic acid with Exonuclease III treatment 

showed decreased UV-Vis absorbance at 660 nm in presence of target K. pneumoniae 

DNA. The detection procedure was carried out in a single tube with simple and 

minimum steps thus, offers simplicity. This method also offers rapidity as it 

completed within 10-12 min including Exonuclease III treatment. It also provides 

specificity as the method specifically detects K. pneumoniae DNA over other non-

target bacterial DNA (E. coli and S. aureus). Use of Exonuclease III enzymes confirm 

the formation of dsDNA due to presence of target complementary DNA that, get 

degraded and results in decreased absorption at 660 nm. Therefore, the PLL-AuNPs-

DNA conjugate with Exonuclease III treatment based biosensing method would might 

offer a viable platform for quick and simple detection of K. pneumoniae DNA. 
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Summary and conclusions 

Modern nanotechnology methods have been successfully replacing 

conventional medical diagnosis and treatments due to their higher sensitivity, rapidity 

and efficiency. The conventional biosensing methods such as, immunological assays 

and RT-PCR for pathogen detection are tedious and time consuming. Though they 

provide specificity and sensitivity these methods have some drawbacks like, need of 

sophisticated laboratory, skilled technician, and expensive chemicals. Therefore, there 

is need to develop rapid, sensitive, and easy to handle biosensing methods for 

pathogen detection. Nucleic acid is considered as promising therapeutic tool for the 

treatment of many genetic disorders, diabetes, and for diagnosis applications. Nucleic 

acid-based biosensors are now emerged for rapid and sensitive detection of pathogens. 

Nucleic acids are highly sensitive to nuclease degradation thus, needed delivery 

vehicle for stabilization and protection.  

Nanoparticles based biosensors are gaining attention of researchers for their 

unique characterization. Among them, gold nanoparticles (AuNPs) are widely applied 

in field of biomedical due to their desirable physico-chemical characterization. 

AuNPs are used in various biomedical applications including biosensing, gene 

delivery, drug delivery, and bioimaging. Easy surface functionalization of AuNPs 

with biomolecules makes them suitable candidate for various biomedical applications.  

The conjugation of gold nanoparticles with nucleic acids, such as DNA or 

RNA, enhances the sensitivity and specificity of biosensors by enabling easy 

detection of target molecules. The surface plasmon resonance (SPR) effect of AuNPs 

amplifies the signal, allowing for the detection of very low concentrations of target 

analytes. These conjugates are widely used in various biosensing techniques, 

including nucleic acid hybridization, enzyme-linked assays, and pathogen detection, 

offering advantages such as rapid response times, cost-effectiveness, and high 

sensitivity. This study focuses on synthesis of cationic gold nanoparticles-nucleic acid 

conjugate for biosensing applications. The schematics of the present work is presented 

as follows: 
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Schematics of the present work 
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Chapter I provides an introduction of the presented thesis work. The chapter 

deals with a general introduction of various biomedical applications of gold 

nanoparticle. It displays various synthesis methods of AuNPs including chemical, 

physical, and biological methods. This clarifies the easy and less expensive synthesis 

method for AuNPs. The chapter also explain surface functionalization strategies for 

AuNPs with different chemicals and biomolecules. It clarifies the easy surface 

modification of AuNPs that used for various biomedical applications. The chapter 

further discuss about the covalent and non-covalent interactions of AuNPs with 

nucleic acid. The different biomedical applications of AuNPs and their nucleic acid 

conjugates are discussed along with references including biosensing and gene delivery 

applications. The drawbacks of conventional biosensing methods and the need of 

AuNPs based biosensor development is highlighted in this chapter. The advantages of 

using cationic AuNPs for nucleic acid conjugation are explained. The electrostatic 

interactions between cationic AuNPs and anionic nucleic acid are discussed. The 

objective of the research work is synthesis of surface functionalized AuNPs-nucleic 

acid conjugate for various biomedical applications such as, optical and 

electrochemical biosensing. 

Negatively charged AuNPs are widely reported for biosensing applications 

with thiol modified nucleic acid conjugation. The chapter discusses that very few data 

is reported for cationic AuNPs for biosensing applications without the need of thiol 

modification. Nucleic acid conjugated AuNPs are reported for gene delivery, optical, 

and electrochemical biosensing applications. The reported data showed AuNPs based 

biosensors are able to detect pathogens at very low concentrations such as, nM to pM.   

