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Abstract 

 

Pyhtopathogens pose a significant threat to sustainable 

agriculture, causing significant economic losses. Nanotechnology 

has been increasingly applied for the control of plant pathogens 

affecting agricultural crops, animals and even human beings. 

There are many ways to produce nanoparticles (NPs) including 

physical, chemical and biological methods. Phytofabricated NPs 

as a biological method meet desired criteria against plant 

pathogens for sustainable agriculture due to its environmentally 

friendly nature, low cost and high efficiency. This chapter on 

reviewing literature has mentioned antibacterial, antifungal and 

antiviral effects of green synthesized silver, zinc, copper, iron, 

titanium and calcium NPs on phytopathogens, emphasizing 

application types and concentrations of NPs. It seems that 

phytofabricated NPs will be commonly used in agriculture instead 

of agrochemicals. Therefore, it becomes essential to analyse the 
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efficiency of NPs against phytopathogens not only morphological 

and biochemical analyses but also molecular aspect. 

 

Keywords: Antifungal effect, antibacterial effect, antiviral effect, 

silver (Ag), zinc (Zn), copper (Cu), iron (Fe), titanium (Ti), 

Calcium (Ca) 

 

1. Introduction 

 

Feeding the increasing World population and sustainable 

agriculture are one of the most important topics in the present era. 

According to reports, it will be estimated that World population 

will reach 8.5 billion by 2030. Therefore, more food will be 

reqiured for demand. Improving agricultural productivity is a vital 

to meet this request and for this reason, both farmers and scientist 

have been studied to enhance plant growth, development, quality 

and yield by using different biotechnological methods [1]. 

 

Diseases caused by fungi, bacteria and viruses are account for 

almost 70% of total plant diseases. In addition to natural products, 

synthetic products such as pesticides, fungicides, bactericide 

which are generally petrochemical derivatives have been 

commonly used to control plant diseases [2]. On the other hand, 

these chemicals pose strong hazardous to soil, groundwater and 

even plant [3-6]. Furthermore, the most important of the adverse 

effects is phytopathogen resistance to agrochemicals that have an 
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important role in these pathogens control. This situation mostly 

arise from excessive and unconscious usage of agrochemicals. 

[7]. Therefore, it is needed to improve alternative control methods 

with high efficiency and low pollution for agriculture and even 

providing plant protection. 

 

Nanotechnology as a modern science area deals with materials 

at nanoscale via knowledge and experience in physics, chemistry 

and biology areas [8, 9]. Nanomaterials should be in the range of 

1-100 nm according to the US National Science Foundation and 

National Nanotechnology Initiative [10]. When compared to 

macroscale, biological, morphological and physicochemical 

characteristics are incompatible at nanoscale. Nanomaterials may 

be categorised based on their morphology including NPs, 

nanobars, nanocables, nanotubes, nanobelts, nanofibers, 

nanospheres and quantum dots, and composition as organic or 

inorganic [11, 12]. NPs can be optical, electrical, magnetic, 

chemical and mechanical characteristics due to their small size 

(<100 nm) and large specific surface area [13]. Microwave 

irradiation, ultrasonication, laser vaporization, solid-state thermal 

decomposition, hydrothermal, and sol-gel methods have been 

commonly used for NPs synthesis [14]. Moreover, UV-Vis 

(Ultraviolet-visible) spectroscopy, zeta potential, FT-IR (Fourier 

Transform Infrared spectroscopy), TEM (Transmission Electron 

Microscopy), SEM (Scanning Electron Microscopy), AFM 

(Atomic Force Microscopy), DLS (Dynamic Light Scattering), 
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XRD (X-Ray Diffraction) etc. have been used for detection and 

characterisation of NPs [15].  

 

The nanotechnology has been widely applied in different fields 

such as medicine, biotechnology, chemistry and food industry. In 

addition, nanotechnology has also been used in agricultural 

practises as nanofertilizers and nanopesticides over the last few 

decades [16]. The extraordinary advances in nanoscience have led 

to use plants and their various parts to synthesise nanoparticle. 

The obtained products were expressed as green synthesis of 

nanoparticles (GS-NPs) (Figure 1). They exhibit excellent 

antifungal, antibacterial and antiviral effects with eco-friendly, 

clean, safe, cost-effective, easy, and even effective sources for 

high productivity and purity properties [17]. GS-NPs are more 

effective than the others as the NPs get attached with plant amino 

acids, proteins, enzymes [18]. Moreover, GS-NPs could act as 

reducing and stabilizing agents in the NPs synthesis processes and 

therefore, they have gained interest to minimise the negative 

environmental effects of agrochemicals [19, 20]. 
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Figure 1. Schematic representation of synthesis, characterisation 

and application areas of NPs [21-24]. 

 

NPs are one of the newest alternatives in terms of the control 

of plant pathogens. The effect of NPs is based on their the small 

size and the high surface/volume ratio [25]. At this point, many 

possible mechanisms in the action of NPs against phytopathogens 

have been mentioned in Figure 2. 

 

It is worth noting that the method of GS-NPs have been 

commonly used to synthesise NPs such as Ag, Zn, Cu, Fe, Ti and 

Ca. For controlling phytopathogens, plant-derived NPs are 

utilised for their antimicrobial, antifungal, and antiviral effects 

[15]. Different investigations clearly indicate the effects of GS-

NPs in terms of leaf area, biomass, leaf length, root growth, 

synthesis of secondary metabolites, shoot length, germination 
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rate, lipid peroxidation, enzymatic activities, chlorophyll content, 

seed germination, and many more [27]. 

 

 
Figure 2. Mechanisms of action of GS-NPs against 

phytopathogens [26]. 

 

In this chapter, we summarised the recent advances in the uses 

of phytofabricated Ag NPs, ZnO NPs, Cu NPs, Fe2O3 NPs, TiO2 

NPs and Ca NPs against phytopathogens to control them and also 

provide the food security and sustainability. 
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2. Green Synthesis Ag NPs and Applications 

 

Ag NPs have gained interest to use potential antimicrobial 

agents [28]. Various researchers have worked on the synthesis of 

Ag NPs from different plant parts to examine their antibacterial 

potential against phytopathogens [29]. One of them was 

performed by Vanti et al. [30]. They characterised and evaluated 

the efficacy of Gossypium hirsutum-derived Ag NPs against plant 

pathogens Xanthomonas axonopodis pv. malvacearum and 

Xanthomonas campestris pv. campestris. These two 

phytopathogens cause losses in cotton and Brassicaceae family, 

respectively. As a result of the disc diffusion method, they 

observed different zones of inhibition at 50 and 100 μg mL−1 

concentrations. Similarly, Olfati et al. [31] examined the 

antibacterial effects of Ag NPs from Calendula officinalis on 

Pectobacterium caratovorum by using the minimum inhibitory 

concentration (MIC), minimum bactericidal concentration 

(MBC) and biofilm inhibition analyses. They reported effective 

concentrations of 40, 60 and 40 ppm for MIC, MBC and biofilm 

inhibition, respectively. 

 

In addition to antibacterial activity, many researchers have 

carried out green synthesis of Ag NPs to explore their antifungal 

potentials [32]. Mallaiah [33] studied with ornamental flowers of 

Crossandra spp. infected by Fusarium wilt in pot culture. They 

reported complete mycelial inhibition at 800 ppm of Ag NPs 
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application whereas this ratio was 98% at 700 ppm. Moreover, 

Melia azedarach-derived Ag NPs against Fusarium oxysporum in 

tomatoes were also analysed by Ashraf et al. [34]. They 

concluded that 60-140 μg mL-1 of Ag NPs supressed fungal 

mycelial growth with 79-98% inhibition. Jebril et al. [35] studied 

the antifungal effect of Ag NPs obtained from Melia azedarach 

against Verticillium dahliae in eggplants. They obtained 

significant results in 60 ppm and 20 ppm for in vitro and in vivo, 

respectively. Similar in vitro results were reported against 

Colletotrichum coccodes, Monilinia sp., and Pyricularia by Lee 

et al. [36]. Moreover, synthesis of Ag NPs from strawberry 

indicated antifungal effects on Ralstonia solanacearum and F. 

oxysporum, respectively [37]. 

