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Abstract 

Polymers and nanoparticles have a wide range of applications in the field of biology ranging 

from catalysis to cancer therapy. In recent years several bio-polymers and nanoparticles have 

shown great potential in controlling microbial infections in medicine, drug delivery in cancer 

therapy, and tissue engineering. Nanoparticles have also been employed in developing 

biosensors for rapidly detecting diseases and separating biomolecules in catalysis. Surface 

derivatization plays a crucial role in imparting new functions to bio-polymers and nanoparticles 

and enables their use in above mentioned biological applications. In this thesis, we employed 

robust chemical-based surface modification techniques to render bactericidal activity to an 

FDA-approved polymer for biomedical applications, enabled the use of nanoparticles in 

nucleic acid (DNA/RNA) sensing, and enhanced the activity of biocatalysts (lipases) from 

benign sources in biofuel production.  

Poly(ε-caprolactone) (PCL) is a widely used biopolymer in bone and dental implants and lacks 

inherent antimicrobial properties like other natural antimicrobial polymers (Poly(ethylene 

glycol) and Chitosan). Several researchers have worked on imparting antibacterial properties 

to PCL by blending with antibiotics, antimicrobial peptides, and chemical substances. However, 

extensive use of antibiotics poses a threat of antimicrobial resistance, through mutations in the 

bacteria and host cells. Recent studies showed that inorganic nanoparticles have antimicrobial 

properties with little or no side effects. Among various metallic nanoparticles, silver is a highly 

efficient inorganic broad-spectrum antimicrobial substance. Silver at lower oxidation states 

oxidizes quickly and loses its ability as an antibacterial substance which can be prevented by 

stabilizing agents like proteins. Our study employs EDC-NHS chemistry to surface derivatize 

the PCL films to immobilize silver stabilized by a probiotic (Lactobacillus amylovorous)-

derived lipase. The antimicrobial studies employing silver-derivatized PCL films on E. 



4 
 

coli have revealed 100 % inhibition in bacterial growth in 4–6 h. Additionally, the cytotoxicity 

assay on mouse fibroblast cells exhibited high cell compatibility, making it suitable for in 

vivo applications. 

Gold nanoparticles (Au NPs) and Magnetic nanoparticles (MNPs) possess enormous potential 

in nucleic acid diagnosis, especially in low-cost settings. Gold-based diagnosis relies on 

efficient tagging of thiol-modified nucleic acid probes to the gold surface and suitable 

hybridization conditions between probe and target molecules. In the current study, we modified 

the hybridization conditions between the target and the antisense oligonucleotide for stable 

duplex formation and enhanced thiolated ASO’s tagging over the Au NPs by adding citrate 

buffer. The combinatorial effect of these conditions is proven to be advantageous and showed 

enhanced sensitivity of ratiometric genosensing using Au NPs. Magnetic nanoparticles 

immobilized with probes through silanization were employed to demonstrate a facile 

fluorescence-based simultaneous dual oligo sensing of HCV genotypes 1 and 3. Hybridization 

between the two probes with their target, followed by magnetic removal of the NPs from the 

solution, enabled quantitative analysis of the target by measuring the fluorescence intensity of 

the residual concentration of the second fluorescently-tagged probe in the solution. Through 

this approach, the targets corresponding to genotypes 1 and 3 were simultaneously detected 

with a detection limit of 10–15 nM.  

Boronic acid having a high affinity to 1,2- and 1,3-diols to form a boronic ester, has 

been vastly used in reactions with sugar moieties for RNA sensing. However, little is known 

about its interaction with sugar moieties, with only mono-ol units present in single- and double-

stranded DNA (ss and dsDNA). In our study, we probe the interaction of boronic acid with 

oligonucleotides towards DNA sensing, using gold coated magnetic nanoparticles and a 

fluorophore, 3-dansylaminophenyl-boronic acid (DAPBA). We demonstrated the feasibility of 

quantitative DNA detection by boronic acid-mediated 3′-hydroxy cross-linking of adjacent 
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DNA double helices with proximal mono-ol units. This is the first successful approach for the 

quantitative detection of DNA in addition to RNA. Through this strategy, fluorescence tagging 

of nucleotides after hybridization is simple and robust. Furthermore, the reversible binding 

nature of boronic acid at acidic pH facilitates facile oligonucleotide recovery, thereby reducing 

detection costs. 

Lipases are potential biocatalysts for converting fatty acid esters into biodiesel. Nevertheless, 

most of the lipases employed for this purpose are derived from either fungal or non-probiotic 

sources, many of which produce harmful toxins during their life cycle. Such concerns do not 

arise in the case of lipases derived from probiotic origin. In the current work, we derived a 

lipase from Bacillus licheniformis, a probiotic source, and immobilized it over magnetite 

nanoparticles along with bovine serum albumin (BSA). The immobilized lipase showed high 

efficacy even at a minimal enzyme loading of 0.11 wt% to the oil in 2 h of duration and 

retained >50% relative activity even at the eighth cycle.  
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Chapter 1 

Surface Derivatization of Polymer/Nanoparticles for Diverse Biological 

Applications
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1.1 General Introduction 

The use of biopolymers and nanoparticles (NPs) in the biomedical, food and energy sectors has 

expanded significantly [1]. Biopolymers possess low toxicity and high stability. The wide 

availability of polymers allows making a choice that takes into account the desired properties, 

depending on the potential application, such as appropriate porosity of the structure [2], 

wettability [3], chemical and biological stability [4], mechanical, and thermal resistance [5], as 

well as biocompatibility [6] or biodegradation [7]. Among polymers, poly(ε-caprolactone) 

(PCL) is a biodegradable polymer broadly utilized in the fabrication of films and frameworks 

for different biomedical applications [8]. On the other hand, the nanoparticles with their small 

size possess strong optical [9], emission properties [10], and have high electron density [11] 

(e.g., Ag and Au) or magnetic moments [12] (iron oxide nanoparticles). The large surface area 

of nanoparticles provides enhanced opportunities for interaction with biomolecules [13]. Silver 

nanoparticles (Ag NPs) show excellent antibacterial activity. Under physiological conditions, 

silver ions can leach out, interact with the bacterial cell wall and destroy the bacterial envelope 

[14]. Gold nanoparticles (Au NPs) offer both diagnostic benefits and treatment options in 

biomedicine because of their optical properties [15]. Magnetite nanoparticle (MNPs) based 

biosensors have been very successful due to their unique property of magnetic separation [16]. 

Magnetic probes can be used to detect the analytes in biological samples even at low 

concentrations [17]. Their large surface area also supports the active site of the reactants and 

their easy separation of such catalysts [18].  

https://www.sciencedirect.com/topics/chemistry/thermal-resistance
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Fig. 1.1 Applications of biopolymers and nanoparticles. 

 

However, in order to achieve desired functions and superior activity, these substances must be 

modified [19]. Surface modification of nanoparticles with organic and inorganic compounds 

results in improved physicochemical properties [20][21][22] exhibit unique. For nearly a 

century, researchers have made significant efforts to bring new properties to materials. Surface 

modification of materials is now, more than ever, an exciting research topic with numerous 

promising biological applications. Depending on the type and nature of the material support, 

various techniques were developed. Surface modification via chemical coating is a promising 

method for achieving well-defined properties such as stability, biocompatibility, resistance, 

antibacterial activity, hydrophobicity, and so on [23], [24]. The race against time to develop 

such materials is due to the urgent need to expedite diagnoses, to prevent the development of 

diseases—particularly diseases caused by opportunistic pathogens such as bacteria and to 

pursue the goal of sustainable energy approaches that are benign by design. 



20 
 

Figure 1.2 Surface modification techniques. 

1.2 Review of Literature 

1.2.1  Surface functionalization of polymer for disinfection performance  

Biopolymers are widely used in biomedical equipment and food packaging due to their low 

cost, high stability, and biodegradability. However, most polymers lack the inherent 

antibacterial properties essential to prevent infection and food contamination [5]. In addition, 

the hydrophobicity of the polymer limits its interaction with mammalian cell membranes, 

reducing biocompatibility [6]. Plastic materials with unique antibacterial properties are made 

by polymerizing or copolymerizing new monomers or by chemically modifying and blending 

polymers. However, this approach often results in unacceptably high costs, changes in bulk 

properties, and inadequate thermal stability, resulting in non-functional materials. Recently, 

attempts have been made to mix inorganic or organic substances such as metals and antibiotics 

into the polymer matrix [7]. Among the additives used, silver (Ag) showed a stronger 

bactericidal effect [25]. In contrast to antibiotics and chemicals, silver nanoparticles (Ag NPs) 

do not cause microbial resistance and are active at low concentrations [26]. Though Ag NPs 



21 
 

can act as an antibacterial agent, aggregation without a suitable capping agent strongly inhibits 

antibacterial activity [27]. This problem can be solved by applying the appropriate capping 

agent to Ag NPs [28]. Various synthetic natural biopolymers and surfactants are used as 

capping agents for Ag NPs [29]. 

Among the biologically derived molecules, enzymes are considered to be more eco-friendly 

and biocompatible capping agents [30]. Enzymes as capping agents have the added benefit of 

enhancing the interaction of nanoparticles with bacterial surfaces and supporting controlled 

degradation of the polymer [31]. Therefore, polymers can be combined with enzyme-stabilized 

Ag NPs to improve the bactericidal properties of the polymers [32]. These capped nanoparticles 

can change wettability by altering intramolecular interactions and improving hydrophilicity by 

altering surface morphology [33]. Poly(ε-caprolactone) is a Food and Drug Administration 

(FDA) authorized, biocompatible and bioresorbable polymer for different biomedical 

applications. Lipases derived from probiotic sources are considered safe and could be 

employed in in vivo implants. In this study, we propose to use a probiotic-derived enzyme-

mediated silver coating over PCL film and check its antimicrobial efficacy and 

biocompatibility (see Scheme 1 below). 
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1.2.2  Nanoparticle mediated bio sensing of Oligonucleotides 

Au NPs mediated Bio sensing of Oligonucleotides 

Nanoscale biosensors have been used to detect and diagnose various bacterial, viral infections, 

and diseases including cancer [34]. These sensors allow rapid diagnosis and better tracking of 

the condition. Gold nanoparticles (Au NPs) are of great interest in the biological world. Mirkin 

and co-workers pioneering work on ligating thiol-labelled DNA to Au NPs [35] have opened 

up new avenues for bio sensing research. Since then, Au NPs have been used in several methods, 

including colorimetric, spectrophotometric, electrochemical, surface-enhanced Raman 

scattering, and piezoelectricity-based bio sensing. Quantitative binding of thiol-labelled probes 

to Au NPs is critical to the success of the assay. The surface of citrate-capped Au NPs showed 

a zeta potential of -30 ± 10 mV. The phosphate unit of the DNA backbone is also negatively 

charged and causes charge repulsions when attempted to bind to the surface of Au NPs capped 

with citric acid. A salt-aging [36] approach has allowed the thiolated DNA to be attached to 

the Au NP surface. NaCl minimizes the charge repulsions between the citrate molecules on the 

Au NPs and phosphate units of DNA. The salting procedure, on the other hand, takes 24 to 48 

h for optimal binding. To enable rapid and high thiol conjugation, the pH of Au NPs can be 

adjusted using citrate buffer [37], or by rapid dehydration with butanol (INDEBT)  [38]. The 

approach using citrate buffer is simple and attractive. However, the effectiveness of these 

approaches with low DNA to Au NP ratios has not been investigated. RNA is crucial in various 

biological processes and the manifestation of disease symptoms [39]. SPR sensor technology 

is most commonly used to study the interactions of high molecular weight analysts. Low 

molecular weight analytes such as RNA are still difficult to detect due to subtle changes in the 

index of refraction [40]. In such situations, extrinsic labels should be used to enhance the SPR 

signal. To detect a particular nucleic acid, traditionally, Au NPs must be modified with unique 

nucleic acids with complementary sequences, requiring frequent optimizations, which is time-
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consuming and costly. Therefore, developing a universal nanoparticle-based signal 

amplification approach for RNA detection is necessary. Specific reagents are widely used in 

sensor technology, chromatography, and biological research because of their ability to bind to 

cis-diol groups specifically [41]. Most studies with such compounds focus on the purification 

and detection of sugars or glycoproteins. Despite their wide applications, they have not been 

explored in nucleic acid identification. These reagents prefer RNA over DNA because they can 

preferentially interact with cis-diol groups in RNA. We propose to produce such modified Au 

NPs to amplify RNA signals in bio sensing selectively. A schematic of the bio sensing is using 

gold nanoparticles is depicted below in the Scheme 2 below. 

 

 

 

MNPs mediated biosensing of Oligonucleotides 

MNPs are known to display super paramagnetic properties, having potential 

applications in product separation, drug delivery, imaging (MRI), and bio sensing [42]. Using 

magnetic separation of MNPs, it is possible to concentrate the analytes before the detection 

[42]. In bio sensing applications, the interference or noise during signal capturing is limited 

when magnetic labels were used [43]. In this current work, we aim to develop sensing strategy 

by combining magnetite NPs with a fluorescence-based detection assay. The surface 

derivatization of magnetite NPs with the probe DNA complementary to the target, subsequent 

hybridization and fluorescent detection is presented in the Scheme 3 below. 
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1.2.3  Biofuel generation through probiotic derived immobilized enzymes  

A significant percentage of food is wasted worldwide, causing an economic burden and a global 

problem [44]. Food waste is rich in carbohydrates, proteins, and lipids, so it has the potential 

to be converted into value-added products [45]. Traditional approaches often use chemical 

catalysts that can esterify lipids in the presence of alcohol to produce biodiesel [46]. However, 

they often lead to unwanted by-products. Microbial-derived enzymes, due to their specificity, 

are superior to traditional chemical catalysts in recycling waste streams with no harmful by-

product generation. Lipases are ubiquitous biocatalysts that catalyze triacylglycerol hydrolysis 

to produce free fatty acids diacylglycerol, monoacylglycerol, and glycerol [47]. Purified lipases 

have high catalytic efficiency, but challenges include the high cost of purification, low stability, 

and recovery under industrial conditions [47]. Increased enzyme activity has been achieved in 

commercial applications by immobilizing them on hydrophobic surfaces or by packing them 

onto porous and non-porous carriers, magnetic nanoparticles, carbon nanotubes, graphene 

oxide, organic metal frameworks, and polymers [48], [49]. MNPs are increasingly being used 

as carriers because of their large surface area and chemical changeability. Its high mechanical 

stability across a wide range of temperatures and pH decreased diffusion limitation, and ease 

of separation using magnets allowed it to be used in biological operations. Based on the 

literature reports, the immobilization of catalytically active lipases derived from thermophilic 
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bacteria on MNPs will be attempted in the current study for biofuel generation, enhancing the 

enzyme stability and activity (see Scheme 4 below). 
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1.3 Gaps in existing research 

 Polymer coatings with Ag NPs alone might not be stable for long time and there is a need 

for improvement. 

 Enzymes from probiotic source can be an alternative for controlled degradation and yet be 

biocompatible. 

 By using probiotic lipase stabilized Ag NPs and subsequent immobilization may give a 

multifunctional value to the derived polymer. 

 Rapid and effective thiol tagging over Au NPs at low concentrations of DNA probes for 

bio sensing of oligonucleotides remains unexplored. 

 To explore of the interaction of boronic acid with 3’ OH groups of DNA, especially in free 

floating sensing strategies. 

 To develop a simultaneous dual-probe sensing strategy by combining magnetite NPs with 

a fluorescence-based detection assay. 

 Enzyme immobilized on MNPs for biofuel production for increased reactivity, stability, 

and better recovery will be further explored. 

1.4 Objectives 

I. Surface functionalization of polymer for disinfection performance  

II. Bio sensing of oligonucleotides  

III. Biofuel generation through immobilized enzymes 
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Chapter 2 

Lactobacillus amylovorus derived lipase-mediated silver 

derivatization over poly(ε-caprolactone) towards antimicrobial 

coatings



28 
 

2.1 Introduction 

Antimicrobial coatings over frequently contacted surfaces have garnered significant 

attention for combating the spread of infections [50]–[52]. Antimicrobial coatings are also 

preferred in implantable scaffolds coatings over the food and packaging sector [53], [54]. The 

use of antibiotics is one of the earliest adopted strategies, penicillin was used in World War II 

to confine the spread of pathogenesis in the soldiers. Several synthetic chemicals, such as 

pesticides, fungicides, nematicides, etc., were extensively used in healthcare and agricultural 

purposes [55]–[57]. Since synthetic chemicals and antibiotics lead to drug-resistant microbes 

and adverse environmental effects, there is a surge in developing non-toxic and natural 

component-derived antimicrobial agents for such applications [58]–[61]. These agents are 

immobilized or embedded in polymers and studied for their antimicrobial efficacy [62], [63].  

In recent years, metal nanoparticle-based biotechnology has positively impacted 

various bio- and pharmaceutical applications such as anticancer, antiparasitic, bactericidal, 

fungicidal, etc. [64]–[68]. Several factors govern the biological activity of the inorganic 

nanoparticles, including size distribution, morphology, surface charge, surface chemistry, 

capping agents, etc. [69]–[74]. Among the metals used as antimicrobial agents, silver is the 

preferred element besides gold, copper, and zinc [75]–[77]. Silver is effective at a much lower 

dose (typically in ppm to ppb level of concentration) than the other metals, it does not cause 

resistance in microbes [26], unlike antibiotics or synthetic chemicals. Due to this favourable 

attribute, silver-based coatings are highly preferred in wound dressing materials, food storage 

containers, paints, cosmetics, etc. [78]–[80]. In all these applications, nanoscopic silver is 

preferred owing to the high surface-to-volume ratio and thereby provides maximum benefit 

from the lower concentration of the metal [81], [82]. For stabilizing the silver nanoparticles 

(Ag NPs), surface-active agents such as citrate, polyphenols, sodium borohydride, and alkyl 
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thiols are used as the capping ligands. The Ag NPs are also stabilized or embedded in polymers 

like poly-(N-vinyl-2-pyrrolidone), polyvinyl alcohol, biopolymers, etc. [29]. In recent years, 

there has been a significant surge in utilizing biogenically synthesized noble metal 

nanoparticles for antimicrobial applications [60], [75]. Gopinath et al. reported the biogenic 

synthesis of Ag NPs using soil-derived Pseudomonas putida and its cell-free supernatant 

solution [61]. The obtained nanoparticles were found to show high antimicrobial efficacy over 

several bacterial pathogens. Karatoprak et al. synthesized Ag NPs using root extracts 

from Pelargonium endlicherianum Fenzl and showed their high bactericidal efficacy [83]. 

Shivakumar et al. studied the synthesis of Ag NPs using the phyto-constituents from the pre-

hydrolyzed liquor of Eucalyptus wood and demonstrated the antibacterial and antifungal 

efficacy of the nanoparticles [84]. Ganesan et al. synthesized Au NPs using the extract from 

the Acorus calamus rhizome and attributed the reduction of chloroauric acid to the amine 

groups in the protein [85]. Cui et al. have demonstrated the sustained antimicrobial activity of 

silver nanoparticles deposited over silver, copper, and zinc-ternary ion-exchanged zeolite as an 

additive in paint coatings [51].  

Poly(ε-caprolactone) (PCL) is a food and drug administration (FDA) approved 

biocompatible and bioresorbable polymer for several biomedical applications such as root 

canal fillings, sutures, controlled drug delivery systems, and tissue engineering implants [19], 

[86]–[91]. Due to the high potential of this biomaterial, there is considerable interest in making 

the polymer antimicrobial to enhance its applicability [92], [93]. Recently, there has been a 

growing demand for sustained antimicrobial activity for a prolonged period, which is desirable 

for implant-related applications [94], [95]. Several strategies have been adapted to render the 

polymer with antimicrobial properties that include loading the matrix with antibiotics [96], 

terpenoids [97], natural components like grapefruit seed extract [98], copper oxide 

nanoparticles [5], and Ag NPs [99]. Also, strategies to develop amorphous solid dispersions 
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have gained momentum, in which a bioactive component is incorporated in the PCL matrix to 

modulate the mechanical properties and drug release kinetics [100]. Surface functionalization 

of PCL with silver and bacteriophage has also been reported to enhance antimicrobial 

properties [93], [101]. In the current work, we prepared Lactobacillus amylovorus-

derived lipase-mediated silver coating over PCL and studied their antimicrobial efficacy. It is 

known that the lipases derived from the probiotic sources are highly benign therefore, may be 

used in in vivo implants. Hence, the lipase derived from probiotic L. amylovorus is chosen as a 

mediator to functionalize the PCL surfaces with silver to render sustained antimicrobial 

properties. 