Chapter II deals with the instrumentation that were used in this study for 

characterization purpose. It discusses the detailed information of instruments used for 

characterization such as, UV-Vis spectroscopy, X-ray Diffraction (XRD) analysis, 

Fourier Transform Infrared spectroscopy (FTIR), Energy Dispersive X-ray (EDAX) 

analysis, transmission electron microscopy (TEM), Zeta potential, and Dynamic Light 

Scattering (DLS) analysis. The chapter presents the working principle and 

specifications employed for study of nanoparticles. 
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Chapter III presents the synthesis and characterization of citrate capped 

AuNPs (AuNPs) and Poly-L-Lysine functionalized AuNPs (PLL-AuNPs). The PLL is 

a cationic biopolymer made up of Lysine residue that were used for the synthesis of 

cationic AuNPs. The chapter gives detail about the synthesis method, its mechanism, 

and physicochemical characterization of AuNPs and PLL-AuNPs.  

 The synthesis of AuNPs is based on chemical reduction of gold precursor 

where, sodium citrate was used as reducing agent. The formation of AuNPs was 

confirmed by observing color change from pale yellow to wine-red and then further 

confirmed by UV-Vis absorption spectroscopy by obtaining absorption peak at       

532 nm. The XRD analysis represented the crystalline nature of AuNPs that showed 

four distinguishable peaks at 2θ degree value as 37.92, 44.14, 64.37, and 77.41º 

corresponding to the planes of (111), (200), (220), and (311), respectively. FTIR data 

showed presence of O-H functional group of citrate involved in synthesis of AuNPs. 

The TEM study shows spherical morphology of AuNPs within 20-30 nm size range 

with average size 19.1 nm. Zeta potential analysis confirmed the negative surface 

charge present on surface of AuNPs.  

 The chapter further presented the one pot synthesis method for PLL-AuNPs. 

Here, the PLL itself acted as reducing as well as functionalizing agent. The synthesis 

was carried out using 1 mM concentration of HAuCl4 by 0.01% PLL solution at 80ºC 

with pH 6 within 6 min of reaction time. The color changed from pale yellow to wine-

red indicates formation of PLL-AuNPs which was further validated by UV-Vis 

absorption spectroscopy. PLL-AuNPs showed UV-Vis absorption spectrum at 524 

nm. The synthesized PLL-AuNPs was further evaluated by XRD, FTIR, EDAX, 

TEM, and DLS. FTIR study showed the presence of amine and O-H functional group 

of PLL that involved in synthesis. The synthesized PLL-AuNPs showed spherical 

morphology with average size of 17 nm. The cationic nature of PLL-AuNPs was 

analyzed by zeta potential showing positive surface charge (+27.0±0.30 mV). Later in 

the chapter, a comparison was made between characterization of AuNPs and PLL-

AuNPs. 

In chapter IV synthesis of PLL-AuNPs-NA conjugate by optimizing the 

synthesis parameters such as, nucleic acid concentration, reaction time, pH, and NaCl 
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concentration has been studied. The PLL-AuNPs-NA conjugate was synthesized 

using 100 µg concentration of calf thymus DNA at 28ºC, at pH 6 with 15 min 

incubation time and 0.3 mM NaCl concentration. The chapter further present different 

characterization of synthesized PLL-AuNPs-NA conjugate. Initial wine-red color of 

PLL-AuNPs changed to violet after conjugation of nucleic acid. The prepared PLL-

AuNPs-NA conjugate was further characterized by UV-Vis spectroscopy that showed 

change in absorption spectrum as compare to PLL-AuNPs. The surface positive 

charge of PLL-AuNPs decreased due to negatively charged nucleic acid conjugation 

which was analysed by zeta potential analysis. Also, the TEM result showed increased 

size of conjugate in comparison to PLL-AuNPs. The conjugate formation was finally 

confirmed by band shift or electrophoretic mobility shift assay. It confirmed 

electroneutrality of PLL-AuNPs-NA conjugate by stacking of band into the well due 

to electrostatic interactions between positively charged PLL-AuNPs and negatively 

charged nucleic acid. 