 

3. Green Synthesis and Applications 

 

Phytopathogens show resistance against commercially 

available fungicides and bactericides even at higher 

concentrations, causing significant loses in crop production. 

Phytofabricated ZnO NPs are environmentally friendly, non-

toxic, bio-safe, and biocompatible properties, and therefore 

provide an alternative as compared to agrochemicals. The 

antifungal and antibacterial effects of ZnO NPs makes them a 

suitable candidate for the control of plant diseases [38, 39]. 

Rajendran et al. [40] determined the inhibitory effect of ZnO NPs 

derived from Rubus fairholmianus root extract. For this purpose, 
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they revealed antibacterial activity on Staphylococcus aureus by 

using agar well diffusion, MIC and bacterial growth assay. Khan 

et al. [41] also analysed ZnO NPs synthesised from Matricaria 

chamomilla against R. solanacearum causing distruptive bacterial 

wilt disease in tomato and other crops. They concluded the 

highest growth inhibition of R. solanacearum at 18.0 μg mL−1 

ZnO NP concentration. In addition, phytofabricated ZnO NP 

presented significant antifungal properties at 0.2 mg mL-1 

concentration. 

 

Ahmad et al. [42] examined Eucalyptus globules-derived ZnO 

NPs against Alternaria mali, Botryosphaeria dothidea and 

Diplodia seriata as major phytopathogens of apple orchards. 

Fungal growth inhibition was observed at 100 ppm concentration 

and inhibition rates were determined as 76.7% for A. mali, 65.4% 

for B. dothidea and 55.2% for D. seriata. Another fungus, 

Alternaria alternata caused early blight disease in Solanum 

lycopersicum was analysed by Zhu et al. [43]. They synthesised 

ZnO NPs from Cinnamomum camphora and examined the effects 

against this fungus. They reported strong inhibition at 20-160 mg 

L-1 for mycelial growth and 20 mg L-1 for spore germination and 

germ tube elongation, and even 20 mg L-1 for the best antifungal 

effect. Ali et al. [44] also studied with fruit rot symptoms caused 

by Rhizoctonia solani in grapefruit. They observed that ZnO NPs 

at 1.0 mg L-1 concentration synthesised from Trachyspermum 

ammi indicated very strong antifungal activity both in vitro and in 
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vivo experiments. Similar study was determined the effect of ZnO 

NPs derived from seed coat of almond on carrot plant infected 

with pathogenic fungus R. solani. In addition to antifungal affects, 

plant growth and photosynthetic pigments increased after 

spraying 50 ppm and 100 ppm ZnO NPs. Moreover, molecular 

docking analyses confirmed the interaction between ZnO NPs and 

R. solani by mechanical enfolding [45]. 

 

In additon to bacterial and fungal pathogens, plant viral 

infection is also one of the most important problems for 

agriculture and food security. For this reason, Abdelkhalek and 

Al-Askar [46] evaluated the antiviral activity of ZnO NPs (100 μg 

L-1) against tobacco mosaic virus (TMV). They reported that the 

double foliar application of ZnO NPs 24 h before and also 24 h 

after TMV inoculation reduced by 90.21% viral accumulation 

level. Moreover, they oserved that PAL, PR-1, CHS, and POD 

genes showed varying expression results in ZnO NPs applied 

plants. 

 

4. Green Synthesis Cu NPs and Applications 

 

Copper has been used traditionally as a major component in 

agriculture to manage crop protection and improvement. It is a 

non-toxic for mammals but toxic for microorganisms, offering as 

an antimicrobial agent. It was shown that the antimicrobial 

activity of Cu NPs is higher than the Cu compounds [47]. 
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Shende et al. [48] examined the antifungal and antibacterial 

effects of Cu NPs derived from Ocimum sanctum leaf extract on 

thebacterial and fungal pathogens including Xanthomonas 

axonopodis pv. citri and Xanthomonas axonopodis pv. punicae, 

and eleven fungal pathogens including R. solani, Alternaria 

carthami, Aspergillus niger, Colletotrichum gloeosporioides, 

Colletotrichum lindemuthianum, Drechslera sorghicola, F. 

oxysporum f.sp. carthami, F. oxysporum f.sp. ciceri, F. 

oxysporum f.sp. udum, Macrophomina phaseolina, Rhizoctonia 

bataticola and Rhizopus stolonifer. The highest antibacterial Cu 

NPs effects were observed on X. axonopodis pv. punicae (0.03 

mg mL-1 MIC). In addition, antifungal effects showed varying 

results such as 0.06 mg L-1 MIC for A. carthami, A niger, F. 

oxysporum f.sp.  udum and 0.03 mg mL-1 for other pathogens. 

Ahmad et al. [49] performed similar investigation on apple. They 

synthesised and characterised Cu NPs form Neem leaf extract 

(Azadirachta indica A. Juss) and determined significant 

antifungal activities on A. mali  and B. dothidea. 

 

Iliger et al. [50]  synthesised Cu NPs using extracts of 

Eucalyptus (E) and Mint (M) leaves to control Colletotrichum 

capsici causing fruit rot disease in chili. They also used 

Carbendazim 50 WP and copper oxychloride 50 WP as standards. 

The highest mycelial inhibition was observed at 1000 ppm of Cu 

NP-M with 99.78% and then 1000 ppm of Cu NP-E with 93.75%. 

Cu NP-M indicated better results because of smaller size. When 
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compared to standards, they revealed high efficiency of Cu NPs 

at lower concentrations. Similar antifungal effects against F. 

oxysporum f.sp. ciceri was observed in chickpea by Sathiyabama 

et al. [51]. They synthesised curcumin derived Cu NPs and 

applied on chickpea plant to control wilt disease. They reported 

the growth inhibition for this pathogen but increase in growth 

parameters including root, shoot length, number of leaves and dry 

weight for plant.  

 

5. Green Synthesis Fe2O3 NPs and Applications 

 

Iron acting as a co-factor of enzymes is an essential for plant 

nutrition [52]. Iron oxide (Fe2O3) is a crucial micronutrient for 

plants and has important roles in plant metabolic processes such 

as respiration and photosynthesis. Initially, Fe2O3 NPs due to high 

catalytic activity and low toxicity were involved in the biological 

remediation of polluted soil and water [27, 53].  Smaller NPs have 

higher efficiency for penetrating the pathogen cell membrane. 

This accumulation disrupts protein and DNA structures and 

finally leads to the death of pathogens [54]. Therefore, the 

mechanism of antimicrobial activity of Fe2O3 NPs similar to other 

NPs is based on accumulation in the cytoplasm. The green 

synthesis of Fe2O3 NPs allows for the production of a large 

number of antimicrobial compounds with eco-friendly agents, 

providing sustainably energy and time [55]. Subsequently, Fe2O3 

NPs can be widely used in agricultural practises including 
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biofortification, nanofertiliser, and anti-phytopathogen agents 

[27].  