2.2 Methodology 

2.2.1  Materials 

AgNO3, NaBH4, 1-(3-(dimethylamino)propyl)-3-ethylcarbodiimide hydrochloride (EDC), N-

hydroxysuccinimide (NHS), PCL pellets (Mw = 45,000 Da), phenylmethylsulfonyl fluoride 

(PMSF), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), chloroform, 

dimethyl sulfoxide (DMSO), and acetone were purchased from Sigma-Aldrich and used as 

received. Lactobacillus amylovorus (MTCC 8129) was procured from IMTECH, Chandigarh, 

India. Luria Bertani (LB) broth and agar required to plate the microbes for studying the 

antimicrobial efficacy of the silver-coated films were purchased from Himedia Chemicals, 

India Ltd. The reagents required for the MTT assay, fetal bovine serum (FBS) and antimycotic 

solution, were procured from Himedia, India. Dulbecco’s modified Eagle’s medium (DMEM) 

was purchased from Invitrogen, USA. 
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2.2.2  PCL film casting and alkaline hydrolysis 

The PCL films used in this study were prepared using the solvent casting method. Briefly, a 1 

w/v % of chloroform solution dissolved with the PCL pellets was poured into a glass petri dish 

and allowed to dry overnight. The obtained films were then subjected to alkaline hydrolysis at 

room temperature with 5 N NaOH solution for two time points, such as 2 h and 4 h. The 

hydrolyzed films were thoroughly washed with milliQ water followed by diluted HCl solution, 

and finally with milliQ water. 

2.2.3  EDC/NHS-activation 

The carboxylic acid groups obtained on the PCL film surface through hydrolysis were activated 

using a classical EDC/NHS amide coupling agent. In a typical experiment, about 4 cm × 4 cm 

size hydrolyzed PCL films were activated by immersing in a 10 mL solution containing 45 

mM EDC and 15 mM NHS for 2 h at room temperature. The films were washed thoroughly 

with PBS buffer and immediately utilized for further surface derivatization experiments. Two 

types of surface derivatization were carried out in this work: (1) Immobilizing lipase-capped 

Ag NPs over the EDC/NHS activated PCL films, and (2) immobilizing the lipase over the 

EDC/NHS-activated PCL films in the first step followed by deposition of silver using the dip-

coating method. 

2.2.4  Lipase production from L. amylovorus 

The production of extracellular lipase from L. amylovorus was performed as per the following 

protocol. The lipase production was carried out in 250 mL Erlenmeyer flasks, each containing 

50 mL of a medium composed of peptone (0.5 %), yeast extract (0.3 %), NaCl (0.25 %), 

MgSO4 (0.05 %) and 1 % olive oil. The bacterial inoculum added to the substrate was 108 

CFU/mL in the ratio of 1:1. After incubation for 48 h, the cell-free supernatant was obtained 
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by centrifugation at 7860 RPM at 4 °C for 20 min, and the extracellular lipase activity of the 

fermented broth was determined. The total protein content was estimated by Lowry’s method 

using Bovine serum albumin as the standard. The lipase assay was performed 

spectrophotometrically using p-nitrophenyl palmitate as the substrate. Briefly, 2.5 mL of 420 

μM p-nitrophenyl palmitate, 2.5 mL of 0.1 M Tris-HCl (pH 8.2), and 1 mL of enzyme solution 

were mixed and incubated in a water bath at 37 °C for 10 min. The p-nitrophenol was liberated 

from p-nitrophenyl palmitate by lipase-mediated hydrolysis imparting a yellow color to the 

reaction mixture. After incubation, the absorbance was measured at 410 nm, which was 

compared against a control. The supernatant was added with chilled acetone to precipitate the 

protein as per the literature protocol [102]. The obtained lipase lysate was used for further 

studies. 

2.2.5  Synthesis of lipase-capped Ag NPs 

The lipase-capped Ag NPs were synthesized in two different compositions that vary in the 

concentration of the precursor, AgNO3 [60]. In a typical synthesis, the AgNO3 solutions having 

a concentration of 0.6 mM and 1.0 mM were added with lipase derived from L. amylovorus 

such that the final concentration of the enzyme is 50 μg mL–1. The resultant solution was kept 

stirring at 500 RPM in a beaker, to which freshly prepared NaBH4 solution (3.2 equivalent with 

respect to AgNO3) was quickly added, and the stirring was continued for another 10 min. The 

Ag NPs thus synthesized were subjected to dialysis for 2 h using a cellulose membrane having 

a 10 kDa cut off to remove the excess of NaBH4 and any reaction byproducts. The lipase-

capped Ag NPs thus synthesized were then used for subsequent covalent immobilization over 

EDC/NHS-activated PCL films. 
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2.2.6  Immobilization of lipase-capped Ag NPs over PCL films 

The EDC/NHS-activated PCL films were separately reacted by immersing them into lipase-

capped Ag NPs having different concentrations. The immobilization reaction was performed 

overnight at room temperature and washed thoroughly with PBS buffer. The obtained films 

were then dried by purging with nitrogen gas and used for further studies. The two samples 

prepared by immobilizing Ag NPs synthesized using 0.6 mM and 1.0 mM AgNO3 solutions 

were labeled as PCL-0.6-Ag-imm and PCL-1.0-Ag-imm, respectively. 

2.2.7  Ag deposition over PCL films through dip-coating method 

The EDC/NHS-activated films were incubated at room temperature overnight with 100 μg mL–

1 solution of lipase derived from L. amylovorus. The films immobilized with lipase were 

washed with PBS buffer and with milliQ water. The lipase-immobilized PCL films were then 

used for surface depositing of silver using the dip-coating method. Briefly, the lipase 

immobilized PCL films were sequentially dipped into 1 mM AgNO3 solution for 10 min and 5 

mM NaBH4 solution for 5 min. After each dipping, the films were gently washed with milliQ 

water before dipping into the next reagent solution. Two different compositions, such as 5-

times dipped, and 10-times dipped PCL films, were prepared, dried by purging with nitrogen 

gas, and then used for further studies. The films prepared by 5-times and 10-times dipping were 

labelled PCL-5-Ag-dip and PCL-10-Ag-dip, respectively. 

2.2.8  Antimicrobial studies 

The antimicrobial efficacy of the surface-derivatized PCL films was performed as follows: 

Initially, in a 100 mL conical flask, 0.9 % NaCl (upto 5 mL), E. coli culture with 107 – 108 

cells/mL were taken [57]. The silver-coated PCL films cut into 4 cm2 were added to this 

solution and incubated for various time intervals such as 2, 3, 4, 6, 8, and 24 h at 37 °C, 60 
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RPM. After each time interval, 10 μL of the culture was mixed with 20 μL of water, and plated 

in LB agar plates and incubated at 37 °C overnight. 

2.2.9  Cytotoxicity assay 

The cytotoxicity of the PCL films, derivatized with lipase-mediated silver coating was tested 

on mouse fibroblast cell line (SNL 76/7) by MTT assay [61]. The films were cut and carefully 

placed in a 12-well plate to cover the culture's surface (3.5 cm2) and seeded with 105 cells per 

well in DMEM supplemented with 10 % FBS and 1X antimycotic solution. The plates were 

incubated at 37 °C in a CO2 incubator with 5% CO2 for 24 h. After incubation, the cells were 

washed with 1X PBS and, MTT solution was added at a final concentration of 0.5 mg/mL in 

the culture media and incubated further for 4 h. The medium was removed, cells were washed 

with PBS and 500 μL of DMSO was added to the wells and incubated for 1 h in the dark. The 

absorbance of the solution was read at 570 nm by using a microplate reader. The cell viability 

was calculated as shown below.. 

% 𝐶𝑒𝑙𝑙 𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = (𝑂𝐷 𝑆𝑎𝑚𝑝𝑙𝑒 ÷ 𝑂𝐷 𝐶𝑜𝑛𝑡𝑟𝑜𝑙) × 100 

2.2.10 Characterization 

The surface elemental composition of the pristine and surface-derivatized PCL films was 

characterized using X-ray photoelectron spectroscopy (K-alpha instrument, ThermoFisher) 

equipped with Al Kα monochromated X-ray source. A flood gun was used to prevent the 

surface charging of the PCL films. The water contact angle of the PCL films was obtained 

using the Theta Flex contact angle goniometer (Biolin Scientific). Field-emission scanning 

electron microscopy (FE-SEM) from FEI (model: Apreo S) was employed to image the 

morphology of pristine and surface-derivatized PCL films. In the same instrument, scanning 

electron tunneling microscopy (STEM) mode was employed to image the as-synthesized Ag 
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NPs at an acceleration voltage of 30 kV. JASCO V-650 UV–vis spectrophotometer was used 

to confirm the synthesis of Ag NPs. SpectraMax® iD3 from Molecular Devices, USA was used 

to record the microplate absorbance values used in the MTT assay. 

2.3 Results and Discussions  

2.3.1  PCL surface derivatization strategy 

Two surface derivatization strategies depicted in Figure 2.1 have been employed in the current 

study to immobilize silver onto the PCL films.  

 

Figure 2.1 Pictorial representation depicting the strategies employed in this study for surface derivatization of 

PCL films with silver. 

 

In the first strategy, Ag NPs have been synthesized in the first step using lipase derived from L. 

amylovorus as the surface stabilizing agent. Using the amine groups present in the protein; the 

lipase-capped Ag NPs have been immobilized over the EDC/NHS-activated PCL films in the 

second step. Two different compositions of Ag NPs that vary in the initial concentration of 

AgNO3 (0.6 mM and 1.0 mM) were separately synthesized (Figure 2.2) and used for the 

immobilization. In the second strategy, at first, the lipase derived from the probiotic source was 

immobilized over the EDC/NHS-activated PCL films. In a subsequent step, the lipase-

immobilized PCL films were dipped into an AgNO3 solution to adsorb the silver precursor over 

the amine, carboxylic, and thiol groups present in the lipase. The adsorbed AgNO3 was then 
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reduced to metallic silver using NaBH4. This process was repeated 5 times and 10 times to 

obtain two compositions of PCL films that were enriched with silver on the surface. 

 

 

Figure 2.2 (A). UV-visible spectra of 3x diluted 50 g/mL lipase-capped Ag NPs synthesized using 0.6 mM and 

1.0 mM Ag NO3. STEM images of the Ag NPs synthesized using (B) 0.6 mM and (C) 1.0 mM Ag NO3, where 

the latter sample was prepared using 3x diluted solution. The inset in (B) and (C) shows the particle size 

distribution. 

2.3.2  Surface Characterization 

For the surface hydrolysis of PCL films using NaOH solution, two time points such as 2 h and 

4 h were initially tested using contact angle measurements. The pristine PCL film exhibited a 

water contact angle of 85 ± 2°, while the water contact angles of 2 h and 4 h hydrolyzed samples 

were found to be 55 ± 3° and 12 ± 3°, respectively (Figure 2.3). The decrease in the water 

contact angle indicates increasing hydrophilicity of the PCL film due to surface hydrolysis. 

Due to the close agreement between our results and those reported in the literature [101], [103], 

we have chosen the 4 h hydrolyzed PCL films for further studies. 

 

Figure 2.3 Contact angle measurements over (a) pristine, (b) 2 h alkaline hydrolyzed, and (c) 4 h alkaline 

hydrolyzed PCL films. 
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XPS has been employed to probe the surface derivatization of the PCL films since it is 

a powerful surface characterization tool [104]. The C 1s, N 1s, O 1s, and Ag 3d narrow scan 

XPS spectra of various samples have been presented in Figure 2.4. 

 

Figure 2.4 C 1s, O 1s, N 1s, and Ag 3d XPS narrow scan spectra of pristine, hydrolyzed, EDC/NHS-activated 

(top row), lipase-immobilized, PCL-5-Ag-dip, PCL-10-Ag-dip (middle row), PCL-0.6- Ag-imm, and PCL-1.0-

Ag-imm PCL films (bottom row). 

 

The deconvolution of C 1s and O 1s narrow scan spectra of the pristine and hydrolyzed PCL 

films are shown in Figure 2.5. The pristine PCL film exhibited the presence of carbon and 

oxygen elements. The deconvolution of C 1s narrow scan spectrum revealed the presence of 

carbon in the C–C and C–H environments at 284.8 eV. In addition, the characteristic peak 

corresponding to the carbon present in the ester environment was also observed at 286.4 eV 

(C–O–C) and 288.8 eV (O–C = O). The O 1s narrow scan spectrum of the pristine PCL film 

exhibited a sharp peak at 532.0 eV along with a shoulder at 533.4 eV, which can be attributed 

to the carbonyl (–C = O) and ether (C–O–C) oxygens, respectively. In the case of alkaline-

mediated hydrolyzed PCL film, the intensity of the peak possessing higher binding energy in 
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the O 1s narrow scan spectrum was increased, which could be attributed to the surface 

oxidation of the ester groups.  

 

 

Figure 2.5 C 1s and O 1s narrow scan XPS spectra of pristine PCL film and alkaline-mediated hydrolyzed samples 

(before and after treatment with dilute HCl). The sample codes (A), (B), (C), (D), and (E) represent the C 1s and 

O 1s narrow scan spectra in each row corresponding to the samples pristine PCL, 2 h as-hydrolyzed, 2 h 

hydrolyzed – after HCl treatment, 4 h as-hydrolyzed, and 4 h hydrolyzed – after HCl treatment, respectively. 
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The NaOH-mediated hydrolysis is expected to yield sodium carboxylate on the PCL surface, 

which has been confirmed with the appearance of Na 1 s peak at 1072 eV and a feeble signal 

at 497 eV corresponding to the sodium Auger peak in the XPS survey scan of 4 h as-hydrolyzed 

sample Figure 2.6. When the hydrolyzed PCL films were rinsed with dilute HCl solution, the 

characteristic signals of sodium disappeared, thus confirming the protonation of sodium 

carboxylates. Upon activation of the hydrolyzed films using the amide coupling reagent 

EDC/NHS, nitrogen was also detected along with carbon and oxygen. This observation has 

confirmed the successful activation of the surface carboxylic groups by the coupling reagent. 

The lipase immobilized PCL film also exhibited the presence of nitrogen along with carbon 

and oxygen, which was confirming the presence of the enzyme on the film surface. In the case 

of PCL-0.6-Ag-imm and PCL-1.0-Ag-imm, in addition to the elements carbon, oxygen, and 

nitrogen, silver was also detected. The atomic percentage of silver in PCL-0.6-Ag-imm and 

PCL-1.0-Ag-imm was found to be 0.01 % and 0.02 %, respectively, which was also revealed 

in the Ag 3d narrow scan spectra, wherein the latter was exhibiting higher intensity than the 

former. The atomic silver content in the PCL-5-Ag-dip and PCL-10-Ag-dip samples was found 

to be 0.01 % and 0.13 %, respectively. The XPS study has thus confirmed the successful surface 

derivatization of PCL films with silver through both approaches. 
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Figure 2.6 XPS survey scan spectra of PCL films subjected to various steps in the surface derivatization process. 

 

FE-SEM was employed to study the surface morphology of the pristine and surface 

derivatized PCL films, and the results are shown in Figure 2.7 (i and ii). The pristine PCL 

films were found to exhibit a smooth surface morphology at the macroscopic scale with a 

micron to nanoscale roughness. The PCL-0.6-Ag-imm and PCL-1.0-Ag-imm samples 

exhibited similar morphology to that of pristine PCL films on the surface but with a few 

particulates, presumably the aggregates of Ag NPs. A similar observation was also observed 
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with PCL-5-Ag-dip, while PCL-10-Ag-dip was found to exhibit a significant amount of bright 

patches consisting of nanoscopic particulates, which could be attributed to the higher silver 

loading, as evidenced in XPS as well. These results indicate that the surface derivatization of 

PCL with silver did not result in a significant change in the surface morphology, except the 

sample PCL-10-Ag-dip. 

 

Figure 2.7 (i). FE-SEM images of (a, b) pristine, (c, d) PCL-5-Ag-dip, (e, f) PCL-10-Ag-dip, (g, h) PCL-0.6-

Ag-imm, and (i, j) PCL-1.0-Ag-imm PCL films. 

 

 

Figure 2.7 (ii). FE-SEM images of (a, b) 2 h as-hydrolyzed, (c, d) 2 h hydrolyzed – after HCl treatment, (e, f) 4 

h as-hydrolyzed, (g, h) 4 h hydrolyzed – after HCl treatment, and (i, j) EDC/NHS activated PCL films. 

2.3.3  Antimicrobial activity 

The antimicrobial efficacy of the silver-coated PCL films obtained by the two strategies has 

been explored against a gram-negative bacterium E. coli, and the results are presented in 

Figure 2.8 (i and ii). In the control experiment using pristine PCL film, a consistent high 

bacterial growth was observed even up to 24 h, demonstrating no bactericidal effect from the 
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untreated film. The PCL-5-Ag-dip and PCL-10-Ag-dip did not exhibit a significant bacterial 

inhibition even by 8 h; however, they showed complete inhibition by 24 h. On the other hand, 

the PCL-0.6-Ag-imm and PCL-1.0-Ag-imm showed a much higher bactericidal activity than 

the films derivatized through the dip-coating method and the control. Among the two 

compositions obtained through the immobilization method, PCL-0.6-Ag-imm showed ~70 % 

bacterial inhibition by 4 h, whereas ~95 % inhibition by PCL-1.0-Ag-imm at a lesser time of 3 

h. By 4 h, 100 % microbial inhibition was observed with PCL-1.0-Ag-imm, thus proving to be 

the best composition among all tested in this study. The higher bactericidal efficacy of PCL-

1.0-Ag-imm, as opposed to PCL- 0.6-Ag-imm, may be attributed to the higher silver loading 

in the former composition. The bactericidal behavior of all the samples was analyzed after 24 

h, which revealed no relapse of any bacterial growth.  

 

Figure. 2.8 (i). Antimicrobial studies with pristine and silver-derivatized PCL films against E. coli for different 

incubation periods. 
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Figure 2.8 (ii) Bacterial cell viability derived from the colony count data of antimicrobial study using the pristine 

and silver-derivatized PCL films. The experiments were performed in triplicates, whose statistical significance 

was calculated using the student’s t-test and represented in asterisks: * (P<0.05) for border line significance, ** 

(P<0.01), *** (P<0.001) for high level significance. 

 

The sample PCL-1.0-Ag-imm was analyzed for its surface morphology using FE-SEM and 

silver content through XPS after 24 h incubation in the bacterial culture Figure 2.9 (i and ii). 

The results revealed that the 24 h incubation in the bacterial culture did not alter the 

morphology and silver content significantly. These results revealed the long-lasting 

bactericidal activity of the PCL films immobilized with the lipase capped Ag NPs, which is a 

preferred attribute for several biomedical applications. 

 

Figure 2.9 (i). FE-SEM images of (a, b) PCL-0.6-Ag-imm, and (c, d) PCL-1.0-Ag-imm after 24 h incubation in 

the bacterial culture. 
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Figure 2.9 (ii). Top and middle rows: XPS narrow scan spectra of PCL-0.6-Ag-imm, and PCL-1.0-Ag-imm 

samples after 24 h incubation in the bacterial culture. The corresponding survey scan spectra are presented in the 

bottom most row. 

2.3.4  In vitro cytotoxicity 

The cell viability test was performed to evaluate the biocompatibility of the PCL films 

derivatized with silver. The viability of mouse fibroblasts cells seeded over the PCL films taken 

in the tissue culture plates was observed after 24 h and the results are shown in Figure 2.10. It 

was found that Ag NPs-immobilized PCL films showed ~98 % cell viability when compared 

to the pristine PCL film. On the other hand, the silver derivatized PCL films prepared through 

the dip-coating method exhibited ~73− 75 % of cell viability against the control PCL film. The 

precise reason for this decrease in the cell viability in these samples is unclear at the moment. 

However, the overall antimicrobial and cytotoxicity studies revealed that the Ag NPs-

immobilized PCL films have a high potential for in vitro as well as in vivo applications. 
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Figure 2.10 Cell viability study over mouse fibroblast cells (SNL 76/7) using the pristine and silver-derivatized 

PCL films used in this study. 