Chapter V presented the application of PLL-AuNPs-NA conjugate for optical 

biosensing of viral (SARS-CoV-2 N gene) nucleic acid. The antisense oligonucleotide 

(ASO) is a single stranded DNA sequence which was conjugated to cationic         

PLL-AuNPs through electrostatic interactions. Here, the unmodified ASO sequence 

was used for conjugation. The PLL-AuNPs-ASO conjugate was prepared by 

optimizing the synthesis parameters such as, concentration of ASO, incubation time, 

and temperature. 1 µM concentration of ASO was incubated with PLL-AuNPs at 

28ºC for 15 min to get PLL-AuNPs-ASO conjugate. The conjugate formation was 

first visibly confirmed by observing color change from wine-red to violet. Then it was 

further characterized by UV-Vis spectroscopy to observe change in UV-Vis 

absorption spectrum. Initial sharp peak of PLL-AuNPs was replaced with broad range 

of spectrum after ASO conjugation. TEM microscopic study showed increased size of 

particles that confirmed the formation of conjugate. The initial positive surface charge 

of PLL-AuNPs (+27.0±0.3 mV) decreased (+0.40±0.02 mV) after ASO conjugation.  

The optical biosensing of SARS-CoV-2 RNA was studied by PLL-AuNPs-

ASO conjugate. The target SARS-CoV-2 RNA of N gene was added to PLL-AuNPs-

ASO conjugate where; target RNA combined with complementary ASO sequence that 
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released PLL-AuNPs. After addition of NaCl, PLL-AuNPs gets aggregated which was 

observed by naked eyes. The target SARS-CoV-2 RNA was detected within 4-5 min 

of incubation time by naked eyes. The detection was also confirmed by observing 

change in UV-Vis absorption spectrum as well as change in absorption at 660 nm. 

The TEM microscopic images clarify the aggregate formation. The specificity of the 

biosensing was analysed against other viral RNA, Influenza A. There was no 

aggregation in presence of Influenza A RNA as compare to SARS-CoV-2 RNA. The 

developed biosensing assay was able to detect RNA of 0.52 ng/µL concentration. 

Finally, the PLL-AuNPs-ASO conjugate was utilized to detect SARS-CoV-2 RNA 

from clinical samples. It was found that the synthesized conjugate can successfully 

detect the SARS-CoV-2 RNA from COVID-19 positive samples of individuals. 

Chapter VI presented the electrochemical biosensing of SARS-CoV-2 RNA 

by using PLL-AuNPs-NA conjugate. Glassy carbon electrode (GCE) was used as 

working electrode and methylene blue was used as electrochemical indicator. The 

biosensor was developed by modifying the GCE with PLL-AuNPs and ASO. The 

polished GCE was modified with PLL-AuNPs via drop cast method while, ASO was 

adsorbed on PLL-AuNPs through electrostatic interactions between them. After 

modification the modified GCE was characterized with Cyclic Voltammetry (CV) 

with 20 mV scan rate. Increased current after addition of PLL-AuNPs indicated the 

modification of GCE with PLL-AuNPs. The change in current with addition of ASO 

and then target RNA characterized the modified GCE for successful formation of 

electrochemical biosensing.  

The electrochemical detection of SARS-CoV-2 RNA was studied by modified 

GCE (ASO/PLL-AuNPs/GCE). The analytical performance of the developed 

electrochemical biosensor was studied by DPV, EIS, and SWV. Methylene blue was 

used as electrochemical indicator that separately binds with ASO and dsDNA or 

DNA-RNA hybrid. The electrochemical biosensor was specific for SARS-CoV-2 

RNA detection with 30.2 nM detection limit. The reproducibility and stability were 

studied by DPV and SWV. The Biosensor showed reproducibility and stability with 

3.99 and 2.16% RSD values, respectively. It was found that, the developed biosensor 
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was able to differentiate between complementary (SARS-CoV-2 RNA) and non-

complementary (Influenza A RNA) RNA sequences. 

Chapter VII presented the UV-Vis based bacterial nucleic acid                      

(K. pneumoniae K2A gene) biosensing application of PLL-AuNPs-NA conjugate in 

presence of Exonuclease III enzyme. The 0.5 µM concentration of each DNA probe 

that was complementary to bacterial DNA was conjugated to PLL-AuNPs by 

incubation at 28˚C for 15 min. After visible confirmation, these conjugates were 

characterized by UV-Vis spectroscopy, TEM, and zeta potential showing broad UV-

Vis absorption, increased TEM size and decreased surface positive charge with 

comparison to PLL-AuNPs. 