 

For this purpose, Fe2O3 NPs have been commonly studied to 

manage plant pathogens. One of these studies was conducted by 

Alam et al. [56]. Antibacterial activities of Fe2O3 NPs synthesised 

from Skimmia laureola leaf extracts were investigated against 

tomato wiltness caused by R. solanacearum both in vitro and in 

vivo. In this context, different concentrations of Fe2O3 NPs (1 mg 

mL-1, 3  mg mL-1 and 6  mg mL-1) were applied on pathogen. In 

vitro analyses showed that 6  mg mL-1 concentration of Fe2O3 NPs 

drastically inhibited the R. solanacearum. Furthermore, various 

concentrations (0, 1, 3 and 6%) of Fe2O3 NPs were applied 

rhizosphere region of plant in in vivo analyses and the disease 

severity was successfully decreased at the highest concentration 

(6%) of Fe2O3 NPs. They suggested that Fe2O3 NPs have strong 

antibacterial effects depending on concentration. 

 

Mogazy et al. [57] studied with strawberry plants to determine 

suppressive activities of Thymus decussatus derived Fe2O3 NPs 

on gray mold. This disease is caused by Botrytis cinerea. Spore 

germination and fungal growth were suppressed by Fe2O3 NPs for 

in vitro conditions. They reported that Fe2O3 NPs in 200 ppm 

concentration were more effective than low concentration (100 

ppm) for both restriction of mycelial growth and spore 

germination. It was observed that high concentration of Fe2O3 
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NPs showed reduction of 61,1% for mycelial growth and 77% 

spore germination. For in vivo analyses, strawberry plants were 

treated with 200 ppm Fe2O3 NPs and disease severity of B. cinerea 

was reduced by 69,7% as compared the control. In addition to 

these, Fe2O3 NPs (200 ppm) remarkably increased defense-related 

enzymes (such as peroxidase, β-1,3-glucanase, phenylalanine 

ammonia lyase), phenolics, vitamin content (A, C, E) and cell 

wall component when compared to the control. Similar to this 

study, antifungal effect of Fe2O3 NPs obtained from Calotropis 

procera at different concentrations were also evaluated by Ali et 

al. [58]. The maximum growth inhibition (87.9%) on A. alternata 

was recorded at 1.0 mg mL-1 concentration. Furthermore, a 

chemical fungicide was also used as a control, exhibiting 82.2% 

growth inhibition against pathogen. Additionally, the lower 

concentration (0.25  mg mL-1) of these NPs significantly 

supressed growth of pathogen. Moreover, Fe2O3 NPs synthesised 

from Tridax procumbens supressed Sclerotium rolfsii and F. 

oxysporum at 50 μg mL-1 concentration [59]. 

 

6. Green Synthesis TiO2 NPs and Applications 

 

Ti has crucial role in controlling pathogens, showing higher 

efficiency in nanoparticle form. Nowadays, titanium dioxide 

(TiO2) has broadly been used as an eco-friendly and clean 

photocatalyst due to its non-toxic nature [60]. TiO2 NPs have also 

utilised for controlling plant pathogens such as fungi and bacteria 
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[61, 62]. Hossain et al. [63] studied the effects of Citrus limon-

based TiO2 NPs on Dickeya dadantii. It causes root rot diseases 

on sweet potato. According to diffusion assays, growth of D. 

dadantii was inhibited at 50 μg mL-1 TiO2 NPs concentration. In 

nutrient broth, it was observed that the extents of inhibition 

enhanced with the increase of the concentrations (12, 25, and 50 

μg mL-1). In vivo antibacterial activity test was also conducted 

with sweet potato tuber slices. As a result of in vitro assay, they 

observed that tissue maceration was obstructed about 60%.  

 

In addition antibacterial effect, Irshad et al. [64] evaluated 

antifungal effects of Trianthema portulacastrum and Chopodium 

quinoa-derived TiO2 NPs on wheat rust caused by Ustilago tritici 

with in vitro assay. TiO2 NPs derived from both plant extracts 

showed antifungal activities. However, the synthesised TiO2 NPs 

from C. quinoa were found to have the best antifungal activity 

towards U. tritici. It was also reported that percent inhibition of 

fungal growth was 79.8% at 75 μl mL-1 concentration. In another 

study, effects of TiO2 NPs synthesised from Moringa oleifera-in 

wheat plants were determined on Bipolaris sorokiniana which is 

responsible for spot blotch disease. TiO2 NPs at different 

concentrations (20, 40, 60 and 80 mg mL-1) were applied on the 

plants in a glasshouse. It was also reported that disease severity 

was notably reduced at 40 mg mL-1 concentration [62]. Moreover, 

they reported that the biosythesised TiO2NPs increased the total 

protein content at the same concentration. Similar to this, Jalill et 
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al. [65] studied with another phytopathogenic fungi in wheat, 

Fusarium graminearum. They produced TiO2 NPs from Curcuma 

longa and analysed antifungal activities against this pathogen. 

The highest fungal growth and spore inhibition rate were 

determined at 20 mg mL-1 concentration. It was also mentioned 

that efficiency of green synthesised TiO2 NPs was better than 

industrial synthetic ones. In addition, it has been demonstrated 

that TiO2 NPs have important antifungal effects against fungal 

phytopathogens such as Alternaria brassicae [66] and 

Penicillium expansum [67]. 

 

7. Green Synthesis Ca NPs and Applications 

 

Calcium phosphate (CaP) NPs have been widely used in 

various fields [68]. Nowadays, they are utilised in the field of 

agricultural and environmental sciences. On the other hand, there 

are limited investigation related to the effect of Ca NP in the field 

of plant pathology. A study performed by Das et al. [69] can be 

given as an example. For this investigation, CaP NPs derived 

from Panax ginseng extracts were conjugated with streptomycin 

and synthesised a new NPs were named CPG-S NPs. They used 

disc diffusion method to evaluate antibacterial effects of CPG-S 

NPs against eight strains of phytopathogenic bacteria 

(Pseudomonas syringae pv. tobacci (Pstab), P. syringae pv. 

tobacci (Pstab11528), P. syringae pv. tomato (PstT1), P. syringae 

pv. tomato DC3000 (virulent), P. syringae pv. tomato DC3000 
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(avirulent), P. syringae pv. actinidiae (Kyu-10), P. syringae pv. 

actinidiae (Kyu-16), Xanthomonas smithii pv. citri (Yu-1)), . The 

results of this study showed that CPG- S NPs were highly 

effective on P. syringae pv. actinidiae but less efficiency was 

observed on X. smithii pv. citri. They also reported that CPG-S 

NPs improved the antibacterial activity when compared to control 

and only streptomycin treatment. 

 

In another study, Mogazy et al. [57] identified the inhibitory 

effects of CaCO3 NPs against B. cinerea in strawberry plants. It 

was observed that high concentration of CaCO3 NPs decreased by 

62.8% and 78% for mycelial growth and spore germination, 

respectively. For in vivo, strawberry plants were treated with 200 

ppm CaCO3 NPs. According to pathogenicity test, the disease 

severity of B. cinerea reduced by 80% as compared the control. 

In addition to these, they reported that CaCO3 NPs enhanced 

defense-related enzymes, phenolics, vitamin and cell wall 

component as compared to the control. 

 

Conclusion and Future Perspectives 

 

Global-scale problems in agriculture have led researchers to 

produce alternative products. Nanotechnology is one of new 

approaches in this manner. Especially, GS- NPs is important tool 

for reducing destructive effect of agrochemicals commonly used 

in agriculture and their usage is encouraging in terms of 
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increasing crop yield and quality. On the other hand, we need to 

enhance our knowledge regarding the future risk of excessive use 

of NPs. The detailed analyses not only for pathogens but also soil, 

water and plants have to be performed to examine accumulation 

for human healths after application of NPs. Therefore, future 

studies should be focused on biochemical and especially 

molecular analyses to reveal and minimise the potential 

applications of NPs in sustainable agriculture. 
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Abstract 

 

The plasmid can be modified by recombinant DNA technology 

and used as a vector allowing gene transfer between cells. DNA 

carrying plasmid (pDNA) is effectively used for gene transfer, 

gene therapy and product protein. pDNA can be delivered to the 

target cell in various ways. With the development of 

nanotechnology, various molecules such as polymers are added 

to the nanoparticle structure and contribute to the transfer of 

genes. These molecules provide stability between DNA and 

nanoparticles by electrostatic interaction. Nanoparticles allow a 

non-viral method for pDNA delivery and also have the 

advantages of being easy to synthesize and effective compared to 

using other classic methods. New molecules added to 

nanoparticles make the transfer more effective in the treatment of 

diseases with DNA vaccines. This text, simple formation steps of 

the pDNA and the role of nanoparticles formed with helper 
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molecules in the transport of DNA to the target cell will be 

examined. 