2.4 Conclusions 

The current study primarily employed a probiotically derived lipase from Lactobacillus 

amylovorous to derivatize PCL film surface with silver. Two facile surface derivatization 

approaches, such as lipase-capped Ag NPs’ immobilization over EDC/NHS-activated PCL 

films and dip-coating over lipase immobilized PCL films, were carried out to explore their 

antimicrobial performance. The surface derivatization was chemically probed using XPS and 

morphologically probed using FE-SEM. The antimicrobial studies revealed that the PCL films 

immobilized with the probiotically derived lipase-capped Ag NPs exhibited remarkable 

bactericidal efficacy as opposed to the samples obtained through the dip-coating method. The 

cytotoxicity studies using mouse fibroblast SNL 76/7 cells revealed the high cell compatibility 

of PCL films immobilized with the lipase-capped Ag NPs. The results showed that the PCL 

films derivatized with biogenically synthesized Ag NPs could potentially serve as infection-

free implantable materials. 
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Chapter 3 

Influence of citrate buffer and flash heating in enhancing the sensitivity of 

ratiometric geno-sensing of Hepatitis C virus using plasmonic gold 

nanoparticles
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3.1 Introduction 

Owing to the innate plasmonic and electronic properties, gold nanoparticles (Au NPs) 

gained significant attention in several biological applications [105]–[111]. In the context of bio 

sensing, the pioneering work by Mirkin et. al., on ligating the thiol-tagged DNA to Au NPs 

triggered numerous opportunities. Ever since, the Au NPs turned out to be revolutionary in 

most of the techniques such as colorimetric, surface-enhanced Raman scattering, 

electrochemical, spectrophotometric and piezoelectric [112]–[121]. In majority of these 

techniques, the efficient hybridization between the thiol-tagged probe and target DNA is 

crucial. Also, quantitative binding of the thiol-tagged probe over Au NPs is another important 

factor for higher efficacy of the sensing assay [122]–[125].  

The citrate-capped Au NPs typically possess a zeta potential in the range of –30 ± 10 

mV, signifying the negatively charged surface nature [126]. DNAs also possess similar charge 

on their backbone due to the negatively charged phosphate moieties [127]. Thus, when the 

thiol-tagged DNAs were attempted to conjugate with the surface of citrate-capped Au NPs, due 

to the charge-charge repulsion, the efficacy of the binding was found to be poor [128], [129]. 

To overcome this, salt-aging technique was developed, in which the externally added 

electrolyte such as NaCl minimizes the charge-charge repulsion between the citrate units as 

well as with the phosphate moieties of the incoming DNAs and thereby creating adequate void 

space for the thiolated DNA to approach the surface of Au NPs [35], [36]. However, the salt-

aging process requires 24–48 h for efficient conjugation [122]. This has been overcome by 

strategies like tuning the pH of the Au NPs using citrate buffers, instant dehydration in butanol 

(INDEBT), etc. [37], [38]. Such strategies have been found to yield rapid and quantitative thiol 

conjugation over the Au NPs. Among these, the method that utilizes citrate buffer is highly 

attractive due to its simplicity and efficiency. It is generally believed that such conjugation 
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conditions are required when more amount of DNA has to be conjugated over the Au NPs and 

therefore the previous studies focused with high DNA to Au NPs ratio (typically >20). 

However, the necessity of citrate buffer for the cases with low DNA to Au NPs ratio has so far 

not been explored. 

Successful hybridization between the probe and target DNA is also critical in bio 

sensing. The degree of hybridization therefore is an important criterion to realize this. There is 

a vast diversity in the literature with respect to the DNA hybridization conditions. Many reports 

employ 37 °C as the hybridization temperature, while adapting the duration as 1–4  h [38], 

[130]–[133]. On the other hand, in an attempt to realize the hybridization at a shorter time, 

slightly higher temperatures in the range of 55 to 65 °C are used, while the time was decreased 

to 20 min [134]–[136]. Few literature reports adopt a short-duration of flash heating at 95 °C, 

followed by hybridization at normal temperatures [137], [138]. Thus, there exists a significant 

diversity in terms of the hybridization conditions.  

On a different note, 185 million population is globally affected by the Hepatitis C virus 

(HCV), which is a blood-borne pathogen. It is known that the serological diagnosis responds 

typically 4 to 6 weeks post-infection due to the time required for the production of adequate 

amount of the antibodies. Contrarily, the molecular diagnostics is preferred, as it is highly 

sensitive and early stage detection in 1 to 2 weeks post-infection is possible [135]. Since there 

is no licensed vaccine available till date, though efforts are undertaken by the researchers [139], 

the timely detection and diagnosis is imperative, since the undetected and untreated conditions 

could lead to hepatocellular carcinoma [140]. Therefore, in this current study, we utilized an 

antisense oligonucleotide (ASO) derived from the core region (conserved region) of the HCV 

genome and subjected it to Au NPs based sensing against the viral target using optimal 

hybridization and citrate-mediated conjugation conditions.  
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3.2 Methodology  

3.2.1  Materials and Characterization 

Trisodium citrate and HAuCl4.3H2O were procured from Sigma Aldrich, and used as received. 

The target (5’-CGGATTCGCCGACCTCATGGGGTACATCCCGCTCGTCGGC-3’), ASO (5’-SH-

AAAAAAAAAAGCCGACGAGCGGGATGTACCCCATGAGGTCGGCGAATCCG-3’), and control 

(5’-TTACCGATAATCCTCCGGGGCATAACGAATGCTTATAGGA-3’) oligos were purchased 

from Eurofins Pvt. Ltd. For reducing the disulfide bond of thiol-modified probe, 100 mM DTT 

(in 100 mM sodium phosphate buffer, pH 8.3–8.5) was added at 1:5 ratio and incubated at 

room temperature for 1  h. Phosphate buffer saline (PBS, 1X) was prepared using 37 mM NaCl, 

2.7  mM KCl, 10  mM Na2HPO4 and 1.8  mM KH2PO4. The citrate buffer was prepared by 

dissolving 25.08 mg of trisodium citrate in 1 mL of water (100 mM) and the final pH was 

adjusted to 3.0 using dilute HCl. Spectramax® iD3 was employed to follow the UV–visible 

spectral changes of the Au NPs based geno-sensing assay. The particle size analysis was 

performed using the Malvern Zeta sizer instrument.  

3.2.2  Au NPs-based genosensing 

The well-known Turkevich method was employed to synthesize the citrate-stabilized Au NPs 

[141]. The synthesized Au NPs exhibited a strong plasmonic peak at 520 nm with an average 

hydrodynamic diameter of ~20 nm. In the case of DNA sensing, the hybridization mixture 

comprising of 2.5 μL of the ASO and 2.5 μL of target/control in 2.5 μL of the 1X PBS buffer 

was taken in a PCR tube. Two conditions were employed for hybridization inside a Thermal 

Cycler: In one case, the hybridization was carried out at 65 °C for 20 min without any flash 

heating and in the remaining cases a flash heating for a short duration at a designated higher 

temperature (75 °C for 30 s, 85 °C for 30 s and 95 °C for 30 s / 60 s / 120 s) prior to 
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hybridization at 65 °C for 20 min. To the hybridized mixture, about 50 μL of Au NPs was 

added and the resultant solution was subjected to stability analysis by adding 1.75 μL and 2.5 

μL of 5 M NaCl solution such that the final NaCl concentration was 145 mM and 340 mM, 

respectively. The same procedure has also been performed with the addition of 0.75 μL of 

citrate buffer along with the hybridization buffer to ascertain the effect of DNA conjugation 

over Au NPs. After salt addition, the absorbance of the plasmonic peak at 520 nm and the 

ratiometric values of absorbance at 700 nm to 520 nm (A700/520) were followed. The strategy 

employed in the current study is depicted in the Figure 3.1 below. 

 

 

 

Figure 3.1 Diagrammatic representation on the mechanism of the sensing strategy employed in this study. 
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3.3 Results and discussion 

Initially, a polyacrylamide gel electrophoresis (PAGE) experiment was carried out using a 20 

wt% gel solution to assess the effect of different temperature conditions on the hybridization 

efficacy between the ASO and target DNA. Figure 3.2 (a) shows the gel image obtained with 

3 μM concentration of ASO and target/control DNAs subjected to different hybridization 

conditions. Two bands corresponding to ASO and control were clearly seen in the case of 

control experiments that confirmed no hybridization took place between the probe and control. 

On the other hand, a bright thick single band in the case of target subjected to different 

conditions revealed efficient hybridization between the ASO and target DNA. Further 

quantification of the bands corresponding to the hybridized DNA using ImageJ software 

(Version 1.8.0_172) revealed a 7.5% higher hybridization efficacy with the sample subjected 

to a flash heating of 95 °C for 120  s, as opposed to the sample that was not subjected to any 

flash heating Figure 3.2 (b). These results prompted us to probe further the effect of 

hybridization conditions in the Au NPs based DNA sensing. For this, we chose three conditions 

such as no flash heating, and 30 s and 120 s flash heating at 95 °C. While one set of samples 

were subjected to Au NPs based sensing assay to ascertain only the effect of flash heating 

conditions, another set of samples were subjected to the sensing assay with the addition of 

citrate buffer in the hybridized mixture as it has been proven to yield rapid and quantitative 

thiol-conjugation over Au NPs in minutes [37]. 



52 
 

 

Figure 3.2 (a) Polyacrylamide gel electrophoresis of the probe, target and control DNA subjected to different 

hybridization conditions and (b) the corresponding percentage hybridization quantification using ImageJ 

software. 

 

The mechanism of the Au NPs mediated sensing assay is based on the following factors. 

It is known that the stability of the Au NPs is imparted due to the electrostatic repulsion 

between the negatively charged citrate moieties on the surface. The citrate-stabilized Au NPs 

synthesized through the Turkevich method exhibit a plasmonic peak at 520 nm and a relatively 

low absorbance at wavelengths greater than 650 nm in the UV–visible spectroscopy. Upon salt 

addition, due to the masking of electrostatic repulsion between the citrate moieties by the 

excess of sodium ions, the Au NPs tend to aggregate. The aggregated colloidal Au NPs are 

known to compromise their plasmonic absorbance and exhibit higher light scattering at longer 

wavelengths. It is known that the negatively charged DNA enhances the charge density (zeta 

potential) of the Au NPs upon binding to them. Such an enhancement in the charge density 

shall enhance the stability of the nanoparticles against the salt-induced aggregation of the Au 

NPs. Thus, the Au NPs effectively hybridized with the target DNA sequence shall possess 

higher stability in comparison to the negative/control sample, and thereby retain the red color 

arising from the SPR.  
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In the case of DNA sensing, two different initial concentrations of the ASO, such as 

1.5 and 3 μM were hybridized with equimolar concentration of the target/ control. Also, two 

different conditions were employed for the thiol conjugation over the Au NPs before the 

salting-out process: (i) without the addition of citrate buffer and (ii) with the addition of 0.75 

μL of citrate buffer. The UV–visible spectral results obtained from the DNA sensing studies 

are presented in Figure 3.3. 

 

Figure 3.3 The UV-visible spectra of the Au NPs added to the oligonucleotides subjected to different 

hybridization conditions in terms of flash heating: (a, d) no flash heating, (b, e) 95 °C for 30 s, and (c, f) 95 °C 

for 120 s. The top and bottom row experiments were performed with 1.5 and 3.0 M concentrations of the 

oligonucleotides, respectively. The respective symbols T and C represent target and control, while the experiments 

performed with the addition of citrate buffer were coded with (cit). The final concentrations of the NaCl were also 

mentioned alongside the sample code 

 

The absorbance of Au NPs at 520 nm as well as the ratiometric value of 700 nm/520 nm 

(A700/520) have been chosen to follow the effect of hybridization conditions on DNA sensing 

and the absorbance values before and after salting are summarized in Table 3.1. It can be seen 

from Figure 3.3 that the Au NPs added with target/control exhibit a high absorbance value at 

520 nm (> 0.4) and a low A700/520 ratiometric value of < 0.4. After salt addition, the 
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absorbance of the positive samples (containing target) at 520 nm gradually decreased with the 

addition of NaCl solution, while the A700/520 ratiometric value gradually increased. In the 

case of positive samples, the cut-of values of the absorbance at 520 nm and A700/520 were 

found to be > 0.26 and < 0.5, respectively, which indicate the stable nature of the Au NPs. 

Among the different hybridization conditions employed, the target-ASO hybrids subjected to 

flash heating were found to have a slightly higher absorbance value at 520 nm than the no flash 

heating sample, though the difference was less (Table 3.1). 

 

Table 3.1 UV-visible absorbance data (at 520 nm and the ratiometric at 700 nm/520 nm) of Au NPs added to the 

oligonucleotides hybridized under different conditions before and after salting with two different final 

concentrations of NaCl. The data obtained are at 95% confidence level.

Absorbance Hybridization 

conditions 

T C T  

145 

mM 

C  

145 

mM 

T  

340 

mM 

C  

340 

mM 

T 

cit 

C 

cit 

T  

145 

mM 

cit 

C  

145 

mM 

cit 

T  

340 

mM 

cit 

C  

340 

mM 

cit 

 

 

 

A520 

1.5 µM Probe 

versus 

Target/Control 

No flash heating 0.43 0.42 0.36 0.25 0.32 0.19 0.42 0.42 0.40 0.24 0.38 0.20 

95 °C – 30 s 0.43 0.44 0.38 0.28 0.35 0.21 0.42 0.42 0.42 0.25 0.40 0.19 

95 °C – 120 s 0.42 0.41 0.39 0.26 0.35 0.17 0.43 0.41 0.42 0.26 0.39 0.20 

3.0 µM Probe 

versus 

Target/Control 

No flash heating 0.40 0.40 0.35 0.34 0.34 0.25 0.40 0.40 0.37 0.33 0.32 0.24 

95 °C – 30 s 0.41 0.42 0.35 0.32 0.34 0.24 0.41 0.39 0.38 0.34 0.34 0.22 

95 °C – 120 s 0.40 0.39 0.38 0.36 0.35 0.27 0.39 0.39 0.36 0.34 0.35 0.24 

 

 

 

A700/520 

1.5 µM Probe 

versus 

Target/Control 

No flash heating 0.14 0.13 0.41 0.91 0.53 1.07 0.12 0.12 0.24 0.96 0.37 1.08 

95 °C – 30 s 0.13 0.12 0.35 0.79 0.52 1.09 0.12 0.12 0.14 0.96 0.26 1.10 

95 °C – 120 s 0.12 0.12 0.33 0.87 0.43 1.03 0.12 0.12 0.14 1.01 0.30 1.11 

3.0 µM Probe 

versus 

Target/Control 

No flash heating 0.32 0.36 0.41 0.63 0.45 0.97 0.39 0.29 0.50 0.66 0.51 0.98 

95 °C – 30 s 0.40 0.45 0.43 0.56 0.48 0.85 0.15 0.19 0.25 0.53 0.34 1.00 

95 °C – 120 s 0.27 0.26 0.36 0.55 0.42 0.91 0.17 0.19 0.28 0.53 0.35 0.98 
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On the other hand, a substantial difference was noticed in the ratiometric values of the hybrids 

subjected to different hybridization conditions. The ratiometric values corresponding to 

different hybridization conditions have been plotted in Figure 3.4. 

 

 

Figure 3.4 Plot depicting the A700/520 ratiometric values of selected samples as a function of different hybridization 

conditions. 

 

In general, before the salting process, the absorbance of Au NPs at 520 nm was found to be in 

the range of 0.40 to 0.43, while the A700/520 ratiometric values were found to be in the range 

of 0.15 to 0.4 for all the samples. When 1.75 and 2.5 μL of NaCl was added sequentially (total 

amount of NaCl added was 4.25 μL) such that the final salt concentration was 145 and 340 

mM, the target and control were properly discriminated, as evidenced by the high absorbance 

value at 520 nm and low A700/520 ratiometric value for the target. It can be seen from Table 

3.1 that the target samples subjected to flash heating exhibited lesser ratiometric values than 

the ones not subjected to flash heating (highlighted in bold). These results indicate that flash 

heating does play a positive role in enhancing the hybridization efficacy, which results in better 

discrimination at the ratiometric values that are often considered to be useful in improving the 
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sensitivity of the assay. The experiments were then performed with the addition of citrate buffer 

to ascertain the effect of DNA conjugation over Au NPs and its subsequent effect on the 

sensitivity of the assay. It was found that the discrimination between the target and control at 

the ratiometric values was more pronounced when citrate buffer was used. This reveals that the 

use of citrate buffer is useful in enhancing the conjugation efficiency even when the DNA to 

Au NPs ratio is as low as 3.5:1, while the available literature reports used a ratio of 20:1 and 

higher [37]. Since the citrate buffer showed additional benefit in ratiometrically discriminating 

the samples subjected to flash heating from no-flash heating, their corresponding digital 

photograph, and dynamic light scattering (DLS) results are presented in Figure 3.5 and 3.6. 

Although the digital photograph shows the color of the Au NPs used in different assay 

conditions is indistinguishable to human eyes, the DLS measurements of samples subjected to 

flash heating revealed a decrease in the particle size after subjecting to the salting-out process, 

which rationalizes their lower ratiometric values. The study has revealed the beneficial role of 

employing a combination of flash heating for efficient hybridization and citrate buffer for rapid 

tagging of the thiolated DNA over the surface of Au NPs. Such a combination has been found 

to enhance the sensitivity of the ratiometric absorbance values in the Au NPs based gene 

sensing. It can be noted that the ratiometric values are highly decisive in discriminating the 

single nucleotide polymorphism, as described by Sanromán-Iglesias et al. using gold 

nanoparticles of sizes 13, 46, and 63 nm [142]. Our study reveals that employing appropriate 

hybridization conditions can further improve the ratiometric sensitivity of such Au NPs based 

assays. 
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Figure 3.5 Digital photograph showing the color of the Au NPs in citrate buffer—added with the target samples 

subjected to different hybridization conditions before and after salting-out process. 

 

 

Figure 3.6 Effect of particle aggregation measured through the dynamic light scattering analyses over Au NPs in 

citrate buffer before and after addition of 340 mM NaCl: (a) panel showing the effect of salt-induced aggregation 

over citrate-capped Au NPs, control sample without any flash heating, and target subjected to three different 

hybridization conditions. The concentration of probe, target (T), and control (C) were fixed as 3 M. (b) Zoomed 

in data of the target samples subjected to different hybridization conditions shown in (a). 
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3.4 Conclusions 

In summary, the effect of hybridization between an ASO and target DNA was ascertained using 

PAGE experiment, which revealed that the hybridization involving a flash heating of 95 °C for 

120 s, prior to the incubation at 65 °C for 20 min, resulted in an enhancement in the efficacy 

to the tune of 7.5% as opposed to the hybridization condition without the flash heating. The 

effect was further analyzed in the Au NPs based DNA sensing to ascertain the usefulness of 

the flash heating in practical applications. The DNA sensing studies using thiol-tagged 

synthetic oligonucleotide derived from the core region of the HCV viral genome revealed that 

the ASO-target DNA hybrid subjected to the flash heating stabilized the Au NPs more than the 

case without flash heating, as evidenced by the lesser ratiometric absorbance values for the 

former. Furthermore, the use of citrate buffer has shown to be beneficial in the efficient 

conjugation between the thiolated probe and the Au NPs, even when the DNA to Au NPs ratio 

is as low as 3.5:1 and 7:1. These results may find potential in employing the appropriate 

hybridization conditions in the DNA bio-sensing studies. 
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Chapter 4 

Fluorescence-based simultaneous dual oligo-sensing of HCV genotypes 1 

and 3 using magnetite nanoparticles
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4.1 Introduction 

Nucleic acid tests (NATs) are considered the gold standard in detecting various disease-

causing pathogens [143], [144]. Due to this reason, there is increasing attention to developing 

efficient strategies that address the challenges associated with efficacy, simplicity, and cost 

[134], [145], [146]. Unlike antibody-antigen interactions, the NAT-based techniques are more 

sophisticated and costlier [147]. However, such techniques are essential to derive high 

sensitivity and selectivity, thus enabling one to detect precious analytes in ultralow 

concentrations while substantially minimizing the false-positive and false-negative results 

[148]–[150]. Moreover, NAT is the preferred method to detect the distinct variations in the 

microbial genes leading to different variants or genotypes [151]–[153]. Several NAT-based 

strategies such as reverse transcription-polymerase chain reaction (RT-PCR), hybridization 

chain reaction (HCR), loop-mediated isothermal amplification (LAMP), and rolling circle 

amplification (RCA), etc., have been extensively studied [154]–[158]. In this context, there has 

been a surge in developing hybrid strategies that couple the conventional NAT-based 

techniques with nanotechnology borne approaches like optical, magnetic and electrochemical 

to harness the benefits of enhanced sensitivity, quantification, cost effectiveness, and 

potentially towards multiplex detection [159]–[162]. 