Then the target K. pneumoniae DNA was added to conjugate where dsDNA 

structure was formed between target DNA and probe DNA. The 50 U concentration 

of Exonuclease III was added that specifically degraded the dsDNA structure. The 

UV-Vis absorbance of mixture was taken at 660 nm to observe the change in 

absorbance within 4-6 min of Exonuclease III treatment. The developed biosensing 

method was able to detect 0.78 ng/µL concentration of DNA within 10-12 min of time 

period including Exonuclease III treatment. The specificity of the biosensing was 

evaluated by using different non-complementary bacterial DNA such as, E. coli and  

S. aureus.  

Major Conclusions of the study: 

1. Cationic AuNPs are synthesized in single step using Poly-L-Lysine (PLL) as 

reducing as well as stabilizing agent.  

2. The synthesis of PLL-AuNPs is achieved by adding PLL solution in 1 mM gold 

precursor (HAuCl4) solution at 80ºC, at pH 6 within 5-6 min of reaction time. 

3. The PLL-AuNPs shows wine-red color with 524 nm UV-Vis absorption, surface 

positive charge (+27.0±0.30 mV), and spherical morphology with 17 nm average 

size.  

4. The cationic PLL-AuNPs are conjugated with unmodified anionic nucleic acid 

through electrostatic interactions. Therefore, minimizing the need of thiol 

modification of nucleic acid.   
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5. The nucleic acid is incubated with PLL-AuNPs at 28˚C and at pH 6 for 15-20 min 

to form a PLL-AuNPs-NA conjugate.  

6. The PLL-AuNPs-NA conjugates are utilized for viral and bacterial nucleic acid 

detection by optical and electrochemical biosensing method.  

7. The PLL-AuNPs are conjugated with 1 µM concentration of antisense 

oligonucleotide (ASO) and are utilized for optical biosensing of SARS-CoV-2 

RNA with 0.52 ng/µL detection limit. The detection is confirmed by observing the 

change in UV-Vis absorption spectrum and UV-Vis absorption at 660 nm. 

8. This optical biosensing approach is used to detect SARS-CoV-2 RNA from 

clinical samples of COVID-19 patients.  

9. The PLL-AuNPs-ASO conjugate is also used for electrochemical biosensing of 

SARS-CoV-2 RNA using glassy GCE. The analytical performance of 

electrochemical biosensor is studied by DPV, EIS, and SWV with 30.2 nM 

detection limit. The biosensor showed reproducibility and stability with 3.99 and 

2.16% RSD values, respectively. 

10. The PLL-AuNPs are conjugated with DNA probe that complementary to             

K. pneumoniae DNA for UV-Vis based detection of K. pneumoniae DNA in 

presence of Exonuclease III enzyme with 0.78 ng detection limit. 
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Recommendations 

9.1  Recommendations: 

 The present study on gold nanoparticles and their interactions with nucleic 

acid opens new promising approach in nanobiotechnology. Gold nanoparticles have 

attracted interest of researchers due to their desirable characteristics such as, size 

tunability, easy synthesis and surface modification, biocompatible nature, and large 

surface to volume ratio. However, nucleic acids are the biomolecules that acts as 

promising therapeutic tool in diagnosis and therapy. Study of gold nanoparticles-

nucleic acid conjugate has potential implications in various biomedical applications 

including biosensing and gene delivery. 

It is recommended that in the present study, Poly-L-Lysine functionalized gold 

nanoparticles (PLL-AuNPs) are synthesized by one pot or single step synthesis 

method. The synthesized PLL-AuNPs possesses surface positive charge due to 

cationic biopolymer PLL. Interactions of AuNPs with nucleic acid require thiol 

modification and other surface modifying chemicals. Use of cationic AuNPs 

minimizes the need of thiol modification as they interact with anionic nucleic acid 

through electrostatic interactions. hence, role of other cationic polymers can be 

explored for preparation of AuNPs as reducing agent.  