 

Keywords: Plasmid DNA, nanoparticle, gene transfer, 

recombinant DNA technology, cation polymers, nanotechnology 

 

1. Introduction 
 

Today, gene transfer is easy with various methods. Up to this 

stage, important studies have been carried out to ensure its 

development of gene transfer. Some of these studies, in 1971, the 

work of Canna and Nathan led them to discover restriction 

enzymes (RE), a defense mechanism that provides protection 

against foreign DNA in prokaryotes [1, 2]. In 1973, first 

recombinant DNA molecules were produced by Paul Berg, Annie 

Chang, Herbert Boyer, and Stanley Cohen of Stanford University 

and University of California San Francisco. In 1978, David 

Goeddel and colleagues produced the first recombinant protein, 

human insulin, in Escherichia coli (E. coli) cells [3, 4]. These 

events contributed to the acceleration of the development of 

recombinant DNA technology and gene transfer. 

 

The plasmid resides in the bacterial cell and contains the genes 

that give the host bacterium the ability to survive. DNA carrying 

plasmid (pDNA) is a vector used for gene transfer created by 

recombinant DNA technology [5, 6]. Recombinant DNA 
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technology is a method of gene transfer from a different or same 

organism to another organism. Recombinant DNA allows the 

transfer of large and complex genomes and large quantities of 

DNA sequences are produced. In addition, this technology also 

allows for the modification of complex molecules [2, 7-9]. 

Recombinant DNA Technology includes the basic steps of cutting 

the desired gene with RE, transferring this gene to the vector and 

expression of the DNA fragment into the host cell. [1, 2]. 

 

Nanotechnology which started with Richard Feynman in 1959, 

continued with the synthesis and development of nanostructures 

in 1974 with the contributions of Norio Taniguchi. Recently, 

nanotechnology is used in different scientific fields [10].  

Nanoparticles (NPs) defined their size between 1-100 nm.  

Nanotechnology offers a new non-viral transfer way and has the 

advantage of efficient, easy synthesis and reliability compared to 

conventional therapeutic and diagnostic methods. NPs are 

important for gene therapy and drug delivery to eukaryotic cells 

due to low immunity and safe delivery. Therefore, studies show 

that Nanoparticles with pDNA also have a potential for gene 

transfer[11-16].  

 

1.1. Plasmid DNA 

 

The circular molecule plasmid is found in bacterial cell and its 

structure includes genes associated with the ability to survive [5, 
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6]. The basic structure of plasmid has antibiotic resistance gene, 

origin of replication and multiple cloning sites (MCS). In 

addition, terminator region, inverted repeat (IR), promoter can be 

also added to the structure of the plasmids in accordance with the 

purpose (Figure 1) [17]. pDNA are effectively used for gene 

transfer, gene therapy and product protein. While DNA vaccines 

with pDNA has advantage than recombinant protein vaccination 

because of pDNA allows gene carry into the nucleus of target cell, 

it also has disadvantage as random integration into genome, 

toxicity [13-17]. 

 

 
Figure 1. Basic plasmid structure [13-17]. 
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pDNA, which is a vector, is created by recombinant DNA 

technique (Figure 2). The pDNA inserted into the target cell can 

replicate itself and create dozens of clones [2, 4, 7, 8]. There are 

certain stages in the preparation of the vector with Recombinant 

DNA Technology. DNA isolation is done from the cell for desired 

gene. DNA is isolated by separating from protein, RNA or 

another molecule. Pure DNA can extract various methods such as 

cetyldimethylethyl ammonium bromide (CTAB), salt target 

extraction [2, 5, 18-20]. The desired gene and vector are cut with 

same RE and the parts are completed with sticky ends by cutting 

[1, 2, 9, 21, 22].  

 

Figure 2. Transfer of target gene to plasmid [2, 4, 5, 7, 8, 18-20, 

22]. 
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Whether the gene is inserted into the vector is controlled by 

various methods. For this, the plasmid is transferred to an 

appropriate target cell. All host organisms have strengths and 

weaknesses. Therefore, selection of the right host cell may depend 

on the protein of interest. However, if a protein needs post-

translational modification, bacteria can’t be selected for transfer 

because your modification may not be present in the bacteria [8, 

23, 24]. The Chinese hamster ovary (CHO) is used as a standard 

for recombinant protein production. While CHO has some 

advantages such as rapid growth and adapted culture, it also has 

the disadvantage as the process can take several months [24-27]. 

In addition, yeast cells also have a higher yield of recombinant 

proteins with compared mammalian cells and can secrete 

recombinant proteins into the extracellular environment [24, 28, 

29]. After cell selection, various methods such as electroporation, 

calcium chloride (Ca/Cl2), microinjection, gene gun, nanoparticle 

can deliver the plasmid to the target cell (Figure 3) [17, 18, 28, 

30-33]. In addition nanoparticle as a new technology can use for 

transfer into target cell [34, 35]. After plasmid transfer into the 

cell, it must be confirmed that the correct vector has entered the 

cell. Various types of methods are available for this, such as blue-

white scanning. The blue-write scanning technique is the most 

widely used technique to detect recombinant bacteria (Figure 2) 

[36-39].   
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Figure 3. Various delivery of plasmid into intracellular [17, 18, 

28, 30-33]. 

1.2. Nanoparticles  
 

NPs have been widely used in medicine therapeutic agent, 

energy or industrial. Each of these NPs have its own 

characteristics. For instance, silver nanoparticle can be used as 

sensor material and electronic components [39-42]. NPs can 

target specific membrane protein of target cell. Some research 

determined that they can create complex with plasmid and supply 

DNA transferring as rapid and simple into cell [18, 32, 44-47]. 

Nanoparticle has various structure such as spherocylindrical, 

hemispherical, spherical can be used for transfer [11, 47, 48]. NPs 

can carry not only DNA but also various molecule such us 

messenger RNA (mRNA), small interfering RNA (siRNA) or 

proteins [48]. Recent research reveal that NPs are effective for 
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transfer of pDNA. This transport is a non-viral type of delivery 

[49].  

 

Characteristics of nanoparticle is associated with various 

parameter such us structure, size range, distribution or 

morphology [11, 49, 50]. NPs have low cytotoxicity and strong 

protect the plasmid against enzymatic degradation [34]. There are 

the methods used such as Dynamic light scattering (DLS), Fourier 

transform infrared spectroscopy (FTIR) for characteristic of NPs 

[51].  

 

1.3. Interaction of nanoparticles 

 

NPs can be designed with various molecules. Some polymers 

can combine with nanoparticle and this structure support binding 

of nanoparticle to pDNA. For instance, Polyethyleneimine (PEI) 

and poly-L-lysine (PLL) are polycationic polymers and help the 

nanoparticle for combined with polyanion pDNA. The NPs form 

a polymer interaction using of advantage of electrostatic 

interactions between positively and negatively charge with pDNA 

[11, 34, 48, 49, 52].  