Recently, multiplex detection of biomolecules is gaining impetus, as this would allow 

simultaneous screening of multiple analytes and thereby substantially save cost [163]–[167] 

and time. For instance, Wang et al., developed a surface-enhanced Raman scattering-based 

lateral flow assay biosensor, which was shown for its dual nucleic acid detection capability, as 

demonstrated with the target DNAs associated with Kaposi's sarcoma-associated herpesvirus 

and bacillary angiomatosis [168]. In a similar line, Zheng et al., reported a fluorescence 

quenching- based strategy, wherein fluorescently-labeled dual probes were used for the 

simultaneous detection of microRNAs, miRNA-21, and miRNA-155, that could indicate the 

drug resistance in lung cancer [169]. Li et al., developed a paper-based chip to simultaneously 

detect three antibiotic resistant genes. This assay was based on the coupling of loop-mediated 

isothermal amplification with a turn-on fluorescent molecule, [Ru (phen)2dppz]2+ [170]. Han 
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et al., 2019 reported a three-helix molecular beacon design, which was demonstrated for 

simultaneous fluorescence detection of two HIV DNA probes in a sensitive manner [171]. 

Xiang et al., 2019 developed a new approach for detecting multiple oligos like microRNA and 

DNA, wherein the formation of an active DNAzyme in the presence of the target sequence 

triggered the release of the G-quadruplex, which then combined with thioflavin T to cause 

enhanced fluorescence [172]. Zou et al., 2019 presented an efficient method based on DNA-

stabilized fluorescent silver nanoclusters to simultaneously detect two HIV DNAs [173]. These 

representative literatures indicate the necessity of advanced diagnostic strategies for multiplex 

sensing of biomolecules. 

On a different note, magnetite nanoparticles (NPs), owing to their magnetic 

responsiveness in nature have garnered an indispensable position in the field of nanotechnology 

[174]–[177]. Recent work by Patra et al., 2019 has shown that magnetic NPs can be used to 

pre-concentrate a dye 100 times by a simple adsorption-desorption process [178]. Another 

article by Goon et al., 2010 reported gold-coated magnetite NPs as dispersible electrodes for 

selective capturing of the analyte in a dilute solution, followed by rapid electroanalytical 

quantification [179]. On a different note, hepatitis C virus (HCV) is a blood-borne and 

contagious pathogen whose discovery was awarded the Nobel prize in the year 2020 [135]. The 

virus is known to have 8 genotypes, which are classified into 105 subtypes, among which 

genotypes 1 and 3 globally account for ~ 46.2% and ~ 30.1% of the cases, respectively [136]. 

In this current work, we aim to develop a simultaneous dual-probe sensing of HCV genotypes 

1 and 3 by combining magnetite NPs with a fluorescence-based detection assay. The surface 

derivatization of magnetite NPs with the probe DNAs, complementary to the HCV genotypes 

1 and 3, subsequent steps of dual-probe sensing are presented. 

4.2 Methodology 

4.2.1  Materials 

The reagents iron (II,III) oxide (magnetite) NPs, ethylenediaminetetraacetic acid (EDTA), and 

the linker glutaraldehyde were procured from Sigma Aldrich, India, while (3-

aminopropyl)triethoxysilane (APTES) was procured from Thermo Fisher Scientific, India. All 
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the oligonucleotides were procured from Eurofins India, Pvt. Ltd. A total of nine 

oligonucleotides including three control sequences along with two amine-modified probes (G1 

probe-1 and G3 probe-1), two fluorescently labeled probes (G1 probe-2 and G3 probe-2), and 

two target oligos (G1 target and G3 target) corresponding to the HCV genotypes 1 and 3, 

respectively, were employed in the study. 

4.2.2  Design of the Oligonucleotides 

The NS4B and NS5A regions corresponding to HCV genotypes 1 and 3 were subjected to 

multiple sequence alignment using ClustalW to design the target oligonucleotides (36-mer 

each). These sequences were found to be highly specific to the respective genotypes. The 

designed sequences were identified by implying the conditions like minimal self-

complementarity with a cut-off of 4, no hairpin loop formation above a cut-off of 3, and a GC 

content of < 60% to have the melting temperature (Tm) close to 65 °C. The complementary 

probes (18-mer each) for each genotype-specific target were designed, which were also found 

to obey the above criteria. The designed target, probe, and control sequences pertaining to the 

study are tabulated below. 

Table 4.1: Complementary probes for each genotype 1 and 3, target and control probes. 

Oligo  Sequence (5’- 3’) 

G1 probe-1  NH2-AAAAAAAAAAAGAACTAGCACACGGGGC 

G1 probe-2  GATGCAATTCGAGCTTAT-Rhodamine red (RR) 

G1 target  ATAAGCTCGAATTGCATCGCCCCGTGTGCTAGTTCT 

G3 probe-1  NH2-AAAAAAAAAA ACTGTGTATCGACCCCTG 

G3 probe-2  AAGATGAGCTACTCTCCT-Cyanine 3 (Cy3) 

G3 target  AGGAGAGTAGCTCATCTTCAGGGGTCGATACACAGT 

Control 1  AAAAAAAAAGGGGGGGGGGGGGGGGGGGAAAAAAAA 

Control 2  CCCCCCCCAAAAAAAACCCCCCCCCAAAAAAAAAAA 

Control 3  TTACCGATAATCCTCCGGGGCATAACGAATGCTTATAGGA 

4.2.3  Surface Derivatization of Magnetite NPs 

The commercial magnetite NPs were initially functionalized with amine groups using APTES 

by following the standard protocol reported in the literature [180]. Briefly, a round bottom flask 

containing 50 mg of magnetite NPs dispersed in 2.5 mL of absolute ethanol was added with 

0.5 mL of APTES and incubated under shaking conditions for 24 h at 30 °C. After this, the 

NPs were magnetically separated from the solution, washed thrice with ethanol, and dried in a 

vacuum oven. The amine-functionalized magnetite NPs were then treated with a linker, 
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glutaraldehyde. This was performed by treating the above-obtained magnetite NPs with 2 mL 

of phosphate saline buffer solution (0.1 M, pH 7.4), supplemented with 1 mL of 25% 

glutaraldehyde solution, for 2 h under shaking conditions. Following this, the magnetite NPs 

were washed thrice with milliQ water and then added to 50 μL of sterile water, to which 50 μL 

of 100 μM amine-probe DNA was added, and the reaction mixture was kept under shaking for 

2 h. The magnetite NPs were then recovered using a magnet, washed twice with milliQ water, 

and used for subsequent studies. To minimize the non-specific binding, the amine probe-

immobilized magnetite NPs were treated for 4 h with a 1 mL aqueous solution of 

triethanolamine (10 mM) to block the unreacted sites, followed by washing and drying. The 

supernatant solution was analyzed for the quantity of unbound probe DNA through 

polyacrylamide gel electrophoresis (PAGE).  

4.2.4  Dual Oligo Sensing 

Two strategies have been employed to ascertain the efficacy of simultaneous dual 

oligonucleotide sensing: (i) a one-step method, where the amine-tagged probe-1 immobilized 

magnetite NPs were subjected to hybridization together with the fluorescently-labeled probe-2 

and target/control; and (ii) a two-step method, where the fluorescently labeled probe-2 and 

target/control were separately allowed to hybridize in a first step, followed by hybridization 

with the amine-tagged probe-1 immobilized over the magnetite NPs in a subsequent step.  

In a typical two-step hybridization method, 2 μL of the fluorescently labeled probe-2 

from a 100 μM stock solution was added with 2 μL of the target/control of varying 

concentrations and 6 μL of sterile water to make the total volume as 10 μL. The resulting 

mixture was gently vortexed and subjected to hybridization at 37 °C for 4 h. To the obtained 

solution, ~2.5 mg of probe-immobilized magnetite NPs was added, and the total volume of the 

solution was made up to 50 μL. This mixture was also subjected to hybridization in the same 

manner as mentioned above. The obtained solution was finally diluted to 2 mL such that the 

concentration of the fluorescently-labeled probe-2 became 100 nM. The magnetite NPs were 

then removed from the solution, and the fluorescence intensity of probe-2 (unhybridized) in 

the supernatant solution was measured. The one-step hybridization method also was performed 

with an identical concentration of the probes, except that all the samples were taken and 



64 
 

hybridized together in a single step. The experiments were performed in triplicate and the 

average values are presented in the plots. 

To explore the stability of the probe-immobilized magnetite NPs, the functionalized 

NPs were stored at 4 °C for 3 months, after which they were used for the sensing experiments 

at the two extreme concentrations. Further, to mimic the applicability of the assay in actual 

samples, we have performed the dual oligo sensing experiments with the optimized conditions, 

replacing sterile water with synthetic serum (6.8 g/L NaCl, 0.2 g/L CaCl2, 0.4 g/L KCl, 0.1 g/L 

MgSO4, 2.2 g/L NaHCO3, 0.126 g/L Na2HPO4 and 0.026 g/L NaH2PO4 at pH: 7.4).  

4.2.5 Characterization 

The surface morphology and elemental mapping analyses of the magnetite NPs were 

performed using field-emission scanning electron microscopy (FE-SEM; Apreo S, FEI) 

instrument fitted with energy dispersive spectroscopy (EDS). After each derivatization step, 

the surface functionalization of magnetite NPs was ascertained through X-ray photoelectron 

spectroscopy (XPS; ThermoFisher, K-alpha), equipped with a monochromated Al Kα X-ray 

source. The steady-state fluorescence spectroscopic measurements of the solutions containing 

fluorescently labeled oligonucleotides were recorded using Fluorolog, Horiba Scientific 

instrument. All the fluorescence measurements were performed by keeping a constant slit width 

of 3 nm for both excitation and emission steps.  

4.3 Results and Discussion 

The schematic representation of the fluorescence-based dual oligo sensing using magnetite NPs 

is presented in Scheme 4, which depicts the following major steps: (i) APTES functionalization 

of magnetite NPs, (ii) anchoring of glutaraldehyde linker over the amine groups on the surface 

of magnetite NPs, (iii) immobilization of amine-tagged probe-1 over the magnetite NPs, and 

(iv) oligonucleotide sensing. Two target sequences (36-mers each) derived from HCV 

genotypes 1 and 3 were chosen for this proof-of-concept study. Against each target sequence, 

two probe sequences (probe-1 and probe-2) were designed in such a way that the 18-mer probe-

1 was tagged with an amino group along with a 10-mer polyA linker at the 5′ end, and the other 

18-mer probe-2 was tagged with a fluorescent label at the 3′ end. In the presence of the target, 
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probe- 1, probe-2, and the target shall be hybridized together, and therefore, the fluorescently-

labeled probe-2 can be magnetically removed from the solution. The difference in the 

fluorescence intensity before and after magnetic removal of the NPs is used for the oligo 

sensing and quantitative analysis of the target sequence. 

 

Figure 4.1 (a) Schematic representation of the surface-derivatization of magnetite NPs that comprise of APTES 

functionalization, glutaraldehyde anchoring, and amine-tagged probe-1 immobilization steps. (b) Pictorial 

representation of the two-step hybridization method of simultaneous dual oligo sensing, depicting the necessary 

steps such as hybridization of probe-2 with the target, followed by hybridization with the immobilized probe and 

finally magnetic removal of the hybrid. 

XPS is a powerful surface-sensitive tool for elemental analysis. Therefore, the 

magnetite NPs were subjected to XPS measurements after each surface derivatization step. The 

XPS narrow scan spectra of Fe 2p, Si 2p, P 2p, and N 1s were recorded, and the results are 

presented in Figure 4.2. It can be seen from the figure that the pristine magnetite NPs exhibited 

the characteristic peaks of Fe, as evidenced by the respective 2p3/2 and 2p1/2 peaks at 710.3 and 

724.2 eV arising from Fe3+, but no signals of other elements such as silicon, phosphorus, and 

nitrogen. After APTES functionalization, in addition to iron, the characteristic signals of Si 2p 

and N 1s were also observed at the binding energy values of 101.5 and 400.5 eV, respectively, 

which indicated the successful derivatization of amine groups. When glutaraldehyde was 

immobilized over these amine groups to make imine bonds, a slight shift in the N 1s signal 
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towards lower binding energy of 399.8 eV was observed, which clearly signified the conversion 

of amine to an imine [181]. With further immobilization of amine-tagged probes over the 

magnetite NPs, the intensity of the N 1s signal increased significantly, which could be 

attributed to the presence of nitrogen-rich nucleotides. Further, an intense signal arising from 

the P 2p level of phosphate moieties was observed that clearly proved the immobilization of 

the amine-tagged probe over the aldehyde derivatized surface.  

 

Figure 4.2 XPS narrow scan spectra of (a) Fe 2p, (b) Si 2p, (c) N 1s, and (d) P 2p levels of magnetite NPs before 

and after each surface derivatization steps. 

 

FE-SEM imaging and EDS mapping of the surface-derivatized samples were performed 

to ascertain the observations from the XPS analyses (Figure 4.3). The FE-SEM images of 

pristine magnetite NPs revealed particulates, predominantly cuboid-shaped, in the size range 

of 100–500 nm. The surface morphology of the particles vastly remained unaltered in the 

subsequent steps of APTES functionalization, anchoring of glutaraldehyde linker, and 

immobilization of the amine-tagged probes. EDS mapping was then performed on the 

representative samples, and the images revealed that the intensity of silicon and nitrogen was 

increased after APTES functionalization. Further, a significant enhancement in the signal of 

phosphorus was observed after the immobilization of amine-tagged probe-1. These 
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observations also confirmed the successful surface derivatization and corroborated XPS 

analyses' results. 

 

Figure 4.3 Top panel: FE-SEM images of magnetite NPs before and after surface derivatization steps at two 

different magnifications: (a, b) pristine, (c, d) APTES functionalized, (e, f) glutaraldehyde-derivatized, (g, h) G1 

probe-1 immobilized, and (i, j) G3 probe-1 immobilized magnetite NPs. Bottom panel: EDS mapping of pristine 

(i-v), glutaraldehyde-derivatized (vi-x), and G1 probe-1 immobilized (xi-xv) magnetite NPs. The area employed 

in the mapping is highlighted in the FE-SEM images shown on the left-most column (i, vi, and xi). 

 

To quantitatively assess the amount of amine-tagged probe-1 immobilized over the 

glutaraldehyde-derivatized magnetite NPs, PAGE studies using the probe-1 solutions before 

and after the immobilization reaction were performed (Figure 4.4). It was seen from the gel 

pictures that the intensity of the bands corresponding to the probes before immobilization was 

very high. On the contrary, after immobilization over the magnetite NPs, the supernatant 

solutions obtained from the samples, G1 probe-1, G3 probe-1, and the mixture of these two 

exhibited a faint intensity in the gel picture. The quantification analysis of the gel bands 

revealed ~94% efficiency in the immobilization of the amine-tagged probe-1 over the 

glutaraldehyde-derivatized magnetite NPs.  
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Figure 4.4 Digital photograph of the PAGE bands (shown in the inset) and their percentage intensity analyses of 

the amine-tagged probes in the supernatant solution before and after immobilization over the glutaraldehyde-

derivatized magnetite NPs. 

 

Before proceeding to the simultaneous dual oligo sensing, we performed the individual 

oligonucleotide detection to optimize the reaction conditions. For this, as mentioned in the 

experimental section, we explored two strategies, namely, one-step and two-step hybridization 

methods (Figure 4.5). In the one-step method, when the magnetite NPs immobilized with G1 

probe-1 were hybridized together with G1 target and fluorescently-labeled G1 probe-2, the 

fluorescent intensity in the supernatant solution after magnetic removal of the NPs was found 

to be ~75% to that of the control. Whereas, in the two-step method, the fluorescently-labeled 

G1 probe-2 was separately hybridized with the G1 target in the first step and then subjected to 

hybridization with the G1 probe-1 immobilized over the magnetite NPs in the second step. In 

this case, the fluorescently-labeled G1 probe-2 was completely removed from the solution, and 

therefore, the supernatant solution exhibited negligible fluorescence intensity. This result 

indicated nearly 100% efficacy of the two-step method, as opposed to only ~25% efficacy of 

the one-step method. Since non-specific adsorption could be one potential reason for the poor 

efficacy of the one-step method, we attempted to minimize the same by incorporating EDTA 
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at two different concentrations (250 mM and 350 mM) in the reaction mixture and then carried 

out the hybridization [182]. However, no significant difference was observed in the results with 

the incorporation of EDTA. Hence, for the subsequent studies, we followed the two-step 

hybridization method.  

 

Figure 4.5 Optimization of the hybridization parameters for the dual oligo sensing by employing one-step and 

two-step hybridization methods using the oligos derived from HCV genotype 1. Two different controls, a poly A-

poly G type (Control 1) and a random sequence (Control 3) were employed in the study to validate the selectivity.  

 

The limit of detection (LOD) studies were then performed with the individual genotype 

samples and later with a mixture of the two in a simultaneous analysis, and the results are 

presented in Figure 4.6. Three different controls were chosen, out of which two were AG and 

AC rich oligos, and the third one was a random sequence. In the individual analysis with the 

genotype 1 and 3 samples, when the target concentration was varied from 1 nM to 100 nM, a 

linear trend in the fluorescence intensity was observed. The linear fitting of the data revealed 

the LOD of the G1 target and G3 target as 11 and 14 nM, respectively. A similar trend was also 

observed when both the probes corresponding to genotypes 1 and 3 were taken together. In this 

simultaneous detection, the LOD of the G1 target and G3 target was found to be 15 and 13 nM, 

respectively.  
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Figure 4.6 Quantitative oligo sensing of HCV genotypes 1 and 3 in an individual (c, d) and simultaneous (e, f) 

manner. The fluorescence spectra pertaining to the plots (c) and (d) are presented in (a) and (b), respectively.  

 

It can be noted that the LOD can substantially be improved by further optimization and by 

developing hybrid strategies that employ strand displacement amplification. These experiments 

have also further ascertained the selectivity of the assay. To explore the shelf-life, the probe-

immobilized magnetite NPs stored at 4 °C for 3 months were treated with the two extreme 

concentrations of the targets, and the results were compared with that of freshly-prepared ones 

(Figure 4.7). The variation in the results was found to be less than 2%, which showed the 

significant stability of the surface-derivatized NPs. The sensing studies were also performed in 

synthetic serum instead of water to ascertain the applicability in actual samples. In this case 
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also, the results were reproduced with less than 2% of the variation, which signified the high 

potential of the assay with the clinical samples.  

 

Figure 4.7. Stability analysis of the freshly prepared (a) and 3 months aged (b) probe-immobilized magnetite NPs. 

(c, d) Genotype sensing studies using synthetic serum in comparison to water.  

4.4 Conclusions 

Magnetite NPs-mediated fluorescence-based simultaneous dual oligo sensing was 

demonstrated by selecting two target sequences from HCV genotypes 1 and 3. To achieve this, 

the magnetite NPs were initially derivatized with APTES, followed by the glutaraldehyde 

linker. Two amine-tagged probes corresponding to the genotypes 1 and 3 were individually 

immobilized over the magnetite nanoparticles through imine bond formation in high efficiency 

by reacting with aldehyde groups, which was characterized using XPS and EDS analyses. Two 

approaches, such as one-step and two-step hybridization methods, were explored to understand 

the efficacy of the sensing assays. Among these, the two-step hybridization method, where the 
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fluorescently-tagged probe-2 and target were subjected to hybridization in a first step followed 

by hybridization with the probe-1 immobilized over magnetite NPs in a subsequent step, was 

found to be more efficient. The fluorescence intensity analysis after the magnetic removal of 

the NPs enabled the quantitative sensing of the targets with a LOD of < 15 nM. The LOD can 

substantially be enhanced by amalgamating with strategies that involve LAMP, HCR, RCA, 

etc. [183]–[185]. This strategy can potentially be extrapolated to multiplex sensing of various 

pathogens in a single go by immobilizing as many probes over the magnetite NPs.  
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Chapter 5 

Boronic acid chemistry for fluorescence-based quantitative DNA sensing.
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5.1 Introduction 

Quantitative oligonucleotide detection is a sine qua non in various domains of biological 

studies and bio-based applications [186]. Several approaches, including fluorescence, 

colorimetric, electrochemical and surface-enhanced Raman scattering techniques, have been 

developed for this purpose [134], [136], [187], [188]. Despite the significant advancements in 

this domain, research efforts are ongoing to improve the selectivity, sensitivity, simplicity and 

potential multiplexing ability of the sensing assays. On a different note, boronic acid is a unique 

functional group, possessing a high degree of orthogonal reactivity, evident through its 

applications in multilayer surface functionalization approaches and materials science [189]–

[195]. Owing to its high affinity to 1,2- and 1,3-diols to form a boronic ester, it has been vastly 

used in sensing and reactions with sugar moieties [196]–[198]. Besides, such selective 

interaction of boronic acid with the di-hydroxy group enabled its applications in siRNA 

delivery [199], [200], RNA sensing [201], [202], probing of DNA hydroxymethylation [203], 

and bioimaging [204]. However, little is known about its interaction with single and double-

strand DNA (dsDNA). A study by Li et al., revealed electrostatic repulsion between single 

strand DNA and boronic acid, which was overcome at high salt concentration, presumed to be 

due to hydrogen bonding and hydrophobic interactions [205]. Another report on surface 

plasmon resonance-based strategy employed boronic acid derivatized Au nanoparticles in 

RNA sensing from pM to nM range, in which a certain degree of interference from DNA was 

observed, however not conclusive [201]. Thus, the exploration of the interaction of boronic 

acid in DNA-based studies is still in its infancy.  