 In this study, the mechanism of positively charged PLL functionalized AuNPs 

(PLL-AuNPs) is described. The amine (-NH2) group of PLL may be responsible for 

reduction of gold precursor to generate PLL-AuNPs. Detailed study about the 

mechanism of PLL-AuNPs synthesis is needed to give exact reaction occurred 

between PLL and gold precursor. The use of PLL introduces positive surface charge 

to AuNPs that enhances nucleic acid binding to AuNPs. Instead of PLL, other cationic 

polymers such as, cysteine, polyethyleneimine (PEI) can be used for synthesis of 

cationic AuNPs.  

 The synthesized cationic PLL-AuNPs were conjugated with anionic nucleic 

acid by electrostatic interactions. The synthesis was carried out by optimizing the 
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synthesis parameters like, nucleic acid concentration, reaction time, pH, and salinity. 

The conjugate formation was confirmed by gel retardation assay by observing the 

electroneutrality point. The conjugate formation further needs to be studied for 

nuclease protection assay and ethidium bromide intercalation assay to check whether 

the PLL-AuNPs could provide adequate protection to nucleic acid from nucleases or 

not.  Also, to understand the interactions between nucleic acid and AuNPs, more are 

needed regarding their characterization and stability. 

The synthesized PLL functionalized gold nanoparticles-nucleic acid        

(PLL-AuNPs-NA) conjugate was then utilized for optical and electrochemical 

detection of viral/bacterial nucleic acid. The specificity of conjugate is further 

improved by comparing it with different viral/bacterial nucleic acid samples other 

than target. The specificity is also need to check in presence of body fluids like, 

saliva, serum and urine. More clinical samples should be tested for analysing the 

efficacy of developed PLL-AuNPs-NA conjugate to be used for industrial 

applications. 

The proposed PLL-AuNPs-NA conjugate-based detection method is simple, 

easy to handle, and do not need any sophisticated laboratory facilities. The studied 

applications can be potentially used for clinical diagnosis at industrial level with 

minimum modifications. In addition to biosensing applications, the PLL-AuNPs-NA 

conjugate can also be utilized in gene delivery application. 
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I Miss. Tejaswini Pruthviraj Patil Ph.D. student working under guidance of Dr. Arpita Pandey 

Tiwari (Associate Professor), department of Medical Biotechnology and Stem Cell & 

Regenerative Medicine, Center for Interdisciplinary Research, has prepared the following 

consent form to be filled by patient, at the time of sample collection needed for my research 

work entitled “Study of biomedical applications of surface functionalized gold nanoparticles - 

nucleic acid conjugate”. 

 

I, Mr/Mrs/Ms …………............................................... Gender …………  Age: ………………… 

Residing at.............................................................................................................  

Do hereby confirm that:  

(i) I have been asked by the Ph.D. student whether I wish to participate in a study under the aegis 

of D Y Patil Education society (Deemed to be University) Department of Medical Biotechnology 

and Stem cell & Regenerative Medicine, Center for Interdisciplinary Research. 

(ii) The nature of the study being undertaken by the student as well as the extent of my participation 

in it, have been duly explained to me in a language that I understand.  

(iii) The potential risks and consequences associated with this study have also been duly explained 

to me in a language that I understand. 

(iv) I also understand that my participation in this study is only for the benefit of advancement in 

the field of research and that at no point in time is my participation being solicited for any pecuniary 

gain by the student.  

(v) I have also been explained that I am in no way obliged to participate in the study and that, once 

I have agreed to participate in the study, I am still free to withdraw from participation in the study 

at any point in time upon notifying the Ph.D. student in writing in the prescribed form without 

assigning any reason. 

(vi)There will be no financial transaction between myself and Ph.D. student for my participation 

in that study;  

(vii) I have been explained that any data collected out of my participation in the study will only be 

used for research work.  

(viii) I have also been reassured that any publication of the data collected during the course of the 

study or any publication of its conclusions, shall be done on a ‘no names’ basis and shall under no 

circumstances reveal my personal identity. Any personal details likely to reveal my personal 

identity shall at all times remain confidential;  
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(ix) The contents and effect of this consent form have also been duly explained to me in a language 

that I understand.  