 

1.4. Cellular uptake of nanocomplexes 

 

NPs can enter through the cell membrane and nucleus. There 

are some features such as surface charge and concentration of 
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nanoparticle can affect cellular uptake [53, 54]. Cellular uptake of 

NPs can be ways through endocytic partway such as caveolin-

mediated endocytosis, lipid rafts-mediated endocytosis, clathrin-

mediated endocytosis, phagocytosis and macropinocytosis. Their 

uptake into cells occurs in different ways (Figure 4).  

 

Figure 4. Cellular uptake of nanoparticles with endocytic 

pathway [11,12, 34, 35, 49, 55-57]. 

 

For instance, phagocytosis is the process of uptake of 

pathogens and molecules into the cell, while macropinocytosis is 

an uptake process for extracellular fluid by actin-regulated 

process. Clathrin-mediated endocytosis occurs via receptor-

ligand binding. Caveolin-dependent endocytosis takes by creating 

hairpin-like caveolin coats. Another partway, this is non-
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endocytic cellular uptake mechanism such as fusion and 

penetration. Endocytic partway has disadvantage than non-

endocytic. When nanoparticle pass into cell via endocytic 

partway, this particle can take via lysosome and recently digested 

by hydrolase. As a result, entry into the cell fails [11, 12, 34, 35, 

49, 55-57].  

 

1.5. Transfer of pDNA into target cell by nano-complexes 
 

There are several ways for plasmid transfer via nanoparticle. 

For instance, cationic lipids, cationic polymers, exosomes or 

nano-liposomes can transfer DNA into the host cell. [11, 22, 47, 

58-60]. Various molecules such as PEI, PLL, polyethylene glycol 

(PEG) or chitosan can be combined with the nanoparticle to form 

a complex. These complexes are suitable components for drug 

and gene delivery to target cells and tissues [51, 61, 62]. In 

addition, the nanoparticle with these components is taken into the 

cell by though endocytosis and protects pDNA from enzymatic 

degradation [11, 48, 52, 63].  

 

Prepared NPs have different feature own. For instance, poly 

(hexamethylene biguanide) (PHMB) shows different 

characteristics in size, charge, gene expression efficiency 

compared with PEI analogues. In addition, PHMB particle at pH 

12 is slightly smaller than PEI particle at pH 7.4 [52]. PLL used 

for gene delivery, although more researched and optimized, has 
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low transfection efficiency [64, 65]. Cationic polymer PEI, has 

widely efficient transfection both in vitro and in vivo [64, 66]. 

PEG is an effective polymer for drug delivery. PEG can decrease 

the immunogenicity and increase the systemic circulation time 

[61]. Chitosan nanoparticle (CSNP) is a popular for gene therapy 

and has high transfer efficiency. Chitosan has properties such as 

lower molecular weight and less cytotoxicity [51, 61, 66]. 

Although high molecular weight chitosan forms a compact 

structure with pDNA and low-molecular weight chitosan can 

easily endocytosis, some studies show that high molecular wight 

chitosan also has better in vitro transfection [63, 67-71]. 

Polyamidoamine (PAMAM) has a similar structure to histone 

protein and great potential as a gene delivery vector. PAMAM, 

like others, is used in gene and drug delivery [66, 71, 72]. Some 

research demonstrate that nano-complexes are safety, no adverse 

reaction and no serious cytotoxicity. Nanoparticle with PAMAM 

can combined with pDNA and this complex is efficiently 

transferred to human cell culture and mice [44, 66, 74]. Some 

molecule can preparation together for nanoparticle. For instance, 

TPP nanoparticle consist three molecule these α-tocopherol, PEI, 

PEG. TPP strongly complexes with the plasmid. In addition, TPP 

has strongest transfection at 48 and 72 h compared with PEI [34].  
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Conclusion 

 

New methods developed in recent years create curative effects 

in the nanoparticle transfer system. pDNA can be delivered 

reliably and easily to the target cell via nanoparticles. The 

properties of the components used in the connection of the 

nanoparticle with the pDNA are different from each other. As 

these properties develop, new syntheses emerge that will increase 

the transfer quality. So, developing delivery systems will create 

more efficient and precise results for future gene transfers.  
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Abstract 

 

Model organisms are basic materials for examination cause of 

definite genomic mapping and can differentiate genomic DNA 

fragments. The fundament of their system’s logic is put on DNA 

which we need on the mansion organism’s nucleus DNA. For this 

combination, used gen systems include vectors which have 

antibiotic resistance and promotor sites and linkers. Choose the 

suitable mansion, vector and carrier organism to complete the 

interaction. When the finding perfect match can be product 

protein mediated to gene. 

 

Keywords: recombinant protein, cloning, model organisms, 

Escherichia coli, DNA. 

 

1. Introduction 

 

Model organisms term join our life with large-scale genomic 

sequencing in Human Genome Project. Human Genome Project’s 
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target sequence of the genomics of different organisms and attach 

the database of these consequences for using the future projects. 

The consequences of the Human Genome Project showed model 

organisms used as the reference point for different variant and 

genetic disorder research [1].  

 

Human Genome Project uses yeast cell lines to discover the 

relationship between mammalian cells and yeast cells. This study 

examines a and α factor secretion pathways and coding 

sequences. Yeast cells secrete a factor out of the cell membrane 

and code with the STE6 gene and mammalian cells secrete α 

factor out of the cell membrane similar pathway of a factor and 

coding with mdrI. STE6 and mdrI sequences show us the relation 

and their relatedness. When discovered human metabolism for a 

factor secretion, it had a similar pathway to yeast cell secretion. 

Hence examination of that pathway found the KEX2 gene coding 

this factor. Fundamental different behind the organisms to Arg- 

Lys linkage and this linkage use milestones for future research. 

This examines which included in Human Genome Project, 

unfolds the relation between model organisms and human cells 

[2]. 

 

When the researchers choose the model organisms, they want 

the two elements to this organism. First, model organisms present 

the practice chance for experiments to impractical organism 

research. Human or mammalian experiments not to be able 
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practical much but in these experiments can use model organisms 

for the begin of the research. Second advantage of the model 

organisms, when the researchers work with the model organisms, 

they understand fundamental of genetic and biology easier than 

other organisms [3]. 

 

2. Recombinant Protein Production Methods Applications in 

Model Organisms 
 

2.1. Recombinant protein production in Escherichia coli 

 

E. coli is highly preferred for recombinant protein production 

due to its known to all genetics, culture basically, low time life 

cycle and favourable genetic manipulation [4]. It is also used to 

minimize production costs. In addition, E. coli was the first host 

used to produce recombinant DNA (rDNA) biopharmaceuticals, 

which enabled the validation of Eli Lilly's rDNA human insulin 

in 1982 [5]. Theoretically, the following steps are applied to 

produce recombinant protein; The gene of interest is retrieved, 

cloned into an appropriate expression vector, transformed into the 

host of choice, induced, and then ready for protein purification 

and characterization. In practice, however, setbacks can occur, 

such as insufficient growth of the host, no protein production, or 

formation of inclusion bodies [6]. 
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To prevent these conditions; vector, host strain, culture 

parameters of recombinant host strain can be change and co-

expression can be done [4]. The promoter choose different from 

which the gene of need, will be cloned or changing the fusion tag, 

which affects the solubility of the recombinant protein in the host, 

means changing the vector. For obtaining recombinant proteins 

the pET vector include 6-Histidine tag (His-tag). For this property 

usually the first choice the pET vector for recombinant protein 

production E.coli-mediated. His-tag can be highly expressed with 

strong promoter. When the histidine-tagged gene does not express 

the protein or comprise of recombinant protein forms inclusion 

bodies in cytoplasm, the gene of interest should be cloned into 

different system such as the pGEX system or the GST-Tag or 

pMAL system. It is well known that maltose binding protein and 

GST tags increase fusion protein solubility and gene expression. 