5.2 Methodology 

In the present work, we probe the interaction of boronic acid with oligonucleotides towards 

quantitative DNA sensing by employing a fluorophore, 3-dansylaminophenyl-boronic acid 

(DAPBA) [206]. Three oligonucleotides, such as a thiolated DNA probe possessing 10-mer 

spacer A, a complementary DNA (cDNA) and a complementary RNA (cRNA), were designed 

from the 5’ untranslated region of a model pathogen, Hepatitis C virus [135], [145]. A random 
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sequence as a non-complementary control (ncDNA) was also designed and used in the study. 

The strategy employed for the oligo sensing is presented in Figure 5.1. 

 

Figure 5.1. Diagramatic representation of the boronic acid-mediated DNA sensing strategy. (i) treatment of 

Fe3O4@Au with thiolated probe, (ii) hybridization of the immobilized probe with cDNA/cRNA/ncDNA (iii) 

treatment of the hybrid with DAPBA and (iv) removal of the core-shell nanostructures to obtain the supernatant 

solution for the fluorescence intensity measurements. 

5.2.1  Materials  

The reagents iron(II) sulfate heptahydrate and iron(III) chloride used in the synthesis of 

magnetite nanoparticles (MNPs) were procured from Sigma-Aldrich. Ammonia solution (25% 

v/v) was obtained from SD Fine Chemicals India Ltd. The gold(III) chloride trihydrate and 

tetraoctylammonium bromide (ToABr) for the synthesis of gold shell over the magnetite 

nanoparticles were procured from Sigma-Aldrich. The fluorescent molecule 3-

dansylaminophenylboronic acid (DAPBA) was also purchased from Sigma-Aldrich. Methanol, 

toluene, dimethyl sulfoxide (DMSO), Tween 20, ethidium bromide (EtBr) and 1,4-

dithiothreitol (DTT) were procured from Merck. All the oligonucleotides used in this study 

were purchased from Eurofins India Pvt. Ltd. A 6X loading buffer used in the gel 

electrophoresis study was procured from Takara. 
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Table 5.1 The sequences of the oligos. 

Sample  

 

Sequence (5’- 3’)  
 

GC content / Melting  

temp (°C)  

Thiolated probe SH-AAAAAAAAAAGCTGCACGACACTCATACT 34% / 55.9 

cDNA GCCATGGCGTTAGTATGAGTGTCGTGCAGC 57% / 65.7  

cRNA GCCAUGGCGUUAGUAUGAGUGUCGUGCAGC 57% / 65.7 

ncDNA GCGGAAGCTTCTACTTTTTCTGCATCAAGC 47% / 66.8 

5.2.2  Synthesis of Fe3O4@Au core-shell nanostructures  

Fe3O4 NPs were synthesized through the co-precipitation method as per the literature protocol 

[180]. Briefly, 50 mL of water containing 0.5 M Fe2+ and 1.0 M Fe3+ salts were heated to 80 

°C. To which about 35 mL of 25 % ammonia solution was added and stirred for 30 min. The 

obtained magnetite nanoparticles were washed thrice with water, twice with methanol, 

recovered and dried at 60 °C in a hot air oven. Fe3O4@Au core-shell nanostructures were 

synthesized using a recently developed solid-state synthesis route [207]. For this, gold-

tetraoctylammonium bromide (Au-TOAB) precursor was synthesized by reacting 

HAuCl4.3H2O aqueous solution with tetraoctylammonium bromide, followed by phase transfer 

to toluene and drying the organic solvent. About 100 mg of Fe3O4 was mixed with 20 mg of 

Au-TOAB in a clean mortar and pestle and grounded well for 10 min. The contents were then 

transferred to a teflon-lined autoclave and calcined at 270 °C for 2 h. The obtained core-shell 

nanostructures were gently grounded and used for further studies. 

5.2.3  Immobilization of thiolated probe over the core-shell nanostructures  

The disulfide bond of the thiolated probe was reduced using DTT (in 100 mM sodium 

phosphate buffer, pH 8.3– 8.5) at a 1:5 ratio and incubated at room temperature for 1 h. After 

the treatment, the probe was precipitated using ethanol and column purified using DNA binding 

silica columns and eluted in sterile water. For immobilization, 100 µL of 20 µM of DTT treated 
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SH-Probe containing 18.82 µg DNA (188.2 ng/µL) was incubated with 50 mg of core-shell 

nanostructures at 37 °C for 2 h with continuous agitation in 20 mM citric acid (pH: 3.0). The 

citrate buffer was prepared by dissolving 25.08 mg of trisodium citrate in 5 mL of water and 

the final pH was adjusted to 3.0 using dilute HCl. After 2 h, the unbound probe was removed 

and further washed with 100 µL of 20 mM citric acid to wash away any loosely bound/adsorbed 

probe DNA over the gold surface. The collected fractions were collated and quantified using 

NanoDrop spectrophotometer. By subtracting the amount of unbound probe from the initial 

loading, the amount of probe bound to 50 mg of Fe3O4@Au nanostructures was estimated to 

be 5.32 µg, which is equivalent to 106 ng/mg of the solid support. The core-shell nanostructures 

immobilized probe were dispersed in 500 µL of sterile water and stored at 4 °C till further use. 

5.2.4  Oligonucleotide sensing  

The probe-immobilized core-shell nanocomposite (100 nM w.r.t. the probe) was hybridized 

with single-stranded cDNA, cRNA or ncDNA. The concentration of the target and non-target 

oligos were varied from 5 nM to 100 nM in 100 µL reaction volume in water or synthetic 

serum. The synthetic serum was prepared using 2.2 g/L NaHCO3, 6.8 g/L NaCl, 0.2 g/L CaCl2, 

0.1 g/L MgSO4, 0.4 g/L KCl, 0.126 g/L Na2HPO4 and 0.026 g/L NaH2PO4 at pH: 7.4.The 

hybridization was carried out by subjecting the mixture to a flash heating at 80 °C for 1 min, 

followed by 37 °C for 2 h [145]. The flash heating step was introduced to remove any secondary 

structures in the DNA or RNA strands and thereby enhance the hybridization efficacy. The 

core-shell nanostructures from the hybridization mixture were magnetically separated to 

remove any unbound oligos and resuspended in a 100 µL of 1% DMSO aqueous solution 

containing 100 nM DAPBA. The mixture was incubated further at 37 °C for 30 min, following 
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which the magnetic nanoparticles were once again magnetically removed. Additionally, the 

mixture was subjected to centrifugation at 12,000 RPM for 1 min to remove any suspended 

particulates and the fluorescence intensity of the supernatant solution was measured using a 

plate reader (SpectraMax® iD3, Molecular Devices, USA) at an excitation wavelength of 340 

nm and monitoring the emission at 530 nm. The limit of detection (LOD) and limit of 

quantification (LOQ) were calculated using the formula given below.  

𝐿𝑂𝐷 = 3.3 × 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 ÷ 𝑠𝑙𝑜𝑝𝑒 

𝐿𝑂𝑄 = 10 × 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 ÷ 𝑠𝑙𝑜𝑝𝑒 

5.2.5  Agarose gel Electrophoresis  

About 20 µL of the hybridized solution was mixed with 4 µL of 6X loading buffer. The 

obtained solution mixture was loaded onto a 3 % agarose gel and electrophoresed at 30 V for 

3 h in 0.5X TBE buffer (540 mg of Tris base, 275 mg of Boric acid and 30 mg of EDTA; pH: 

8.3). Following the gel run, it was stained using 0.5 µg/mL of EtBr solution for 1 h with 

continuous rocking. After the staining, the EtBr solution was discarded and the gels were 

washed thrice with sterile distilled water for 10 min and visualized under a UV trans-

illuminator. 

5.3  Results & Discussion 

Surface morphology of Fe3O4@Au core-shell nanostructures before and after immobilization 

of the thiolated probe were determined by Field emission scanning electron microscopy (FE-

SEM). Figure 5.2 reveals the surface morphology in both of these cases appear to be identical. 
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Figure 5.2 Field emission scanning electron microscopy images of Fe3O4@Au core-shell nanostructures. (a) 

before and (b) after immobilization of the thiolated probe. 

 

X-Ray photoelectron spectroscopy (XPS, K-Alpha, ThermoFisher) was employed to follow 

the immobilization of the thiolated probe over gold surface. Figure 5.3 shows the P 2p and N 

1s XPS core-level narrow scan spectra of the Fe3O4@Au nanostructures before and after 

immobilization of thiolated probe. The narrow scan spectra of other elements such as Fe 2p 

and Au 4f are presented in Figure 5.4. While the Fe 2p and Au 4f narrow scans revealed the 

presence of these core and shell-forming elements, no signal pertaining to P 2p was observed 

in the as-synthesized Fe3O4@Au nanostructures. Whereas, in addition to the presence of these 

elements, the nanostructures treated with the thiolated probe have shown the P 2p signal at 

133.8 eV arising from the phosphate moieties of the DNA. The same characteristic signal was 

also observed in the nanostructures magnetically recovered from the probe-target hybrid but as 

a better-resolved and higher intensity peak. This has indicated the higher amount of phosphate 

on the surface, due to the formation of dsDNA. In the case of N 1s spectra, a characteristic 

signal at ~400 eV appeared with the pristine core–shell nanostructures, which could be 

attributed to the residual nitrogen from the Au-TOAB precursor complex deployed for the shell 

formation. Nevertheless, the intensity of the N 1s signal was clearly found to increase with the 

immobilization of the probe, which was further enhanced with the hybridization of cDNA/ 

cRNA. These observations confirmed the stable binding of the hybridized oligonucleotides 

over the gold surface. 
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Figure 5.3 P 2p and N 1s narrow scan spectra of Fe3O4@Au core–shell nanostructures before probe 

immobilization (a and d), after immobilization of thiolated probe (b and e) and after hybridization with cDNA 

and cRNA (c and f). 

 

 

Figure 5.4 Fe 2p and Au 4f narrow scan spectra of Fe3O4@Au core–shell nanostructures before probe 

immobilization (a and e), after immobilization of thiolated probe (b and f) and after hybridization with cDNA (c 

and g), and cRNA (d and h). 

 

For the sensing studies, the employed amount of probe (i.e., immobilized over the magnetic 

support) was fixed as 100 nM in a given 100 mL hybridization solution. Initially, the 

hybridization experiments were carried out in an aqueous solution containing 1% dimethyl 

sulfoxide (DMSO) since the same composition was used for the dissolution of DAPBA owing 

to its poor solubility in pure water. Further, we confirmed the hybridization efficiency in 1% 
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DMSO solution against Tris.EDTA (TE) buffer, as shown in the agarose gel electrophoresis 

Figure 5.5. 

 

Figure 5.5 Digital photograph of the agarose gels depicting hybridization of probe and targets. In (a), the lanes 1, 

2, 3 and 4 correspond to thiolated probe, cDNA, cRNA, and ncDNA, respectively. The lanes 5, 6 and 7 correspond 

to the hybridization of thiolated probe in TE buffer with cDNA, cRNA and ncDNA, respectively, while lanes 8, 

9 and 10 also follow the similar order of the hybrids from 5 to 7, but in 1% DMSO solution. 

 

The concentration of the cDNA, cRNA, or ncDNA for the sensing studies was varied in the 

range of 5 to 50 nM. After hybridization, the supernatant solution was removed, following 

which the nanostructures were resuspended in 100 nM DAPBA solution and further incubated 

for 30 min. The magnetic nanostructures were then removed from the DAPBA solution and 

the fluorescence intensity of the supernatant solution was measured to monitor the 

fluorophore’s binding over the hybridized oligos with reference to the standard curve Figure 

5.6. 

 

Figure 5.6 (a) Absorption and emission spectra of 1 mM DAPBA and (b) standard curve of DAPBA in aqueous 

solution containing 1% DMSO. Based on the absorption curve, 340 nm wavelength was used for the excitation 

and 530 nm was used for monitoring the emission. 
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Figure 5.7 (a) shows the change in fluorescence intensity as a function of target concentration 

in 1% DMSO solution. It was observed that cRNA was showing a rapid decrease in 

fluorescence intensity at lower concentrations, indicating the higher removal of DAPBA from 

the supernatant solution. It is known that DAPBA can bind to the di-hydroxy groups at the 3’ 

position of the RNA and hence an equi molar removal of DAPBA was expected. However, the 

amount of DAPBA removed from the solution up to a cRNA concentration of 20 nM was 

almost 2 to 3 equivalents higher than the expected values. Interestingly, we also observed a 

near-linear trend in the removal of DAPBA from the supernatant solution of the cDNA sample, 

in which the reduction in DAPBA quantity was nearly equivalent to that of cDNA. This 

observation is counter-intuitive, as DNA has only a mono-hydroxy group at the 3’ end. At 

concentrations higher than 35 nM, the removal of DAPBA from the solution both in cDNA 

and cRNA samples was found to be almost similar. In the case of ncDNA, ~10% of interference 

was observed, which was attributed to its non-specific binding over the probe-immobilized 

nanostructures. Therefore, the experiments were carried out in the hybridization mixture 

possessing 0.1% Tween-20, a non-ionic surfactant Figure 5.7 (b). The introduction of Tween-

20 was found to result in a substantial minimization of the ncDNA’s non-specific binding. In 

addition, the trend in the decrease in fluorescence intensity with cDNA and cRNA was also 

modestly improved. On a different note, Figure 5.8 shows the characteristic B 1s signals from 

the magnetite samples recovered from the DAPBA treatment step, which additionally 

corroborated the binding of boronic acid to the oligos. We further analyzed the fold decrease 

in the fluorescence intensity from the cRNA samples by taking cDNA samples as the reference. 

Figure 5.7 (d) reveals that up to 10 nM concentration of cRNA, the decrease in the 

fluorescence intensity is 3-fold compared to cDNA. Above this concentration, the fold change 

in the fluorescence intensity of the cRNA gradually decreased and became closer to that of 

cDNA from 30 nM onwards. This observation suggests that at higher concentrations of the 

oligonucleotide, the amount of DAPBA binding is nearly stoichiometric with DNA and RNA. 

To investigate the effect of duration on the binding of boronic acid with the oligos, we 

performed the DAPBA incubation step at three different time points, such as 5, 10, and 30 min, 

with three different concentrations of DNA and RNA as 20, 30 and 50 nM Figure 5.7 (e). A 

significant amount of fluorophore was observed to bind to the oligos even at 5 min of duration, 
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which was modestly enhanced and saturated by 30 min of incubation. To probe the effect of 

longer incubation time on the degree of binding, the sensing studies were performed by 

incubating DAPBA overnight with 10 nM target. The results in Figure 5.7 (f) revealed no 

change in the fluorescence intensity of the supernatant solution, confirming the optimal 

duration as 30 min. Besides, the overnight incubation study also indicated the high selectivity 

and stability of boronic acid-oligo binding.  

We additionally performed these sensing experiments in the synthetic serum to explore the 

applicability of the sensing strategy in clinical serum samples Figure 5.7 (c). The results 

revealed a clear reproducibility of the data in comparison to the hybridization mixture that is 

devoid of electrolytes. Studies with varying concentration of DAPBA on fixed concentrations 

of the oligos revealed its optimal concentration as 100 nM Figure 5.9. Desorption of the bound 

DAPBA was studied at pH 3.0, which showed the reversibility of the boronate ester Figure 

5.10. 

 

Figure 5.7 Fluorescence intensity profiles of DAPBA as a function of oligonucleotide concentration in aqueous 

solution containing (a) 1% DMSO (b) 1% DMSO+0.1% Tween-20 and (c) synthetic serum possessing 1% 

DMSO+0.1% Tween-20. (d) Comparison of the fluorescence intensity profiles of cDNA to cRNA from the data 

points shown in (b). (e) Fluorescence intensity profiles of DAPBA after incubation with cDNA and cRNA at three 

different time points such as 5, 10 and 30 min. The letters D and R in the X-axis legend represent DNA and RNA, 
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respectively. The dotted line represents the fluorescence intensity in the absence of a binding event. (f) 

Comparative fluorescence intensity profiles of DAPBA when treated with 10 nM cDNA, cRNA and ncDNA for 

30 min and overnight (O/N) incubation. 

 

Figure 5.8 B 1s narrow scan spectra of Fe3O4@Au core–shell nano structures after hybridization with cDNA (a) 

and cRNA (b) at 50 nM concentration, followed by DAPBA incubation. 

 

Figure 5.9 Fluorescence intensity profiles in the sensing study performed by varying the DAPBA concentration 

from 25 nM to 200 nM while maintaining the concentration of cDNA, cRNA and ncDNA at 50 nM. The difference 

in the intensities between the cDNA and ncDNA samples at a given DAPBA concentration is highlighted with a 

line profile. 

 

Figure 5.10 Reversibility studies of DAPBA at pH 3.0 (using citrate buffer): (a) Initial DAPBA binding with 

dsDNA immobilized over the core-shell nanostructures at pH 8.5, followed by desorption at pH 3.0 and (b) initial 

DAPBA binding with dsDNA immobilized over the core-shell nanostructures at pH 3.0, followed by desorption 

at pH 3.0. In both the cases, the final pH in the fluorescence intensity measurements was adjusted to 8.5. 
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Now, the question remains what the mode of interaction between boronic acid functionality 

and oligonucleotides is. For this, we consider two main possibilities: (i) intercalation of the 

DAPBA within the minor and major grooves of the double-strand and (ii) selective binding of 

boronic acid with 3’ hydroxy groups in a bridging mode. To gain insights into this, we 

performed agarose gel electrophoresis experiments of oligos with and without DAPBA 

treatment after the hybridization step Figure 5.11. It can be noted that in all the gel experiments, 

the concentration of all the oligos was fixed at 100 nM. Interestingly, the gel bands 

corresponding to the DAPBA-treated samples revealed an increase in the molecular weight of 

the hybrids between the probe and cDNA/cRNA (lanes 5 and 6), as opposed to the hybrids that 

were not treated with DAPBA (lanes 2 and 3). It was further observed that the hybrid between 

the probe and cRNA (lane 6) exhibited an even higher molecular weight than that between the 

probe and cDNA (lane 5). Most strikingly, we observed a band with probe and ncDNA mixture 

(lane 7) equivalent to the hybrid between probe and cDNA (lane 5), although the binding was 

not quantitative. However, in this case also, the molecular weight equivalent to the dsDNA was 

observed, despite the fact that the two strands were completely non-complementary in nature 

(lane 7). This could be presumed as a result of the boronic acid-mediated bridging of the two 

different DNA strands. We then performed the gel electrophoresis of only ncDNA with and 

without treatment with DAPBA. The gel bands in lanes 8 and 9 clearly revealed the role of 

boronic acid in bridging even the same sequences, which supports the supposition that the 

boronic acid mediates the bridging between the two DNA strands via the mono-hydroxyl 

groups available at the 3’ termini, and not through intercalation.  

 

 

Figure 5.11 Digital photograph of the agarose gels depicting hybridization of probe and targets, followed by 

DAPBA incubation. (Lane 1)-ladder, (lanes 2-4) hybrids with cDNA, cRNA and ncDNA, respectively. (Lanes 5-

7) hybrids with cDNA, cRNA and ncDNA, followed by 30 min of treatment with DAPBA. The (lanes 8-9) 

correspond to the ncDNA alone before and after treatment with DAPBA, respectively. 
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Figure 5.12 shows the plausible boronic acid-mediated bridging of the two different dsDNAs. 

It is clear from the gel electrophoresis studies that boronic acid bridges the oligos inter-

molecularly from two different double strands. Such an interaction has made quantitative 

detection possible with the strategy employed in this study. We speculate that the immobilized 

single strand probe DNAs experience electrostatic repulsion due to the negatively charged 

phosphate moieties, which do not permit bridging through boronic acid [205].  However, after 

hybridization with the target DNA, these phosphate moieties get hidden inside the grooves of 

the DNA, which minimizes the repulsion between the two dsDNAs, facilitating the bridging 

between the two by boronic acid. In the case of RNA, apart from such bridging at 3’ terminal 

of the thiolated probe, the di-hydroxy group at the 3’ terminal (closer to the poly A spacer of 

the immobilized probe) is also available for binding with boronic acid. Since each ribose unit 

of RNA has a free mono-hydroxy group at the 2’ position in each nucleotide of each strand, 

we speculate that the boronic acid may bridge two different RNA strands through any of the 

hydroxyl groups at this position. However, the precise reasons for the variation in the binding 

stoichiometry from 3 to ~1, in this case, is unclear at the moment, and thereby warrants 

additional investigation.  