By affixing my signature/thumb print hereto, I am therefore freely and voluntarily signifying my 

consent, intent and willingness to participate in the study of the student researcher for the purposes 

of the research work. I also certify that my right to privacy has not been infringed in any manner.  
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Abstract
Nanotechnology has vast applications in medicine and biomedical engineering like tissue engineering, diagnosis, and therapy. 
Nowadays incorporation of functionalized nanostructures in various biomedical applications has generated considerable research 
interest. Gold nanoparticles (AuNPs) are one of the most stable metal nanoparticles with unique physicochemical properties and 
are reflected as a promising candidate for widespread biological applications. Among different synthesis methods, biological 
synthesis methods are advantageous as it reduces the need for toxic chemicals for reduction purpose. Surface functionalization 
provides colloidal stability to gold nanoparticles which are achieved by using various materials. This review mainly focuses 
on the biological applications of AuNPs such as bioimaging, biosensing, anticancer therapy, drug delivery, hyperthermia, and 
antimicrobial activity. The surface plasmon resonance (SPR) related optical properties are used for biosensing and bioimag-
ing applications for diagnosis to detect pathogens as well as biomarkers. Biomolecules and drug functionalized AuNPs are 
effectively used to treat various cancer and other diseases. Thus, the study of gold nanoparticles opens a new percept in the 
biological field for varieties of applications.

Keywords  Gold nanoparticles · Synthesis · Biological applications · Bioimaging · Anticancer · Antibacterial

Introduction

Nanoscale materials have begun to pervade the areas of 
biomedical applications. The large matter is reduced to get 
nanoscale size material with unique physicochemical prop-
erties which differ from the actual bulk component. The size, 
shape, and surrounding environment of nanoparticles influ-
ence the physical properties that govern the alteration for a 
range of applications in different fields [1]. In recent years, 
conventional biomedical methods have been successfully 
replaced with modern nanotechnology methods for consid-
erable accuracy, sensitivity, efficiency, and high-speed meas-
urement. Among different nanoparticles, the gold nanoparti-
cles (AuNPs) are one of the most explored nanoparticles for 
biological applications due to their desirable physicochemi-
cal properties like easy synthesis, easy surface modification, 

biocompatibility, non-toxicity, and large surface to volume 
ratio, and size tunability as shown in Fig. 1. The physical 
properties and color diversity of AuNPs depend on the size 
and shape whereas the bulk gold exhibit different properties 
as compared to nanoscale particles [2].

The colloidal gold suspension has a particle size in the 
range of 1–100 nm and its color change from wine red to 
purple depending on the particle size. The nanometer-sized 
gold exhibit different properties from bulk gold. Gold nano-
particles have optical and electrochemical properties which 
strongly depend on their size, shape, interparticle distance, 
and surface chemistry. Different synthesis methods were 
developed for various sized AuNPs preparation. The vari-
ation in particle size depends on the synthesis parameters 
like reaction temperature, pH, precursor concentration as 
well as the ratio of precursor to reducing agent. The various 
sizes of AuNPs influence the Surface Plasmon Resonance 
(SPR) frequency [3]. The AuNPs tend to precipitate in fluids 
due to the high surface energy of gold. This self-assembly is 
prevented by surface modification of AuNPs with the help 
of various functionalizing molecules such as polymers that 
decrease the surface energy of gold and stabilize the AuNPs. 
Surface chemistry of gold nanoparticles is crucial for their 
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A B S T R A C T   

Nanoconstructs of gold nanoparticles (AuNPs) conjugated with SARS-CoV-2 specific antisense oligonucleotides 
(ASO) have been utilized to develop sensitive electrochemical nucleic acid biosensor for the detection of SARS- 
CoV-2 RNA. AuNPs were prepared through a one-pot synthesis method by utilizing Poly-L-Lysine (PLL) 
biopolymer and as synthesised AuNP were characterized by various analytical techniques such as UV–Vis 
spectroscopy, X-ray Diffraction (XRD) analysis, Fourier Transform Infra-Red spectroscopy (FT-IR), zeta potential, 
and Transmission Electron Microscopy (TEM). Poly-L-Lysine functionalized AuNPs (PLL-AuNPs) nanoconstructs 
platform was employed for immobilization of SARS-CoV-2 specific antisense oligonucleotides (ASO-conjugated 
PLL-AuNPs) via electrostatic interactions. The PLL-AuNPs were drop casted on glassy carbon electrode (GCE) 
following immobilization of ASO for fabrication of electrochemical biosensor. The ASO-conjugated PLL-AuNPs 
nanoconstructs were characterized by cyclic voltammetry (CV), differential pulse voltammetry (DPV), and 
electrochemical impedance spectroscopy (EIS) techniques. The responsiveness of ASO-conjugated PLL-AuNPs 
nanoconstructs in presence SARS-CoV-2 RNA was monitored using the DPV, SWV and EIS technique, where 
methylene blue was employed as an electrochemical indicator for DNA-RNA hybridization detection. The 
biosensor exhibits a detection range for SARS-CoV-2 RNA infection ranging from 0 to 100 nM, with a limit of 
detection at 30.2 nM. The electrode, modified with ASO-conjugated PLL-AuNPs, was employed for the detection 
of SARS-CoV-2 RNA from clinical samples collected from COVID-19-positive individuals.   