[7-10]. The disadvantage of the pMAL system and the pGEX 

vector is the large sizes of the fusion tag. Provision tags should be 

removed after protein expression and purification, as tags can 

disrupt target protein structure and function [11]. 

 

So many different genetically altered E. coli strain are 

provided from biotech companies. pMAL and pGEX system 

which genes cloned with ‘tac’ promoter, ensure to expressed in 

the cloning host directly. The BL21 strain is commonly choice for 

production systems due to the absence of two major protease 

genes cloned in the pET system with T7 promoter.[4] C43(DE3) 
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strain can be used for the expression for gene such as coding 

globular or membrane protein [12]. 

 

Recombinant E. coli culture status affects gene expression and 

resolution of expressed gene. Recombinant protein solubility is 

increased by reducing the amount of IPTG at low temperatures 

and prolonging induction. Also adding chemical solutions in 

culture medium can induce chaperon expression and thus 

expression of the gene of interest increase [13]. Among the 

inducers that increase the expression and production of proteins, 

factors such as ethanol, heat shock, benzyl alcohol, osmolytes and 

the ionic strength of the buffer can be listed [4]. 

 

Few of the proteins need their counterparts for their stability. 

For this reason, they are either not expressed or immediately 

degrade their counterparts. In this case, proteins that interact with 

or stabilize the protein of interest must be identified. Genes 

encoding these proteins processing include co-expressed which 

compatible the protein of interest [14]. Removal of the signal 

peptide coding sequence also enhances recombinant protein 

expression and stability [15]. 

 

2.2. Recombinant protein production in Escherichia virus T4 
 

Bacteriophages interact can human cells and other organism 

cells on different immune system pathways. The interaction of 
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bacteriophage and immune system present to explain chance viral 

interactions during the experiments. Broadly choose the T4 

bacteriophage for recombinant protein cloning and infection 

which is E. coli mediated bacteriophage to T4. T4 bacteriophage, 

grow up E. coli and purification with affinity chromatography and 

size exclusion chromatography methods which is cheapest way 

for bacteriophage experiments. T4 bacteriophage structure 

include 930 major capsid (gp23) and the centre of main capsids 

around highly immunogenic outer capsids (gphoc) with per 155 

molecules for every gphoc. These two proteins use for 

purification T4 to E. coli [16-17]. 

 

Recombinant protein production strategies mediated by T4, 

basic cloning and recombining technics in literature. Gateway 

cloning strategy using DNA fragments into the cloning vector. It 

helps during the infection of E. coli, carrying inside related gene 

fragments. Inside, have an expression vector for integrating our 

DNA fragment with the E. coli genome. Differently hosted E. coli 

recombinant protein production can’t touch directly bacterial 

genome through this strategy. When they infect bacteria, virus 

particles lysis themselves and integrate the virus genome into the 

bacterial genome which is called bacteriophage. Must have all 

conditions and vectors optimised for E. coli. End of the 

integration successfully, processes going look like E. coli protein 

metabolism pathways and production mediated by E. coli [16]. 
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2.3. Recombinant protein production in Drosophila 

melanogaster  

 

Recombinant protein production in Drosophila melanogaster 

process with cell lines of Drosophila melanogaster. They have 

different type of cell lines and choose for your protein 

stabilization optimized cell line. Animal cell culture lines, very 

sensitive and easy contaminated cell lines like other mammalian 

lines. They need special laboratory conditions which call good 

manufacturing practice for avoid contamination with cross cell-

lines and other microorganisms. In this laboratory has special 

conditions and precautions as researchers as cell lines. These 

precautions include particulars in air then oxygen and pH levels. 

Laboratory conditions optimize for different research and 

different cell- lines growth types [18]. 

 

2.4. Recombinant protein production in Pichia pastoris 

 

Among the heterologous protein production systems, Pichia 

pastoris is a widely used system [19]. In order to overexpress a 

heterologous protein in P. pastoris, homologous recombination 

(HR) is the most used technique. In addition, electroporation is a 

frequently preferred transformation technique [20]. A number of 

P. pastoris promoters are currently associated with its methanol 

utilization pathway supressed by ethanol and glucose, and 

strongly stimulated by methanol [21]. For production aims the 
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most often used promoter is PAox1. Aox1 is encoded by the syrong 

methanol-inducible gene, which naturally occurs at high levels, 

constituting 30% of the total cell protein. Also Aox1 catalyzes the 

oxidation of methanol to formaldehyde. PAox2 which is weaker 

homolog of PAox1, can be used for protein production [22]. 

 

2.5. Recombinant protein production in Nicotiana 

benthamiana  

 

Plant systems present to low maintenance cost and avoid 

human pathogen contamination for protein research. 

Recombination for plant system the human gene must be codon 

optimization cause of different amino acid expression ways. 

Target gene regulated optimize to plant amino acid codon 

expression [23]. Basic cloning and increase processes can be 

mediated E. coli but E. coli can’t into the plant cell for 

recombination. Generally using for recombination 

Agrobacterium tumafaciens into the target gene to plant gene. 

Agrobacterium tumafaciens have T-DNA which can integrated 

plant gene. Later, integration of T-DNA, bacteria create nodule 

for through into the plant cell same as virus genome [24]. 

 

Agrobacterium tumafaciens integration mechanism running on 

step by step. Nodule where on the stem, triggered pathogen 

defense system and secretes phytohormones. Phytohormones 

regulated to gravitation of T-DNAs into the plant cells and 
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optimize to conditions for better integration and recombinant to 

DNA fragments. Care T-DNAs different functional particules and 

support the Agrobacterium Tumafaciens into. During the 

integration, Agrobacterium able supress to Hypersensitive 

Responses (HR) [24]. 

 

2.6. Recombinant protein production in Arabidopsis thaliana 

 

Arabidopsis thaliana is a most used organism for 

developmental and plant biology [25]. The studies related about 

gene expression, post-translational modifications, and protein 

targeting in this organism are well studied. An Arabidopsis-

mediated recombinant protein production systems call as super-

expression system, suitable for biochemical and structural studies 

has been reported by Jeong et al. With this platform, 0.4 mg of 

purified protein could be obtained per gram of fresh weight (FW) 

using a heterologous model protein (mCherry). It has been shown 

that homologous overexpression is beneficial for integral-

membrane proteins, such as oligosaccharyltransferases (OT), that 

contain seven or more subunits that can be assembled on a single 

overexpressed central STT3a subunit [26]. 

 

Arabidopsis provides a number of convenience as a protein 

expression systems especially for Arabidopsis research and it is 

easy to do Agrobacterium-mediated floral transformation [27]. 

All transformed process for produced using this protocol being 
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that represents an independent transformation event.[28] 

Therefore, individual transformants are physically separated from 

each other, and transformants with high expression levels do not 

suffer a competitive growth disadvantage compared to tissue-

culture-based transformation protocols. The cells can be 

maintained in the dark at ambient temperature (25 °C) in petri 

dish-based cell culture systems without the need for a large 

growth space or a sophisticated incubator once they have been 

identified. Prepared cell lines characteristically amount 2 times 

their mass in one week and 20-30 g can be harvested for 

production in laboratory experiments. Secondly, Arabidopsis 

proteins produced in Arabidopsis cells occur proper post-

translational modifications and form active complexes with 

support their native partners, unlike in heterologous systems. 

However, it should not be ignored that these advantages can 

sometimes be disadvantages [26, 29]. 

 

2.7. Recombinant protein production in Saccharomyces 

cerevisiae  

 

Saccharomyces cerevisiae is an eukaryote model organism. It 

is well-understood and allows production of heterologous 

proteins. Saccharomyces cerevisiae present to low cost 

modification and in vitro purification after fermentation with 

ability of post translational modification and secretion [30]. S. 

cerevisiae is suitable for industrial fermentations due to its 
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tolerance to acidic pH, high sugar and ethanol include 

environment, and osmotic pressure [31]. During secretion, 

Saccharomyces cerevisiae frequently hyperglycosylates proteins. 