 

Figure 5.12 Plausible boronic acid-mediated bridging of the two different dsDNAs. In step (i) the cDNA is 

subjected to hybridization with thiolated probe immobilized over the gold surface. Step (ii) shows the plausible 

mechanism of boronic acid fluorophore bridging the two double strand DNAs via the mono-hydroxy groups at 

the 3’ termini. 
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The limit of detection of the employed strategy with the adopted conditions was found to be 

3.5 nM, while the limit of quantification was found to be 10.6 nM. Comparison of the LOD 

from a few representative literatures on the fluorescence-based DNA sensing are given below. 

 

Table 5.2 Comparison of the LOD from a few representative literatures on the fluorescence-based DNA sensing. 

Method Linear range LOD In situ 

amplification 

Reference 

Activatable Ag nanoclusters beacon 

for DNA detection 

10 – 100 nM 2 nM No [208]  

DNA-templated Ag nanoclusters 0 – 200 nM 25 nM No [209] 

Dual-probe fluorescent biosensor 5 pM – 5 nM 3.2 pM Yes [169] 

Fluorometric detection of multiple 

oligonucleotides by using RNA-

cleaving DNAzymes 

1 nM – 400 nM 70 pM No [172] 

Dual oligosensing using magnetite 

Nanoparticles 

10 nM – 100 nM 10 nM No [188] 

Amyloid β oligomer assay based on 

abasic site-containing molecular 

beacon 

0 – 70 nM 3.57 nM No [210] 

A graphene oxide-based fluorescent 

platform for amyloid-β oligomers 

10 nM – 2 mM 1 nM No [211] 

Boronic acid-mediated fluorescence 

Sensing 

5 nM – 50 nM 3.5 nM No This work 

5.4 Conclusions 

The current study offers certain unique advantages. First, in typical fluorescence-based DNA 

detection approaches, it is a prerequisite to tag the fluorophore to the oligos, which makes the 

process expensive and laborious [212]. Besides, for optimization processes where multiple 

sequences shall be employed, the tagging of the fluorophore over multiple probes or targets 

would substantially increase the cost. In contrast, the current study reveals the possibility of 

fluorescently tagging the oligos after the hybridization step in a rapid and facile manner [213]. 

Second, due to the reversible binding nature of the boronic acid, the oligonucleotides can be 

recovered by cleaving the fluorophore at acidic pH. Third, the possibility of detecting the 

cDNA and cRNA with a single probe DNA in a concentration dependent manner is hereby 

established. The present proof-of-concept study opens up several new opportunities for further 

exploration in this domain. First, thorough mechanistic details of the interaction through 

additional experimental, computational and theoretical works are required. Second, the detailed 
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probing on the dependence of the immobilized probe’s packing density and its effect on the 

boronic acid binding response can be studied [214], [215]. Third, several strategies such as 

photo electrochemical, electro-generated chemiluminescence, hybridization chain reaction, 

etc., can explore the suitability of the boronic acid chemistry for DNA sensing to enhance the 

sensitivity to pM - fM range with a potential of multiplexing [216]–[218]. 

In summary, boronic acid chemistry has been successfully employed for the first time 

to quantitatively detect DNA alongside RNA. Fe3O4@Au core–shell nanostructures were 

derivatized with thiolated probe DNA, which was then separately subjected to hybridization 

with cDNA, cRNA and ncDNA. After removal of the unbound oligos, treatment of the surface 

immobilized ones with DAPBA resulted in its binding to the target hybrid in a concentration-

dependent manner. This was monitored through the loss in fluorescence intensity in the 

supernatant solution upon magnetic removal of the DAPBA bound to the hybrid. Finally, the 

agarose gel electrophoresis experiments revealed the role of boronic acid in bridging the two 

dsDNA duplexes through boronic ester formation by reacting with their hydroxy groups at the 

3’ ends. The study opens up numerous avenues in the arena of DNA sensing and DNA-based 

fundamental and therapeutic studies. 
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Chapter 6 

 

Efficient biodiesel production from rice bran oil using magnetite 

immobilized-recombinant lipase from probiotic Bacillus licheniformis



90 
 

6.1 Introduction 

Sustainable energy is a major domain that attracts vast attention among researchers working in 

the academic and industrial sectors. In particular, the quest for alternative energy to fossil fuels 

is ever-increasing, which can be met through a multimodal approach that includes various 

sources like biodiesel, hydrogen, nuclear energy, etc [176], [219]–[222]. The concept of 

circular economy highlights the necessity to adopt green principles to approach a problem with 

a 360° perspective starting from production and consumption to recycling [223]. Besides 

adhering to the circular economy principles, it is important that the process of persuading 

people to use alternative energy sources that should not generate hazardous elements, which 

otherwise could potentially be an environmental burden in future [224], [225].  

Biodiesel is one of the promising alternative energy sources, it has been obtained through 

transesterification of several fresh and waste cooking oils such as rice bran, wheat germ, 

sunflower, olive, palm, Spirulina algae oil, etc [226]–[228]. Apart from these, animal fats from 

poultry waste are also considered to be potential sources of biofuel [229]. Among several 

candidates of vegetable oils, rice bran oil (RBO) has been chosen in the current study for 

enzymatic biodiesel production, as it has not been used for cooking purposes in most parts of 

the world [230]. It is also cost-effective and available in abundance. Besides, it has been found 

that the biodiesel from RBO can be blended with petrodiesel in a ratio of 20 : 80 for direct use 

in the current diesel engines, a combination that also substantially mitigates pollutant emissions 

[230]. Lipases belonging to the hydrolase class of enzymes are commonly employed in various 

sectors like food, detergent, cosmetic, bioenergy, bioplastic and other environmental 

applications [32], [60], [102], [109], [231]–[233]. It is evident from the literature that lipases 

obtained from fungal sources are commonly employed for various applications due to their 

high yield, stability and specific activity. However, it can be noted that the mycotoxins 

produced by many such species could be detrimental to the environment and human health. In 

contrast, enzymes derived from probiotic bacterial sources are attractive owing to their 

beneficial role in the gut microbiome in enhancing the immune response [108]. Nevertheless, 

there exist challenges to improving the specific activity of lipases derived from probiotic 
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sources to make the process economically sustainable [234]. On a different note, alkali-

catalyzed biodiesel production from triacylglycerides has been popular in the industrial sector 

due to its easy operation and low cost. However, the formation of free fatty acids, in this case, 

leads to saponification, which warrants additional downstream processing to improve the 

biodiesel quality [235]–[237]. 

Extracellularly secreted lipases are produced by microbes upon incubation with an inducer 

like olive oil [102]. Such native lipases typically show low specific activity due to the presence 

of other unpurifiable proteins. To circumvent this, recombinant protein through heterologous 

expression is produced to obtain the desired enzymes with high purity and stability [231]. The 

specific activity of the enzymes, in many cases, is further enhanced through immobilization 

over various matrices such as alginate, metal–organic frameworks, magnetite, etc [231], [238], 

[239]. Such an immobilization process is also reported to enhance the stability and recyclability 

of the enzymes [240]. Recently, Zhao et al. reported lipase production from the Bacillus 

licheniformis NCU CS-5 strain—isolated from Cinnamomum camphora seed kernel—and 

showed its potential in the detergent industry [241]. The same group further reported 

heterologous expression of the lipase and demonstrated its application in the cheese industry 

for flavor enhancement [242]. This lipase was found to show a specific activity in the range of 

∼350–400 U mg−1, which is one of the highest values derived from probiotic bacterial sources. 

Therefore, in the current work, we produced extracellular lipase from a different strain of B. 

licheniformis (MTCC 429) and performed heterologous expression. The activity of the lipase 

in these two cases has been compared for biodiesel conversion efficacy. Furthermore, the 

obtained lipases have been immobilized over magnetite for their facile recovery and reusability. 

6.2 Methodology 

6.2.1  Materials 

The bacterial strain of B. licheniformis (MTCC 429) was procured from the Institute of 

Microbial Technology, Chandigarh, India. The reagents such as ammonium sulfate, 

ammonium persulfate, p-nitrophenol (p-NP), p-nitrophenyl palmitate (p-NPP), Factor X 

Activated (Xa) from bovine plasma, bovine serum albumin (BSA), magnetite, (3-
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aminopropyl)triethoxysilane (APTES) and glutaraldehyde were procured from Sigma Aldrich, 

India. A Sephacryl G-250 column for lipase purification was obtained from Sigma Aldrich, 

India. The solvents ethanol and methanol were purchased from Merck, India. While the pMAL-

c5x expression vector was procured from New England Biolabs, USA, the cloning (E. 

coli DH5α) and expression host cells (E. coli BL21 DE3) were purchased from ThermoFisher 

Scientific, USA. The Phusion DNA polymerase for the polymerase chain reaction (PCR) was 

obtained from Agilent Technologies, USA, whereas the template DNA and primer were 

procured from Eurofins, India. RBO (Brand name: Priya) and olive oil (Brand name: Farrell 

Premium) were bought from the local shop. The common laboratory reagents, namely, nutrient 

agar, tris(hydroxymethyl)aminomethane, glycine, glycerol, Bradford's reagent, acrylamide, 

bisacrylamide, Luria broth, ampicillin sodium salt, isopropyl-β-D-thiogalactoside (IPTG), 

tributyrin, phenylmethylsulfonyl fluoride and bovine serum albumin were supplied by Himedia, 

India Pvt. Ltd. 

6.2.2  Production of native lipase (NL) from B. licheniformis 

B. licheniformis pure cultures obtained as dry pellets in sterile ampoules were added into 0.5 

mL of nutrient medium and the bacterial culture was suspended by gentle pipetting [241]. The 

bacterial culture was then streaked onto a nutrient agar on a Petri plate and incubated at 37 °C 

for 24 h. A single bacterial colony from agar plates was cultivated in a nutrient medium for 

lipase production. This medium was supplemented with sources for nitrogen, carbon and 

divalent cations (Ca2+ and Mg2+) at pH 8.0 and then induced with 1% glycerol or olive oil or 

tributyrin for 144 h at 37 °C with continuous agitation at 200 RPM. The cells were separated 

by centrifugation at 7150 RPM for 20 min and the cell-free supernatant was precipitated by 50% 

ammonium sulfate at 4 °C overnight. The precipitated protein was separated by centrifugation 

at 8000 RPM for 30 min while maintaining the temperature at 4 °C. The precipitate was then 

dissolved in Tris–HCl buffer (50 mM, pH 8.0) and further dialyzed overnight using a dialysis 

membrane of 10 kDa molecular weight cut-off. The dialyzed fraction was concentrated using 

a 15 mL ultrafiltration tube containing an Amicon-Ultra-15 filter (MWCO 10 kDa, Millipore, 

USA). The concentration process was performed by centrifuging the solution taken in the 
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ultrafiltration tube at 8000g for 5 min and the obtained concentrated supernatant solution was 

then loaded onto a Sephacryl G-250 column. The protein concentration of the eluted fractions 

was measured spectrophotometrically and the target fractions were pooled and stored at −20 °C 

for further analysis. The protein concentration of the pooled fraction was measured by 

Bradford's method. The purity and molecular mass were determined by sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). 

6.2.3  Production of recombinant lipase (EL) 

The B. licheniformis lipase gene sequence was subjected to codon optimization and the 

obtained sequence was custom synthesized by Eurofins (see the Table 6.1) [242]. The forward 

primer (5′-AAGTTGGCCATGTTGTGACC-3′) was used for the asymmetric amplification of 

the lipase coding sequence.  

 

Table 6.1: The codon optimized lipase gene sequence from B. licheniformis. 

 

The recombinant lipase was cloned into a pMAL-c5x expression vector, harboring a maltose-

binding protein tag (MBP), for overexpression and subsequent affinity chromatography-based 

purification. Freshly transformed E. coli BL21 (DE3) cells with the recombinant plasmid were 

then inoculated in 5 mL of LB medium with ampicillin (100 μg mL−1) and cultured overnight 

at 37 °C and 200 RPM. After incubation, the primary bacterial culture was inoculated in 1 L of 

LB medium with ampicillin and further incubated at 37 °C to reach an optical density (OD) at 

600 nm (OD600) of about 0.6. Protein expression was induced by the addition of IPTG at a final 

concentration of 1 mM and cultured at 37 °C for 4 h. The cells were obtained by centrifugation 

ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGCGTCCTAGCG

CAGCAAGTGCCGCCAGCCATAATCCGGTGGTTATGGTGCATGGCATTGGTGGTGCAGATTATAATTTTATTGG

TATTAAGAGCTACCTGCAGAGCCAGGGCTGGACCAGTAGTGAACTGTATGCAATTAATTTTATCGACAAGACC

GGTAATAACATTAATAATGCCCCGCGCCTGAGCGAATATATTAAGCGTGTGCTGAATCAGACCGGTGCAAGCA

AAGTTGATATTGTTGCCCATAGCATGGGCGGTGCCAATACCCTGTATTATATTAAGAATCTGGACGGTGCAGA

TAAAGTTGGCCATGTTGTGACCCTGGGCGGTGCCAACCGTCTGGTTACCAATACCGCCCCGCAGAATGATAAA

ATTAGCTATACCAGTATCTACAGTACCAGTGATTATATTGTTCTGAATAGTCTGAGTAAGCTGGATGGTGCAA

ATAATGTGCAGATTAGCGGCGTTAGCCATGTGGGTCTGCTGTTTAGCAGTAAAGTTAATGCCCTGATTAAGGA

TGGCCTGACCGCAAGCGGTAAATAACTCGAG 
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at 6000 RPM at 4 °C for 30 min and then resuspended in cold lysis/binding buffer (50 mM 

Tris–HCl, 10% glycerol and 1% PMSF at pH: 8). The bacterial suspensions were sonicated on 

ice for 30 min (5 s pulse and 10 s resting, 40% amplitude). The supernatant and precipitate in 

suspensions were separated by centrifugation at 8000 RPM, 4 °C for 30 min. The gravity-flow-

based amylose resin (∼2 mL) was packed in a sterile column and equilibrated by ten column 

volumes of binding buffer. The supernatant containing the soluble fraction of recombinant 

lipase was loaded onto the amylose resin for recombinant protein binding. The column was 

washed with 10 column volumes of wash buffer (50 mM Tris–HCl, pH: 8) to remove the non-

specific proteins. Finally, the recombinant protein was eluted with the elution buffer containing 

10 mM maltose. The MBP tag from the target protein was removed by subjecting the eluent to 

proteolytic cleavage with Factor Xa at 37 °C overnight. After incubation, the contents were 

passed through an amylose resin. The target protein devoid of the MBP tag was collected in 

the flow-through and supplemented with 10% glycerol for long-term storage. The total protein 

content and purity were analyzed by Bradford's method and SDS-PAGE, respectively. 

6.2.4  Lipase activity 

The lipase activity was determined using the conventional p-NP assay, where p-NPP was used 

as the substrate [243]. The reaction mixture contained 0.01 mL of p-NPP (0.1 mM, methanol 

solution), 0.01 mL of enzyme extract and 0.08 mL of Tris–HCl buffer (0.05 M, pH 8.0). The 

reaction mixture was incubated at 37 °C for 30 min and stopped by keeping it in ice water for 

10 min. The absorbance of the reaction mixture was measured at 410 nm using a 

spectrophotometer. Lipase activity was measured by comparing the absorbance from the p-NP 

standard curve generated. Based on this, the lipase activity was mapped with the generation of 

1 μmol p-NP per min (1 U) under standard conditions and expressed as U mg−1 of protein. 
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6.2.5  Lipase immobilization over magnetite nanoparticles (MNPs) 

6.2.5.1 Fe3O4@lipase 

Commercial MNPs were initially functionalized with amine groups using APTES following 

the literature protocol [188]. Briefly, 500 mg of MNPs dispersed in 25 mL of absolute ethanol 

was treated with 5 mL of APTES and incubated under shaking conditions for 24 h at 30 °C. 

After incubation, the MNPs were magnetically separated, washed thrice with ethanol and dried 

in a vacuum oven. The amine-functionalized MNPs were suspended in 20 mL of phosphate 

saline buffer solution (0.1 M, pH 7.4), supplemented with 5 mL of 25% glutaraldehyde solution 

and the surface derivatization reaction was performed for 2 h under shaking conditions. 

Following this, the unbound glutaraldehyde was removed by washing the MNPs thrice with 

sterile water. The enzyme immobilization was carried out by adding 10 mL of buffer solution 

(0.05 M Tris–HCl pH 8.0) containing 10 mg of the purified lipase to aldehyde-derivatized 

MNPs followed by subjecting the reaction mixture to shaking for 2 h. The magnetite NPs were 

then recovered using a magnet, washed twice with sterile water and used for subsequent studies. 

6.2.5.2 Fe3O4@lipase@BSA. 

A portion of the Fe3O4@lipase obtained above was further immobilized with BSA. For this, an 

aqueous solution containing 5 mg mL−1 of BSA was incubated with Fe3O4@lipase (400 μg; 

w.r.t the lipase) for 30 min with constant agitation. The obtained Fe3O4@lipase@BSA 

assembly was then magnetically recovered, washed gently with 500 μL of methanol and used 

for further studies. 

6.2.5.3 Fe3O4@BSA@lipase. 

About 500 mg of the aldehyde-derivatized MNPs, as mentioned earlier, were added to 20 mg 

of BSA taken in 10 mL of Tris–HCl (0.05 M, pH 8.0). The immobilization reaction was 

performed for 2 h under shaking at room temperature, followed by magnetically removing the 

MNPs and washing twice with sterile water. To immobilize the second layer containing BSA 

and lipase, the BSA-coated MNPs (Fe3O4@BSA) were treated with glutaraldehyde in the same 
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manner as mentioned above. Following this, 15 mg of lipase was added to Fe3O4@BSA and 

incubated further for 2 h at room temperature. After this time, about 30 μL of 25% 

glutaraldehyde was added to the solution and allowed to incubate in a shaker for another 30 

min. Thus the obtained Fe3O4@BSA@lipase was once again magnetically separated from the 

reaction mixture, washed with Tris–HCl (0.05 M, pH 8.0) and stored at 4 °C for further use. 

The supernatant was analyzed for the quantity of unbound enzyme through Bradford's method 

at each step, whereas the activity of the immobilized lipase was studied using the p-NP assay. 

By calculating the difference between the enzyme quantity in the solution phase before and 

after immobilization, the immobilized enzyme content was estimated. 

6.2.6  Effect of temperature and pH on lipase activity 

The effect of temperature on the activity of lipase was investigated by measuring its specific 

activity using a p-NP assay at different temperatures ranging from 37 to 75 °C in Tris–HCl 

buffer (0.05 M, pH 8.0). After mixing the reagents, the tubes were incubated at different 

temperatures such as 37, 45, 52, 60 and 75 °C in a heating block for 30 min and cooled using 

an ice bath for 10 min to stop the reaction. In a similar fashion, the effect of pH on lipase 

activity was studied in various buffers at different pH values ranging from 4.0 to 12.0 for 30 

min at 37 °C. In this case, four different buffers were used for different pH ranges, namely, 

sodium acetate (0.05 M, pH 4.0), sodium phosphate monobasic (0.05 M, pH 6.0), Tris–HCl 

(0.05 M, pH 8.0) and glycine/NaOH (0.05 M, pH 10.0–12.0). 

6.2.7  Transesterification reaction 

Biodiesel production was performed through transesterification of RBO with methanol using 

free and immobilized lipases [237]. The oil and methanol mixture was heated to 60 °C before 

adding the catalyst and cooled to room temperature. In a typical initial reaction, about 25 μg of 

free or immobilized lipase was added per 100 μL of oil (∼91 mg) and the reaction was carried 

out for 2 h. The immobilized catalyst was separated using an external magnet, whereas any 

unreacted oil was separated by centrifugation at 12 000 RPM for 10 min, followed by the 

removal of the upper layer. Excess methanol from the reaction was evaporated by heating the 

sample to 65 °C for 30 min. The obtained biodiesel was kept at 4 °C overnight to form two 
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layers: the upper ester layer and the bottom glycerol layer. The slight yellowish fatty acid 

methyl ester (FAME) in the upper layer was carefully pipetted out and its yield was determined 

gravimetrically. 