1. Introduction 

The emergence of the coronavirus disease 2019 (COVID-19), caused 
by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), had 
profound impacts on both the economy and global health [1]. Rapid 
diagnosis and effective treatment of COVID-19 have posed significant 
challenges during the corona pandemic. Consequently, extensive 
research has been conducted on preventive measures, diagnostic tech
niques, and treatment modalities related to SARS-CoV-2. In addition to 
treatment, the prompt and accurate detection of SARS-CoV-2 infection is 
crucial for controlling the spread of COVID-19. Currently, conventional 

methods such as quantitative Reverse Transcription Polymerase Chain 
Reaction (qRT-PCR) or immunogen assays are primarily utilized for 
detecting SARS-CoV-2 RNA or protein from clinical samples [2,3]. The 
qRT-PCR method serves as the gold standard diagnostic method for 
identifying SARS-CoV-2. However, this technique necessitates sophisti
cated instrumentation, skilled technicians, and is time-consuming [4]. 
Continuing efforts are underway to develop alternative virus detection 
methods, with specific biosensor systems emerging as intriguing alter
natives. Biosensors offer cost-effective, highly sensitive, and 
easy-to-handle detection methods, and are increasingly utilized for 
pathogen detection due to their specificity and simplicity. Biosensors 
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A B S T R A C T   

Biological synthesis of gold nanoparticles (AuNPs) is gaining attention of researchers because of their varieties of 
biomedical applications. This study reported the novel, eco-friendly synthesis of AuNPs using dried fruit extract 
of Capsicum annum (C. annum). Biosynthesized gold nanoparticles (Ca-AuNPs) showed UV absorption peak at 
540 nm and were found to be stable for up to three months. The nanoparticles were further characterized by 
Transmission Electron Microscopy (TEM), Fourier Transform Infrared (FT-IR), Energy Dispersive X-ray Analysis 
(EDAX) and X-ray diffraction (XRD) analysis. The nanoparticles were spherical in shape with size range of 20–30 
nm and zeta potential study confirmed the surface charge of -26.5 mV. The Ca-AuNPs were tested for anti- 
angiogenic activity using Chorioallantoic membrane (CAM) assay that implied a significant anti-angiogenic ef
ficiency of Ca-AuNPs at 100 µg/mL concentration. The antioxidant activity of Ca-AuNPs studied by 2,2- diphenyl- 
1-picrylhydrazyl (DPPH) assay was found to be significant with 86.0% radical scavenging activity. These 
nanoparticles also revealed anti-inflammatory activity at concentration range 100–1200 µg/mL with IC-50 
value619.4 µg/mL. The present study includes synthesis of Ca-AuNPs by using phytoconstituents of plant ma
terial as reducing agents to efficiently exploit the biomedical applications of the nanoparticles.   