Leader sequences are frequently mutated and selected to reduce 

unprocessed and hyperglycosylated proteins and to direct proteins 

more effectively into secretory systems. The leader sequence can 

be a native signal peptide, a heterologous secretory peptide or a 

synthetic (designed) leader. It has been confirmed in several 

instances that the alpha factor leader of Saccharomyces 

cerevisiae, which has three glycosylation sites, increases protein 

secretion levels [32]. 

 

2.8. Recombinant protein production in Caenorhabditis 

elegans 

 

Caenorhabditis elegans is a good model organism for learning 

the basics of nematode biology, thanks to its wealth of open 

access informative and experimental resources [33]. C. elegans 

has proved a strong model for the discovery of nematocidal drugs, 

the identification of drug destinations and the identification of 

resistance mechanisms because there are few efficient molecular 

instruments for parasitic nematodes. Compared with other 

eukaryotic organisms that express parasitic proteins 

heterologously, C. elegans has a closer relationship with parasitic 

nematodes. C. elegans has been used in several studies as a proxy 

expression system for study parasite gene function and regulation. 
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Furthermore, post-translationally modified proteins were 

obtained in sufficient quantities in transgenic C. elegans by 

expressing several Haemonchus contortus genes. It has been 

proposed that C. elegans is capable of posttranslationally modify 

proteins using N-glycans that are paucimannosidic, 

oligomannosidic, truncated complex N-glycans, 

phosphorylcholine (PC)-containing and fucose-rich. In spite of 

the fact that some N-glycans are individual to C. elegans, most 

are found in parasitic nematodes, which have antennal 

modifications that have not been detected in C. elegans [34]. 

 

Conclusion 

 

In this book chapter, we mention recombinant protein 

production of different model organisms. Fundamental of used E. 

coli mediated transformation system for different organisms. 

After this section, every organism has different conditions and 

vectorial optimizations to comply with the target DNA and 

recombinant DNA. The integrated DNA fragments are helped by 

restriction enzymes or primers for association target DNA 

fragments and recombinant fragments. In bacterial systems, 

grows up bacteria different mediums depending on the bacteria’s 

needs. On the other side, using the recombinant systems for 

animal systems we must use animal cell lines with special 

condition laboratory conditions. The only matter in these systems 
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is protection from recombinant fragments, optimize with target 

DNA and comfortable conditions for the mansion. 
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Abstract 

 

Cancer is a common non-infectious disease characterized by 

uncontrolled cell growth. Today, cancer is one of the leading 

causes of death worldwide, and its prevalence is predicted to 

increase significantly in the near future. It puts not only 

tremendous pressure on the health systems but also causes 

significant damage to the country's economies. Today, 

applications such as surgical intervention, radiation, and 

chemotherapy are used in cancer treatment, but alternative 

methods have started to be sought due to the many disadvantages 

of these methods. Various synthetic and natural quinones have 

been shown to have anticancer activity in studies conducted by 

the National Cancer Institute (NCI-USA). These quinones have 

chemical structures with many functional groups and the potential 

for cytotoxic activity. The mechanism of action of 

naphthoquinones on cancer cells can be pretty diverse. Some of 

these mechanisms are reactive oxygen species (ROS) production, 

p53 regulation, topoisomerase inhibition, induction of 
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endoplasmic reticulum (ER) -mediated apoptosis, regulation of 

tumor-associated inflammation, and suppression of telomerase 

activity. However, the mechanism underlying the anticancer 

effect of naphthoquinones has not yet been entirely elucidated. 

This review aims to evaluate the anticancer properties of 

naphthoquinones and examine the possible mechanisms of this 

relationship. 

 

Keywords: Anti-cancer effect, cancer, naphthoquinone, reactive 

oxygen species 

 

1. Introduction 

 

Quinones are an essential group of compounds naturally found 

in plants, fungi, and bacteria. It is not found in animals because it 

is synthesized through the shikimate pathway [1]. Quinones can 

be defined as -ortho or -para dione conjugated to an aromatic 

structure. The chemical design of quinones allows them to act as 

electron scavenger agents by interacting with various biological 

molecules in oxidation-reduction reactions [2]. The majority of 

quinones are found in plants as benzoquinone, naphthoquinone, 

and anthraquinone. Naphthoquinones is the most exciting group 

among these groups due to their biological activity and structural 

properties. Naphthoquinones play an essential role as an oxidizing 

agent in many plant families, electron transport systems, and 

oxidative processes due to their easy reduction feature [3]. 
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Naphthoquinones have physiological roles in many biological 

systems. Ubiquinone, plastoquinone, and vitamin K are some 

crucial naphthoquinones [4].  

 

Balsaminaceae [5] , Boraginaceae [6], Droseraceae [7], 

Ebenaceae [8], Juglandaceae [9], Lythraceae [10], Nepenthaceae 

[11], Plumbaginaceae [12] plant families contain considerable 

and diverse naphthoquinone. Throughout history, 

naphthoquinones have been used for many years as a dye because 

of their yellow-brown color and in treating various diseases in 

folk medicine. Today, researchers show great interest in this 

chemical group due to the broad-spectrum biological effects such 

as antibacterial, antifungal, and antiparasitic [4]. 

 

2. ROS Production and Oxidative Stress 

 

Reactive oxygen species (ROS) emerge as by-products of 

metabolism as a result of various biochemical reactions and the 

activities of organelles that use high levels of oxygen, especially 

mitochondria. ROS are partially reduced or excited forms of 

atmospheric oxygen called free radicals due to the unpaired 

electron in their final orbital. [13]. Superoxide anion radical 

(O−22), hydroxyl radical (OH−) and hydrogen peroxide (H2O2) are 

some of the intracellular ROS. The superoxide anion is produced 

by complexes I and III in the electron transport chain.  Since it is 

highly reactive, it can easily pass through the inner membrane of 
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the mitochondria, where it is reduced to H2O2. Peroxisomes 

contain catalase enzyme, this enzyme decomposed H2O2 into 

water and oxygen and rendered ineffective. However, when 

peroxisomes are damaged or the activation of their related 

enzymes is reduced, H2O2 enters the cytoplasm. Here, in the 

presence of reduced metals such as Fe+2, it is transformed into the 

most harmful ROS, OH− radical, by Fenton reaction [14]. ROS 

can also be produced indirectly from the direct interaction 

between active metals and oxygen species by Fenton and Haber-

Weiss reactions or indirectly by activation of enzymes such as 

nitric oxide synthase and NADPH oxidase [15]. 

 

Low ROS concentrations are obligatory for specific functions 

in the cell. Protein folding in the endoplasmic reticulum (ER) and 

controlling caspase activity during apoptosis are examples of 

these functions. However, in some cases, ROS can harm the cell. 

This adverse effect occurs when the balance between intracellular 

concentrations of ROS and endogenous antioxidant capacity is 

disturbed. When this balance is disturbed, molecules such as 

proteins and nucleic acids are damaged [16]. This situation, which 

occurs as a result of the disruption of the balance between the 

formation of ROS and its detoxification, is called oxidative stress 

[17]. 

 

Cancer cells have more metabolic activity and produce more 

ATP than normal cells. As a result of this fact, it has the capacity 
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to produce more endogenous ROS. This high but non-lethal 

concentration of ROS is thought to increase cancer cell survival 

chances and promote tumor growth even while damaging DNA 

[18]. Studies have shown that oxidative balance in cancer cells 

can be used for chemotherapeutic selectivity. Increasing ROS in 

cancer cells can disrupt the oxidative balance, which is already at 

a critical level. Thus, increased ROS level can cause cell death 

[13]. 