6.2.9  Optimization of the transesterification reaction parameters 

Various reaction parameters such as the amount of catalyst loading, oil to methanol ratio, 

temperature, stirring rate and incubation time were optimized by varying one parameter at a 

time. Table 6.2 summarizes the different parameters employed in the optimization reactions. 

 

Table 6.2 Summary of the reaction parameters in the optimization of the transesterification reaction 

Optimizing 

parameter 

Oil to 

methanol 

ratio 

Catalyst 

loading (μg) 

Temperature 

(°C) 

Stirring 

rate (rpm) 

Reaction 

time (h) 

 

Catalyst loading 1 : 6 25 to 400 37 120 2 

Oil to methanol 

ratio 

1 : 3 to 1 : 9 100 37 120 2 

Temperature 1 : 6 100 25 to 60 120 2 

Stirring rate 1 : 6 100 37 80 to 240 2 

Reaction time 1 : 6 100 37 120 2 to 24 

6.2.10 Recyclability studies of the catalyst 

To test the recyclability of the enzyme, about 400 μg of the immobilized catalyst (w.r.t lipase 

loading) was added to the reaction mixture. The reaction was performed under optimal 

conditions of oil to methanol ratio (1 : 6), temperature (37 °C), stirring rate (120 rpm) and 

incubation time (2 h). At the end of each cycle, the immobilized lipase was captured at the 

bottom of the reaction vessel by placing an external magnet underneath, followed by decanting 

the supernatant solution. The magnetic particles were gently washed with 500 μL of methanol 

and then proceeded with the subsequent cycle by adding fresh oil to the same container and 

vortexing the same. 

 

  

https://pubs.rsc.org/en/content/articlehtml/2022/gc/d2gc03022e#tab1
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6.2.11 Characterization 

The secondary structure of the native and codon-optimized lipase was studied using circular 

dichroism (CD) spectrophotometer (Jasco J-1500). The UV-visible absorbance measurements 

in the p-NPP assay were performed using SpectraMax® iD3 plate reader (Make: Molecular 

Devices). The enzyme coverage over the magnetite support was characterized using X-ray 

photoelectron spectroscopy (XPS; Thermofisher K-Alpha) fitted with an Al Kα X ray source. 

On the other hand, field-emission scanning electron microscopy (FE-SEM; FEI, Apreo S) was 

employed for verifying any morphological changes during the surface derivatization processes 

over the magnetite particles. Gas chromatography (GC; GC-2010 Plus, Shimadzu) analyses 

were performed using the biodiesel with a mixture of nitrogen and air as the carrier gas under 

a constant pressure of 98.5 kPa and the obtained peaks of methyl esters were compared against 

the standards. The GC run was performed with the following parameters: injection port 

temperature – 200 °C; column temperature – 100 °C; total carrier gas flow rate – 60.9 mL/min; 

split ratio – 1:20; flame ionization detector – 250 °C. Nuclear magnetic resonance (NMR) 

analyses of the RBO and biodiesel were recorded using Bruker (AV NEO 400 MHz) NMR 

spectrophotometer. The thermal analysis of the biodiesel was carried out in thermogravimetric 

analyser (Shimadzu DTG-60) at a ramping rate of 10 °C/min and a nitrogen flow rate of 100 

mL/min. 

6.3 Results and discussion 

6.3.1  Induction and purification of the NL 

At first, pure cultures of B. licheniformis were induced separately with 1% glycerol/olive 

oil/tributyrin to obtain the NL secreted by the probiotic source. All three inductions resulted in 
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the secretion of extracellular lipase, which was confirmed by a distinct band at around 27 kDa 

shown in the SDS-PAGE analysis of the supernatant solution (Figure 6.1). The yield of 

purified lipase obtained through induction by glycerol, olive oil and tributyrin was found to be 

∼57, 40 and 41 mg L−1 of bacterial culture, respectively. The p-NP assay (vide infra) using the 

NLs obtained through glycerol, olive oil and tributyrin induction showed specific activities as 

236.9 ± 2.3, 184.4 ± 4.3 and 208.7 ± 3.5 U mg−1, respectively. Since the lipase obtained using 

glycerol induction was found to be advantageous in yield, activity and cost-effectiveness, the 

same was then employed for further large-scale enzyme production. 

 

Figure 6.1 (a). SDS-PAGE of lipase induction from B. liceniformis using different inducers (Lanes: M – marker; 

1 – uninduced control; 2 – glycerol; 3 – tributyrin; 4 – olive oil). (b) SDS-PAGE of purified NL (Lanes: M – 

marker; 1 – NL). 

6.3.2  Cloning, expression and purification of recombinant lipase 

Following the production of NL, recombinant lipase production was performed using the 

codon-optimized gene sequence. For this, the lipase encoding gene with an open reading frame 

of 615 bp was amplified by asymmetric PCR Figure 6.2 (a). The PCR fragment was ligated 

into EcoRV digested pMAL-c5x expression vector and then transformed in DH5α competent 

cells Figure 6.2 (b). The transformed colonies of pMAL-c5x were grown on ampicillin 

supplemented LB agar plates. Agarose gel electrophoresis and restriction analysis of plasmids 

from positive colonies indicated the expected size of the plasmid construction gene Figure 6.2 

(c). 

The expression of the lipase gene was then carried out in E. coli BL21 (DE3) host cells. 

SDS-PAGE analysis of cellular lysates showed that the target protein was successfully 

https://pubs.rsc.org/en/content/articlehtml/2022/gc/d2gc03022e#imgfig1
https://pubs.rsc.org/en/content/articlehtml/2022/gc/d2gc03022e#imgfig1
https://pubs.rsc.org/en/content/articlehtml/2022/gc/d2gc03022e#imgfig1
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expressed from pMAL-c5x clones with 1 mM IPTG induction for 4 h at 37 °C Figure 6.2 (d). 

The purified recombinant lipase with the MBP tag displayed a single band on SDS-PAGE with 

a molecular weight of approximately 70 kDa Figure 6.2 (e). The MBP tag was cleaved from 

the recombinant protein using Factor Xa enzymatic treatment, showing the detachment of the 

tag, which was confirmed through a clear band of 27 kDa corresponding to lipase Figure 6.2 

(f). 

 

Figure 6.2 (a) Agarose gel of the PCR product of expressed lipase (Lanes: M – marker; 1 – PCR product (615 

bp)). (b) Agarose gel of pMAL-c5X digestion with EcoRV (Lanes: M – marker; 1 – uncut plasmid; 2 – cut 

plasmid). (c) Agarose gel of the positive clone obtained from DH5α transformation (Lanes: M – marker; 1 – 

pMALc-5X; 2 – with lipase insert; 3 – restriction digested positive clone releasing lipase gene insert; 4 – positive 

clone). (d) SDS-PAGE of IPTG induced E. coli BL21 (DE3) with lipase clone (Lanes: M – marker; 1 – uninduced, 

2 – IPTG induced). (e) SDS-PAGE of amylose resin-based purification of EL (Lanes: M – marker; lanes 1 to 5 – 

elutions; 6 – wash; 7 – flow-through; 8 – lysate). (f) SDS-PAGE of the purified EL (Lanes: M – marker; 1 – MBP 

tagged lipase; 2 – CL). 

6.3.3  Circular dichroism (CD) study 

Far UV CD spectra of NL and expressed lipase (EL) were recorded to probe their secondary 

structure Figure 6.3 (a). The background noise was subtracted from the sample spectrum prior 

to secondary structure analysis using the in silico Beta Structure Selection (BeStSel) online 

tool [244], [245]. Both native and EL exhibited a similar CD spectral profile, despite specific 

https://pubs.rsc.org/en/content/articlehtml/2022/gc/d2gc03022e#imgfig1
https://pubs.rsc.org/en/content/articlehtml/2022/gc/d2gc03022e#imgfig1
https://pubs.rsc.org/en/content/articlehtml/2022/gc/d2gc03022e#imgfig1
https://pubs.rsc.org/en/content/articlehtml/2022/gc/d2gc03022e#imgfig1
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differences in molar ellipticity and the peak position. While the negative band of the NL was 

noticed at 208 nm, the value was slightly shifted to 210 nm in the case of EL. Besides, another 

band corresponding to the α-helix appeared as a clear shoulder at the characteristic 222 nm 

with NL. In contrast, the same appeared as a prominent negative band in EL, thereby signifying 

its higher activity. In line with these observations, BeStSel analyses revealed the total content 

of α-helices in NL and EL as 23% and 34.2%, respectively Figure 6.3 (b). Furthermore, the 

full β-sheet contents in NL and EL were found to be 11.2% and 19.4%, respectively. The 

detailed break of the analyses is presented in Table 6.3. Overall, the higher α-helical and lesser 

β-sheet content along with more molar ellipticity revealed potentially higher activity and 

enhanced purity of the EL compared to the native one [246].  

 

Figure 6.3 (a). Circular dichroism spectral profiles of NL and EL. (b). CD spectra of native and expressed lipases 

analyzed using BeStSel online tool. 

Table 6.3 Parameters of secondary structure corresponding to Figure 6.3 (b). 

Secondary structure content (%) Native lipase Expressed lipase 

Helix (regular)  13.9 21.4 

Helix (distorted) 9.1 12.8 

Antiparallel (left twisted) 0 0 

Antiparallel (relaxed) 0 0 

Antiparallel (right twisted) 13 4 

Parallel 6.4 7.2 

Turn 15.3 13.5 

Others 42.3 41.1 

Total 100 100 

 

  

https://pubs.rsc.org/en/content/articlehtml/2022/gc/d2gc03022e#imgfig1
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6.3.4  Immobilization of lipase over magnetite nanoparticles 

It is typically known that the stability and activity of enzymes are generally enhanced with 

appropriate immobilization strategies. In this work, we employed magnetite as the support that 

facilitates easy magnetic recoverability and reusability. Initially, the magnetite support was 

derivatized with amine functional groups using APTES, which gets anchored over the 

magnetite surface through Fe–O–Si linkage while leaving the amine groups available for 

further immobilization. Excess glutaraldehyde, which has an aldehyde group at both ends, was 

added to the amine-functionalized magnetite to enable the Schiff's base reaction to occur at one 

end of the chain. In the subsequent step, lipase was added to the aldehyde derivatized magnetite 

to facilitate its covalent immobilization via the imine bonds formed by the reaction between 

amine groups of lipase and free aldehyde groups available at the surface of the support. The 

reaction steps and the finally obtained Fe3O4@lipase were characterized using X-ray 

photoelectron spectroscopy (XPS) and field-emission scanning electron microscopy (FE-SEM). 

Figure 6.4 (i & ii) show the XPS spectra of magnetite nanoparticles before and after 

subjecting to the surface derivatization steps. While the adventitious C 1s peak was observed 

at 284.5 eV, the characteristic O 1s, Fe 2p3/2 and Fe 2p1/2 signals from magnetite nanoparticles 

were observed in the narrow scan XPS spectra at binding energy values of 529.9, 710.7 and 

724.5 eV, respectively [177], [247]. After APTES functionalization, the core level N 1s signal 

corresponding to the amino group could be distinguished at ∼400.0 eV (ref. [188] and [248]) 

alongside the characteristic signals from Fe3O4. Besides, the O 1s narrow scan showed 

additional features at slightly higher binding energy values, indicating the effective anchoring 

and crosslinking of alkoxy silane, resulting in the formation of Si–O–Si and Si–O–Fe bonds. 

Though the glutaraldehyde treatment did not result in any significant difference, a clear 

intensification of the N 1s signal and the appearance of a new signal at 163.5 eV corresponding 

to the S 2p level were observed after the immobilization of both NL and EL [249]. These results 

clearly showed the successful immobilization of the enzymes over glutaraldehyde-derivatized 

magnetite nanoparticles. 
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Figure 6.4 (i). C 1s, Fe 2p, O 1s, N 1s and S 2p XPS narrow scan spectra of commercial Fe3O4 and its surface 

derivatized products such as APTES-functionalized (Fe3O4@APTES), glutaraldehyde-functionalized 

(Fe3O4@glutaraldehyde), Fe3O4@NL and Fe3O4@EL. Selected regions of the N 1s narrow scan spectrum of 

Fe3O4@APTES and Fe3O4@glutaraldehyde are magnified and presented as an inset. 

 
Figure 6.4 (ii). XPS survey scan spectra of commercial Fe3O4, and its surface derivatized products. 

 

FE-SEM imaging showed that the commercial magnetite particles were found to consist 

of cuboids in the size range of 150 to 300 nm (Figure 6.5). With the surface derivatization 

steps, the morphology and size of the particles were not altered significantly, suggesting that 

functionalization has taken place only at the very surface. 
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Figure 6.5 Composite FE-SEM images of commercial magnetite before functionalization (a, b), and after 

derivatization with APTES (c, d), glutaraldehyde (e, f) NL immobilization (g, h), and EL immobilization (i, j). 

The set of two different magnification images shown in (k, l), (m, n), and (o, p) correspond to Fe3O4@BSA, 

Fe3O4@BSA@NL, and Fe3O4@BSA@EL, respectively. 

6.3.5  Lipase activity by the p-NP assay 

Before proceeding with the biodiesel production, the obtained free- and immobilized lipases 

were screened for their specific activities using the gold standard p-NP assay Figure 6.6. It was 

found that the maximum specific activity values of the free (not immobilized) NL and EL were 

236.9 ± 2.3 U mg−1 and 363.7 ± 7 U mg−1, respectively, at 37 °C and pH 8.0. The higher activity 

of the EL was thus in line with the CD spectral observations. In a similar line, the Fe3O4@lipase 

samples of native and expressed enzymes exhibited specific activity values of 279.3 ± 9.8 U 

mg−1 and 396.6 ± 4.4 U mg−1, respectively. When the temperature was increased sequentially 

up to 75 °C, the specific activity of free- and immobilized lipases gradually decreased yet 

retained ∼55 to 65% of the highest activity. This observation has shown the moderate thermos 

tolerant property of the employed lipase. The effect of pH on the specific activity of lipase was 
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then studied by keeping the temperature constant at 37 °C but varying the pH in the range of 4 

to 12. The results exhibited a Gaussian-type distribution of the activity with the maximum 

value obtained at pH 8.0. The free lipases were found to retain ∼50–55% of the specific activity 

at extreme pH values compared to the optimal pH, while those after immobilization over 

magnetite were found to retain ∼74% of the activity under extreme pH conditions. These 

results confirmed the beneficial role of the immobilization process. The higher specific activity 

of the lipase after immobilization could be due to the interfacial activation, which results in a 

better micro-aqueous environment of opening the α-helix lid to facilitate the accessibility of 

the active catalytic sites to the substrate. Furthermore, the interfacial activity could have played 

a positive role in avoiding agglomeration as a result of better dispersion of the enzyme over the 

support [250]. 

 

Figure 6.6 The specific activity analyses of the free and immobilized lipases using the p-NP assay depicting the 

effects of (a) temperature, and (b) pH. 

6.3.6  Biodiesel production through transesterification of RBO 

The enzymatic production of biodiesel through transesterification of RBO was then 

performed using NL and EL both in free and immobilized forms. Various reaction parameters 

such as catalyst dosage, oil-to-methanol ratio, temperature, incubation time and stirring rate 

were sequentially studied to obtain the optimal conditions (Table 6.2 and Figure 6.7). When 

the enzyme loading was varied from 25 to 400 μg by doubling the catalyst concentration, a 

clear trend of increasing the biodiesel yield was observed. At a fixed loading of lipase, the 

biodiesel production efficacy followed the order of free NL < immobilized NL < free EL < 

immobilized EL. The yields of biodiesel obtained with 25, 50, 100, 200 and 400 μg of 

immobilized EL were found to be 59.3, 69.8, 80.6, 87.4 and 94.5%, respectively. For further 

https://pubs.rsc.org/en/content/articlehtml/2022/gc/d2gc03022e#tab1
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optimization studies, we proceeded with 100 μg of the enzyme since a higher loading showed 

modest yield enhancement. The oil-to-methanol ratio is considered to be one of the critical 

parameters since the optimal concentration of the reactant influences the direction and 

magnitude of the equilibrium reaction. Stoichiometrically, a minimum of 3 equivalents of 

methanol would be required for one equivalent of triglyceride. Though a higher concentration 

of methanol could enhance product formation, it could also be detrimental to lipase activity. 

Therefore, we studied the effect of the oil-to-methanol ratio by varying it from 1 : 3 to 1 : 9. In 

this case too, the trend in the activity between the free and immobilized lipases followed the 

same order as was found with the catalyst loading. Importantly, when the oil-to-methanol ratio 

was taken as 1 : 3, only about 31.1% of biodiesel yield was obtained with the immobilized EL. 

However, the yield was significantly increased when the methanol content was increased 

further and attained a near-saturation value of ∼81% when a ratio of 1 : 6 was employed, which 

therefore was used in further reactions. 

 

Figure 6.7 Optimization of reaction parameters, namely, catalyst loading (a), oil-to-methanol ratio (b), reaction 

temperature (c), incubation time (d) and stirring rate (e) for efficient biodiesel production with free and 

immobilized lipases. 
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The study on the effect of the reaction temperature revealed 37 °C as the optimal, while a 

significant biodiesel conversion (∼72%) was observed even at 25 °C and 42–55 °C, indicating 

the stability of the enzyme in this temperature range. However, when the temperature was 

increased to 60 °C, the yield slightly decreased to 65.7%, which showed a similar trend to 

the p-NP assay. With respect to incubation time, a modest increment of ∼3–4% yield was 

observed at every time interval, when the duration was varied as 2, 4, 8, 16 and 24 h. Thus, the 

yield reached a maximum of ∼94% at 24 h. Pertaining to the stirring rate, the yield was 

increased from 72% to ∼81% when the stirring rate was increased from 80 rpm to 120 rpm. 

With a further increase in the stirring rate, no significant enhancement in the biodiesel yield 

was observed. Based on these studies, 100 μg of catalyst, 1 : 6 oil to methanol ratio, 2 h 

incubation time, 37 °C reaction temperature and 120 rpm stirring rate were chosen as the 

optimal parameters for further studies. A comparative table for enzymatic biodiesel production 

using lipases from various sources is summarized in Table 6.4. It can be seen from the table 

that the probiotically-derived lipase employed in this work exhibited superior performance to 

several of the reported lipases, including the ones derived from fungi, when a combinatorial 

indicator of catalyst-to-oil ratio, reaction time and yield was considered. 

 

Table 6.4 Salient parameters employed in the enzymatic biodiesel production using lipases from various sources 

Catalyst Substrate Catalyst-

to-oil ratio 

(wt %) 

Reaction 

time (h) 

Biodiesel 

yield (%) 

Method Reference 

Thermomyces 

lanuginosus lipase 

Canola oil 0.02 24 90 GC [251] 

Thermomyces 

lanuginosus lipase 

Sunflower 

oil 

1 24 97 GC [252] 

Lipozyme TL IM  & 

Novozyme 435 

Rapeseed 

oil 

3 & 1 12 95 GC [253] 

Pseudomanas 

cepacia lipase 

Jatropha oil 10 8 98 Gravimetry, 

GC 

[254] 

Candida rugosa 

lipase 

Soybean oil 60 60 87 Hydroxyl 

content 

[255] 

Lipozyme TL IM Palm oil 24.7 3 79.5 GC [256] 

TransZyme A Sunflower 

oil 

23 6 >95 1H NMR [257] 

Thermomyces 

lanugionous lipase 

Soybean oil 9 28 82.2 GC [258] 

Novozyme Castor oil 5 3.8 94 HPLC [259] 

https://pubs.rsc.org/en/content/articlehtml/2022/gc/d2gc03022e#tab2
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Thermomyces 

lanuginosus lipase 

Soybean oil 0.7 8 97.1 GC [260] 

Rhizopus stolonifera 

& Aspergillus 

tamarii lipase 

Mixed oil 10 48 92.3 GC [261] 

Penicillium 

cyclopium lipase 

Soybean oil 20 20 60 GC [262] 

Lactobacillus brevis 

& L. plantarum 

lipase 

Olive oil 5 2 67 to 81 Gravimetry [234] 

Bacillus subtilus 

lipase 

Olive oil 2.62 1 45 Gravimetry [240] 

Bacillus 

thermocatenulatus 

lipase 

Rapeseed 

oil 

1.6 36 86 GC [263] 

Bacillus 

licheniformis lipase 

Rice Bran 

oil 

0.11 2 81 Gravimetry This work 

Bacillus 

licheniformis lipase 

Rice Bran 

oil 

0.44 2 94 Gravimetry This work 

6.3.7  Characterization of the biodiesel 

The chemical structure of the obtained biodiesel against the RBO was studied using nuclear 

magnetic resonance (NMR) spectroscopy (Figure 6.8 and 6.9). The 1H NMR of RBO exhibited 

several peaks corresponding to saturated alkyl protons in the range of 0.8 to 3 ppm. In addition, 

the presence of unsaturation was confirmed by the olefinic proton signals at 5.4 ppm, while the 

glycerol protons were observed at chemical shifts of 4.2–4.4 and 5.25 ppm. After enzymatic 

transesterification, the biodiesel obtained by NL and EL yielded identical NMR spectra [264], 

[265]. These spectra were found to show a new signal at 3.6 ppm, corresponding to methyl 

protons of the methyl ester. On the other hand, other protons corresponding to the saturated 

alkyl (0.8 to 3 ppm) and the olefinic protons (5.4 ppm) were found to be intact, whereas the 

glycerol protons majorly disappeared, which confirmed the clean reaction [266]. In the case of 

biodiesel obtained with the native lipase (NLB), a small amount of residual glycerol/glyceride 

was found in the final product. However, the biodiesel obtained with the expressed lipase (ELB) 

was found to be of higher purity. A small peak at 3.5 ppm was observed in both cases, which 

could be attributed to the methyl protons of methanol. The same was also found in minor 

quantities in the commercial RBO as well. 