1. Introduction 

Nanoparticles have wide applicability in the field of biomedicine, 
drug delivery, material chemistry and pollution control [1,2]. The 
capping agents of nanoparticles such as, PEG, PVA, BSA and different 
plant extract also play important role in various biological applications 
[3]. Biosynthesized nanoparticles have reported to shown effective 
antibacterial and photocatalytic activity [4,5]. It has been reported that 
metal nanoparticles, such as iron oxide, zinc oxide, Cu2Sn3 (CTS), gold 
nanoparticles, and quantum dots, have been employed in a variety of 
applications, including optics, biosensing, catalysis, antibacterial activ
ity, and therapy [6–9]. In recent years, gold nanoparticles (AuNPs) are 
gaining attention in research area due to their unique intrinsic features 
such as, size tunability, large surface to volume ratio, optical properties, 
excellent biocompatibility, low toxicity and easy surface modification 
[10,11]. Thus, they are widely used in medical research for diagnosis 

[12] and therapies [13,14]. Gold nanoparticles are synthesized by 
various techniques like, chemical reduction method, lithography and 
physical methods [15]. Each method successfully synthesizes the 
metallic nanoparticles but has several disadvantages such as, require
ment of toxic chemicals in synthesis method, high pressure and high 
processing cost, and may be toxic to environment [16]. Hence, it is 
necessary to develop novel, eco-friendly process for AuNPs synthesis. 
The biological synthesis of AuNPs using plants, algae, fungi and mi
croorganisms minimizes the disadvantages of above methods as they are 
simple in nature, reduces the need of toxic chemicals, and are based on 
green chemistry approach [17]. Biosynthesis of AuNPs using plant is 
gaining interest of researchers as the phytoconstituents of plant extract 
are acting as both reducing and stabilizing agent which results in 
effective and rapid synthesis. Different plant extracts are reported to be 
rich in active phytoconstituents that promoted stable AuNPs synthesis 
methods for various applications like, drug delivery, antibacterial, 
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Single-step antibiotic-mediated synthesis of kanamycin-
conjugated gold nanoparticles for broad-spectrum
antibacterial applications
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Significance and Impact of the Study: A low-cost single-step method of antibiotic-mediated synthesis of
kanamycin-conjugated gold nanoparticles (Kan-AuNPs), eliminating the use of reducing agents and cap-
ping agents is proposed. Kan-AuNPs display broad-spectrum antibacterial activity against Gram-positive
and Gram-negative bacteria pathogens. Kan-AuNPs show significant antibacterial activity against Pseu-
domonas aeruginosa and Escherichia coli strain isolated from patients suffering from urinary tract infec-
tions. The minimum inhibitory concentration of Kan-AuNPs for antibacterial activity is lower as
compared to antibiotic kanamycin alone for all tested bacterial strains.
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Abstract

Widespread and irrational use of antibiotics results in the development of

antibiotic-resistant bacteria. Thus, there is a need to develop novel antibacterial

agents in order to replace conventional antibiotics and to increase the efficacy

of already existing antibiotics by combining them with other materials. Herein,

a single-step antibiotic-mediated synthesis of antibiotic-conjugated gold

nanoparticles is reported. In this single-step method antibiotic Kanamycin, an

aminoglycoside itself plays the role of reducing as well as capping agent by

reducing gold salt into gold nanoparticles. The kanamycin-conjugated gold

nanoparticles (Kan-AuNPs) were confirmed by UV–Visible spectroscopy and

further physico-chemically characterized by various instrumental techniques.

Synthesized Kan-AuNPs showed broad-spectrum antibacterial activity against

Gram-positive Staphylococcus aureus as well as Gram-negative Escherichia coli

bacterial strains. They are also found to be effective against Pseudomonas

aeruginosa and pathogenic E. coli isolated from urinary tract infections (UTIs)

patients, which are responsible to cause hospital-acquired infections like

nosocomial, burn wound and UTIs. The minimum inhibitory concentration

(MIC) of Kan-AuNPs is 50 lg ml�1 for S. aureus and E. coli, 125 lg ml�1 for

P. aeruginosa and 100 lg ml�1 for E. coli isolated from UTIs patients. It is also

evident that the MIC of Kan-AuNPs for antibacterial activity is lower as

compared to antibiotic kanamycin alone for all bacterial strains. Hence, the

one-step strategy of synthesis for Kan-AuNPs is a suitable strategy for fighting

infectious bacterial strains in hospitals, healthcare and the pharmaceutical

industry.

Introduction

The irrational and widespread use of antibiotics leads to

the development of resistant strains of bacteria. The

emergence of multidrug-resistant bacteria (MDR) is

increased which showed resistance to multiple antibiotics

(Gupta et al. 2019). Hence, there is a need to develop

novel strategies for new antibacterial agents, search for
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