 

https://pubs.rsc.org/en/content/articlehtml/2022/gc/d2gc03022e#imgfig6
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Figure 6.8 1H NMR spectra of RBO, NLB and ELB. Salient signals are assigned using linoleate as the 

representative compound. 

 

Figure 6.9 13C NMR spectra of RBO, NLB and ELB. Salient signals are assigned using linoleate as the 

representative compound. 
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13C NMR analyses were additionally performed (Figure 6.9) to corroborate the observations 

from 1H NMR. The spectrum of RBO exhibited characteristic carbonyl, olefinic, ester (of 

glycerol moiety) and alkyl carbons at the chemical shift values of 173–173.5, 128–131, 62–69 

and 14–32 ppm, respectively. It is noteworthy that two signals corresponding to carbonyl 

carbons were observed in RBO due to the primary and secondary adjacent carbons of the 

glycerol moiety. On the other hand, in NLB and ELB samples, only a single signal of carbonyl 

carbon at a slight downfield of 174 ppm was observed, indicating methyl ester formation, 

which was additionally confirmed by the appearance of a new signal of methyl carbon at 52 

ppm. Furthermore, the absence of carbon peaks at 62 and 69 ppm – originating from the 

glycerol moiety – reiterated the observations from 1H NMR on the formation of the biodiesel. 

 

The ester content in fatty acid methyl esters (FAME) was determined by Gas 

chromatography (GC) using a test method EN 14103 2020. The internal standard (IS) of 

biodiesel include is methyl heptadecanoate (MHD). The biodiesel obtained using both lipases 

showed nearly identical GC profiles with a similar composition. Three major eluent signals 

observed at 20.2, 26.6 and 27.9 min retention values were assigned to methyl palmitate, methyl 

oleate and methyl linoleate, respectively (Figure 6.10). A small peak observed at 26.1 min was 

attributed to methyl stearate. Minute portions of other methyl esters like methyl arachidate 

(retention time: 29.7) and methyl linolenate (retention time: 32.8) were also observed to the 

tune of less than 0.7%. The proportions of the palmitate, stearate, oleate and linoleate were 

quantified to be 19.8%, 1.9%, 45.1% and 32.5%, respectively, which are in line with the 

literature reports [267]. Since these studies revealed a near similar biodiesel composition with 

a slight glyceride impurity in NLB (as indicated by 1H NMR), further FAME studies were 

performed using ELB. 
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Figure 6.10 GC profiles of NLB and ELB 

Thermogravimetric analysis (TGA) of RBO was compared with ELB in order to derive 

insights into the decomposition profile as a function of temperature (Figure 6.11 (a). 

Considering 5 wt% mass loss as the onset of thermal decomposition of the substance, RBO 

was found to exhibit a decomposition temperature of 356 °C and the process followed a single 

step decomposition profile that was completed by 470 °C. On the other hand, the onset of 

thermal decomposition of ELB was found to be 182 °C, which is nearly half the value of RBO. 

In this case, a two-step decomposition pattern was observed, in which 91% of mass loss was 

observed by 255 °C in the first step and the residual portion was wholly decomposed by 

∼405 °C [268].  

Rheological studies were performed to find the viscoelastic properties of RBO and ELB and 

the results are shown in Figure 6.11 (b) and (c). Initially, the absolute viscosity was measured 

as a function of shear rate at two different temperatures of 25 °C and 40 °C [269]. At 25 °C, 

RBO exhibited an increasing trend in viscosity in the shear rate range of 5–50 s−1, above which 

a constant value of ∼67 mPa s was reached. At 40 °C, the viscosity was found to be ∼36.3 mPa 

s at a shear rate of 5 s−1, which remained constant up to 300 s−1. In the case of ELB, at both 

temperatures, the viscosity values were found to be stable in the measured shear rate range. At 

25 °C, the viscosity of ELB was found to be ∼7 mPa s, whereas the value was found to be ∼5.3 

mPa s at 40 °C, which showed a substantial decrease in comparison with RBO. The shear 

https://pubs.rsc.org/en/content/articlehtml/2022/gc/d2gc03022e#imgfig8
https://pubs.rsc.org/en/content/articlehtml/2022/gc/d2gc03022e#imgfig8
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stress versus shear rate studies revealed the Newtonian behavior of both RBO and ELB at both 

temperatures, as signified by a linear increase in shear stress with an increase in shear rate. It 

is worth noting that the shear stress exhibited by ELB was significantly lower than that of RBO. 

Other physicochemical properties such as FAME content and density of the ELB were 

determined to be >99% and 0.86 g cm−3, respectively. 

 

Figure 6.11 TGA (a) and rheological behavior (b and c) of ELB in comparison with RBO. The LSR and HSR in 

(b) represent the low shear rate (50 s−1) and high shear rate (300 s−1), respectively. 

6.3.8  Recyclability studies 

The facile recyclability of the catalyst is an important parameter both in terms of environmental 

concern and economic viability. A recent report showed that BSA was beneficial for preserving 

the activity of the enzymes when co-immobilized [270]. It has been postulated that BSA is a 

major component in serum and therefore can act as a universal stabilizer for a variety of 

proteins. BSA was proven to present a protein-friendly neighborhood to provide stability and 

high-retention of enzyme activity. Therefore, we employed two more immobilization strategies 

of lipase over magnetite to find out the best possible approach. In one case, BSA was wrapped 

over Fe3O4@lipase to yield Fe3O4@lipase@BSA, whereas in the other case, BSA at first was 

immobilized over Fe3O4 to yield Fe3O4@BSA, over which lipase was then immobilized to 

obtain Fe3O4@BSA@lipase. The recyclability studies with both NL and EL subjected to three 

different immobilization strategies towards biodiesel production up to 8 cycles via magnetic 

recovery were performed and the results are compared in Figure 6.12 (a). As expected, EL 

exhibited higher activity and stability at every cycle, when compared to the native one. Among 

the different immobilization strategies, the ones with BSA co-immobilization were superior to 

those without BSA and almost comparable until five cycles, above which Fe3O4@BSA@lipase 
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exhibited better retention of the activity than Fe3O4@lipase@BSA. We speculate that the 

optimal orientation of lipase in between the void pockets provided by BSA could have resulted 

in > 50 % retention of relative activity with Fe3O4@BSA@lipase even at the eighth cycle.  

 

 

Figure 6.12 (a) Recyclability studies up to 8 cycles using both NL and EL anchored over magnetite using three 

different immobilization approaches with RBO. (b) Comparative biodiesel production with sunflower and olive 

oils using the optimal Fe3O4@BSA@EL catalyst up to 8 cycles. 

 

The XPS analyses of the recovered catalysts showed sulfur contents nearly comparable 

to those of fresh ones, which signified the presence of immobilized proteins even after 8 cycles 

(Figure 6.13 a & b). This has been confirmed through Bradford's assay with the supernatant 

solution, which revealed no significant protein leaching. Therefore, the loss of activity over 

successive cycles could be attributed to the gradual deactivation of the enzyme or any 

aggregation among the magnetite nanoparticles. It can be noted that the spent catalyst after 

each cycle was captured using a magnet underneath the reaction vessel, washed with methanol 

and then re-suspended through vortexing after adding fresh oil to it. This could have caused a 

certain degree of aggregation among the magnetite nanoparticles, which in turn could have 

resulted in the gradual loss of activity. Thus, there exists further room to improve the stability 

during cyclability experiments by minimizing particle aggregation or selecting suitable 

hydrophobic surfaces for immobilization to regain the activity [239]. To probe the wide-range 

scope of the optimal catalyst composition for other vegetable oils, biodiesel production in a 

recyclable manner was performed using sunflower and olive oils as well (Figure 6.12 b). The 

https://pubs.rsc.org/en/content/articlehtml/2022/gc/d2gc03022e#imgfig9
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biodiesel production and recyclability performance with these two oils were found to be quite 

similar to that of RBO. These results additionally confirmed the high potential of the enzyme 

catalytic system presented herein for biodiesel production from various oil sources. 

 

Figure 6. 13 (a). XPS survey scan (top left panel) and narrow scan (elements quoted in the respective panels) 

spectra of the fresh catalysts before subjecting to the recyclability experiments. 

 

Figure 6.13 (b). XPS survey scan (top left panel) and narrow scan (elements quoted in the respective panels) 

spectra of the spent catalysts recovered after eighth cycles. 
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6.4 Conclusions 

Native and expressed lipases from a probiotic source, B. licheniformis, were produced and 

characterized using Bradford assay, SDS-PAGE and CD studies. The benchmark p-NP assay 

revealed higher activity of EL than the native enzyme. The lipases were then immobilized over 

magnetite support to yield Fe3O4@lipase, which was characterized using XPS and FE-SEM 

techniques. The prepared catalysts were studied for their efficacy towards biodiesel production 

from RBO, which revealed the optimal catalyst loading, oil-to-methanol ratio, stirring rate, 

temperature and time as 100 μg, 1:6, 120 rpm, 37 °C and 2 h, respectively. Under optimal 

reaction conditions, the yield was found to be ∼81% in 2 h of incubation time, which increased 

to ∼94 % either by increasing the catalyst loading to 400 μg or extending the reaction time to 

24 h. NMR, GC and FAME content analyses revealed > 99 % purity of the biodiesel, while 

other physicochemical properties like density and viscosity were ascertained to be well within 

the acceptable range. Among the three immobilization approaches employed in this work, 

Fe3O4@BSA@lipase exhibited retention of ∼50 % relative activity at the eighth cycle. The 

optimized biocatalyst developed in this study by far has shown superior activity in terms of the 

combinatorial factors of catalyst-to-oil and reaction time. Besides, contrary to popular opinion, 

the work has also shown higher performance of the lipase derived from a probiotic source than 

the one obtained from fungal sources. The remarkable activity of the reported biocatalyst can 

further be enhanced by combining it with strategies like employing ionic liquids, continuous 

reactor setup etc [257], [271], [272]. The present study has thus shown biodiesel production in 

an eco-friendly and benign-by-design fashion. 
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Chapter 7 

Summary and Conclusions
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7.1 Summary 

Surface functionalization of polymers and nanoparticles opens avenues in the field of 

biotechnology. The new functional properties of as-derived materials have huge applications. 

Hence, the present study aims to derive new functions to the biomaterial and explore the 

potential for different applications. Based on the gaps available from the existing literature, the 

objectives of the present work can thus be broadly divided into the following aspects:  

 Probiotic lipase-mediated silver derivatization over biopolymer towards antimicrobial 

coatings. 

 Enhancing the sensitivity of ratiometric genosensing using plasmonic gold 

nanoparticles. 

 Fluorescence-based simultaneous dual oligo-sensing of genotypes using magnetite 

nanoparticles.  

 Boronic acid chemistry for fluorescence-based quantitative DNA/RNA sensing. 

  Efficient biodiesel production from cooking oils using magnetite immobilized-

recombinant lipase from probiotic bacteria. 
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7.2  Conclusions 

In conclusion the following observations are made about the results obtained in this study. 

Probiotic lipase-mediated silver derivatization over biopolymer towards antimicrobial 

coatings: 

Towards this objective, we primarily employed a probiotically derived lipase 

from Lactobacillus amylovorous to derivatize the PCL film surface with silver. Two facile 

surface derivatization approaches were developed, (i) lipase-capped Ag NPs’ immobilization 

over EDC/NHS-activated PCL films and (ii) dip-coating over lipase-immobilized PCL films. 

The success of surface derivatization was chemically probed using XPS and morphologically 

examined using FE-SEM. The antimicrobial studies revealed that the PCL films immobilized 

with the probiotically derived lipase-capped Ag NPs exhibited remarkable bactericidal efficacy 

as opposed to the samples obtained through the dip-coating method. The cytotoxicity studies 

using mouse fibroblast SNL 76/7 cells revealed the high cell compatibility of PCL films 

immobilized with the lipase-capped Ag NPs. 

  

Enhancing the sensitivity of ratiometric genosensing using plasmonic gold nanoparticles: 

To improve the hybridization between an ASO and target DNA, we employed a flash heating 

of oligos at 95 °C for 120 s before the hybridization at 65 °C for 20 min. From the PAGE 

analysis, a 7.5% increase in the hybridization than without flash heating. The effect was further 

analyzed in the Au NPs based DNA sensing to ascertain the usefulness of flash heating in 

practical applications. The DNA sensing studies using thiol-tagged synthetic oligonucleotide, 

derived from the core region of the HCV viral genome revealed that the ASO-target DNA 
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hybrid subjected to the flash heating stabilized the Au NPs more than the case without flash 

heating, as evidenced by the lesser ratiometric absorbance values for the former. Furthermore, 

the use of citrate buffer has shown to be beneficial in the efficient conjugation between the 

thiolated probe and the Au NPs, even when the DNA to Au NPs ratio is as low as 3.5:1 and 

7:1. These results may find potential in employing the appropriate hybridization conditions in 

the DNA bio-sensing studies. 

 

Fluorescence-based simultaneous dual oligo-sensing of genotypes using magnetite 

nanoparticles: 

Magnetite NPs-mediated fluorescence-based simultaneous dual oligo sensing was 

demonstrated by selecting two target sequences from HCV genotypes 1 and 3. To achieve this, 

the magnetite NPs were initially derivatized with APTES, followed by the glutaraldehyde 

linker. Two amine-tagged probes corresponding to the genotypes 1 and 3 were individually 

immobilized over the magnetite nanoparticles through imine bond formation in high efficiency 

by reacting with aldehyde groups, which was characterized using XPS and EDS analyses. Two 

approaches, such as one-step and two-step hybridization methods, were explored to understand 

the efficacy of the sensing assays. Among these, the two-step hybridization method, where the 

fluorescently-tagged probe-2 and target were subjected to hybridization in a first step followed 

by hybridization with the probe-1 immobilized over magnetite NPs in a subsequent step, was 

found to be more efficient. The fluorescence intensity analysis after the magnetic removal of 

the NPs enabled the quantitative sensing of the targets with a LOD of <15 nM. This strategy 
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can potentially be extrapolated to multiplex sensing of various pathogens in a single go by 

immobilizing as many probes over the magnetite NPs. 

 

Boronic acid chemistry for fluorescence-based quantitative DNA/RNA sensing: 

First, in typical fluorescence-based DNA detection approaches, it is a prerequisite to tag the 

fluorophore to the oligos, tagging the fluorophore over multiple probes or targets would 

substantially increase the cost. The current study reveals the possibility of fluorescently tagging 

the oligos after the hybridization step in a rapid and facile manner. Second, due to the reversible 

binding nature of the used tag, boronic acid, the oligonucleotides can be recovered by cleaving 

the fluorophore at acidic pH. Third, the possibility of detecting the cDNA and cRNA with a 

single probe DNA is established in a concentration-dependent manner. The present proof-of-

concept study opens up several new opportunities for further exploration in this domain. 

Several strategies such as photo electrochemical, electro-generated chemiluminescence, 

hybridization chain reaction, etc., can explore the suitability of the boronic acid chemistry for 

DNA/RNA sensing to enhance the sensitivity to picomolar to femtomolar (pM-fM) range.  

 

Efficient biodiesel production from cooking oils using magnetite immobilized-recombinant 

lipase from probiotic bacteria: 

The lipases from a probiotic bacteria (B. licheniformis) were then immobilized over magnetite 

support to yield Fe3O4@lipase, characterized using XPS and FE-SEM techniques. The 

prepared catalysts were studied for their efficacy towards biodiesel production from RBO, 

which revealed the optimal catalyst loading, oil-to-methanol ratio, stirring rate, temperature, 
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and time as 100 μg, 1:6, 120 rpm, 37 °C and 2 h, respectively. Under optimal reaction 

conditions, the yield was found to be ∼81% in 2 h of incubation time, which increased to ∼94 % 

either by increasing the catalyst loading to 400 μg or extending the reaction time to 24 h. NMR, 

GC, and FAME content analyses revealed > 99 % purity of the biodiesel, while other 

physicochemical properties like density and viscosity were ascertained to be within the 

acceptable range. By employing BSA in the derivatization process (Fe3O4@BSA@lipase) ∼50 % 

relative activity retention was achieved at the eighth cycle. The optimized biocatalyst 

developed in this study has shown superior activity in terms of the combinatorial factors of 

catalyst-to-oil and reaction time. Besides, contrary to popular opinion, the work has also shown 

the higher performance of the lipase derived from a probiotic source than the one obtained from 

fungal sources. The remarkable activity of the reported biocatalyst can further be enhanced by 

combining it with strategies like employing ionic liquids, continuous reactor setup, etc. The 

present study has thus shown biodiesel production in an eco-friendly and benign-by-design 

fashion. 

7.3 Major contributions of the work 

The following are the major contributions from the above work.  

 PCL films immobilized with the probiotically derived lipase-capped Ag NPs exhibited 

remarkable bactericidal efficacy, high cell compatibility. 

 The ASO-target DNA hybrid, designed for HCV detection, when subjected to the flash 

heating stabilized the Au NPs more than the case without flash heating, as a result 

increasing the sensitivity of ratio metric sensing. The use of citrate buffer has shown to 
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be beneficial in the efficient conjugation between the thiolated probe and the Au NPs 

even at low concentrations 

 We demonstrate a facile fluorescence-based simultaneous dual oligo sensing of 

genotypes 1 and 3 by employing two target sequences (36-mers each) derived from the 

NS4B and NS5A regions of HCV genome, with the detection limit in the range of 10–

15 nM. 

 “Boronic acid chemistry for fluorescence-based quantitative DNA/RNA sensing” has 

successfully shown the feasibility to quantitatively detect DNA and RNA in the 

concentration range of 5 to 50 nM. 

 Native and expressed lipases from B. licheniformis with higher activity was achieved. 

Magnetite-immobilized lipases showed high efficacy in biodiesel conversion (~81%) 

even at a minimal enzyme loading of 0.11 wt% with respect to the oil in 2 h of duration. 

The nuclear magnetic resonance, gas chromatography and FAME analysis revealed 

>99% purity of biodiesel. BSA mediated immobilization of lipases over magnetite, 

retained >50% relative activity even at the eighth cycle.  

7.4 Future scope of the work 

The future possibilities arising from the results of the present work are as given below: 

 Our study on the PCL films derivatized with biogenically synthesized Ag NPs could 

potentially serve as infection-free implantable materials with high bio-compatibility. 
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 By employing flash heating in efficient hybridization, and the use of citrate buffer for 

rapid and effective thiol tagging over the Au NPs is proven to be advantageous in 

enhancing the sensitivity of ratio metric genosensing. 

 “Fluorescence-based simultaneous dual oligo sensing using magnetite nanoparticles”, 

strategy towards multiplex detection of analytes in a single assay would lead to high 

throughput analysis, substantial benefits in terms of time, infrastructure, labor, and cost. 

 “Boronic acid chemistry for fluorescence-based quantitative DNA sensing” is proof-of-

concept study opens up several new opportunities for further exploration in this domain. 

First, thorough mechanistic details of the interaction through additional experimental, 

computational and theoretical works are required. Second, the detailed probing on the 

dependence of the immobilized probe’s packing density and its effect on the boronic 

acid binding response can be studied. Third, several strategies such as photo 

electrochemical, electrogenerated chemiluminescence, hybridization chain reaction, 

etc., can explore the suitability of the boronic acid chemistry for DNA sensing to 

enhance the sensitivity to pM-fM range with a potential of multiplexing. 

 Our strategy employing “magnetite immobilized-recombinant lipase from 

probiotic Bacillus licheniformis”, opens up numerous possibilities in amalgamating 

various benign biotechnological approaches with enzymes derived from probiotic 

sources for diverse applications. 
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