 

Quinones can take up a varying number of electrons to form 

semi-quinones and hydroquinone, both of which are highly 

reactive molecules. A reduction of one electron forms a 

semiquinone, while a reduction of two electrons forms a 

hydroquinone [19]. Under aerobic conditions, naphthoquinones 

have single-electron reductions, and the enzyme cytochrome 

P450 reductase catalyzes this process. This reaction is reversible, 

after which the semiquinone can be converted to the quinone. In 

this process, O2 is reduced to form a superoxide anion radical 

(O−22). In anaerobic conditions, two-electron reductions can occur 

[20]. The enzyme responsible for these reductions is NQO1 

(NADPH: quinone oxidoreductase 1), which is abundantly 

expressed in cancer cells [21] These mechanisms are shown in 

Figure 1 [22]. 
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Figure 1. General reduction reactions of quinones and NQO1-

mediated ROS production. 

 

This is one of the mechanisms by which naphthoquinones may 

have an anti-cancer effect. Cytotoxic hydroquinones are formed 

by the reduction of quinones with the NQO1 enzyme. Activation 

of quinones with the NQO1 enzyme has been used to target cancer 

cells [23]. The selectivity of naphthoquinones towards cancer 

cells may be due to the overexpression of the NQO1 enzyme in 

cancer cells because naphthoquinones require this enzyme to be 

biochemically active [24].   

 

2.1. The Role of NQO1 in cancer as a quinone detoxifier 

 

NQO1 enzyme is primarily found in the cytosol that can use 

reduced nicotinamide adenine dinucleotide (NADH) or reduced 
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nicotinamide adenine dinucleotide phosphate (NADPH) as 

electron source. The NQO1 has a vital role in protecting the cell 

against harmful effects of quinones. Quinones are thought to react 

as substrates of this enzyme [25].  Hydroquinones formed as a 

result of NQO1 activity are not always stable compounds. They 

can react with molecular oxygen to form semi-quinones and ROS 

that can cause oxidative stress. [26]. Hydroquinones produced by 

these mechanisms can perform as an alkylating agent that can 

cause irreparable damage to nucleophilic sites, including DNA. 

Anti-cancer agents for NQO1 have been designed to target this 

problem [27]. 

 

NQO1 enzyme is mainly expressed in tissues that require a 

high antioxidant defense. In addition, studies have shown that this 

enzyme is higher in cancer cells than in normal cells. This 

situation suggested that this enzyme could be targeted to provide 

selectivity [28,29]. NQO1 enzyme may have a function for cancer 

therapy with various mechanisms.  The primary function of this 

enzyme is to protect cells from quinone-induced mutagenic and 

cytotoxic effects. It has been observed that any inhibition of this 

enzyme suppresses cell growth. Moreover, NQO1 can also 

activate quinone-like compounds through reduction reactions 

[30]. 

 

The compounds with the naphthoquinone moiety consistently 

display powerful anticancer activity, closely associated with ROS 
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formation and alkylation. Derivatives of shikonin, a natural 

naphthoquinone, exhibit a remarkable capacity to generate ROS 

and increase alkylation levels in biological systems [31]. Nazeem 

et al. have shown that human skin carcinoma cells (α-431 cell 

line) are susceptible to plumbagin, a natural naphthoquinone, as 

it induces ROS production via the cooper redox cycle mechanism 

[32]. Menadione, a polycyclic aromatic ketone, has been shown 

to cause cell damage by increasing oxidative stress and may be a 

promising chemotherapeutic agent in cancer treatment. The 

efficacy of menadione against cancer is partially due to oxidative 

stress via the redox cycle of quinone to generate reactive oxygen 

species [33]. 

 

The action of lapacol is thought to be related to the production 

of ROS by damaging DNA and subsequently inducing apoptosis 

[34]. A study found that lapacol activates caspase-3 and caspase 

-7 and induces mitochondria-mediated cellular apoptosis. In 

conclusion, it has been shown that lapacol might be a potent 

RSK2 inhibitor [35]. 

 

2.2. Regulation of tumor suppressor factors 

 

The p53 factor has been considered a potential target in anti-

cancer therapy studies as it modulates apoptotic pathways. 

Another tumor suppressor, p73, such as p53, acts on the targets, 

p21, and p16inka4 [36]. These factors are usually held at low levels 
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under basal conditions, and their concentration increases when the 

cell is stressed [37]. Moreover, there is the CCAAT box-binding 

protein (ICBP90), a nuclear protein that binds to a portion of a 

known sequence of the gene promoter and promotes the activity 

of topoisomerase IIa [38]. This protein is regulated by the p53 and 

p73 tumor suppressor factors and is thought to be overexpressed 

in several types of cancer [36]. 

 

Ishteyaque et al. observed that lawsone showed cytotoxic and 

anti-cancer activities when studied on human lung carcinoma, 

hepatocellular carcinoma cancer cell lines [39]. In another study, 

Lawsone inhibited SKOV-3 cells by arresting the G1/G0 phase of 

the cell cycle, increasing the expression of p53 and Cip1/p21 and 

subsequently reducing the levels of two essential proteins cyclin 

E and cyclin D1 and inhibited Bcl-2. caused the apoptosis of 

SKOV-3 cells by suppressing it [40]. 

 

In a study, plumbagin promotes cellular apoptosis and 

autophagy in human tongue squamous carcinoma cell (TSCC) 

lines, including P38 MAPK and PI3K/Akt/mTOR mediated 

pathways with the contribution of GSK3ß and ROS mediated 

pathways [41]. Induction of autophagy and apoptosis by juglone 

has been associated with the activation of MAPK family members 

(p38 and JNK) and ROS production [42].  
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Jang et al. have shown that shikonin up-regulates factor p73 in 

human cervical and breast cancer cell lines [36]. Moreover, it has 

also been revealed that shikonin activates the p53 factor as a result 

of DNA damage, decreases the expression of cdk4, and causes 

apoptosis in human malignant melanoma A375-S2 cells [43]. It 

has been reported that plumbagin up-regulates p53 expression, 

causes cell cycle arrest at the G2/M stage and changes the 

Bax/Bcl-2 ratio [44]. In human hepatocellular carcinoma cells 

plumbagin increases the expression of apoptosis markers such as 

caspase-3 and -7 [45]. In another very recent study, a natural 

derivative of juglone was found to induce apoptosis and necrosis 

in some human cancer cell lines in a caspase-dependent manner 

[46]. 
 

2.3. Inhibition of DNA topoisomerases 

 

DNA topoisomerase enzymes are involved in DNA 

replication, transcription, recombination, and chromosome 

separation. All cells contain two major forms of the 

topoisomerase enzyme: Type I cuts single strands of DNA, and 

Type II cuts double-stranded DNA [47]. In a previous study, it 

was found that naphthoquinones inhibited both type I and type II 

topoisomerase enzymes found in eukaryotic cells. Type II 

topoisomerase enzyme is associated with cytotoxicity and has 

become the target of many anti-cancer agents. Topoisomerase 

enzymes are crucial, the balance in its activities must not be 
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disturbed for the cell to be healthy. Disturbance of balance 

induces apoptosis [48]. Especially type II topoisomerase provides 

the protection of the DNA helix by creating temporary breaks in 

DNA in DNA replication, transcription and recombination 

events. Krishnan and Bastow also demonstrated in vitro inhibition 

of type II topoisomerase by α and β-lapachone and identified them 

as irreversible catalytic inhibitors [49]. Although the effect of 

naphthoquinones on type I topoisomerases has received relatively 

little attention, Zhang et al. discovered that shikonin exerted an 

inhibitory influence on this enzyme at low concentrations [50]. 

 

Recent studies have revealed that alkannin and shikonin 

derivatives exhibit antineoplastic effects by inhibiting cancer cell 

growth, inducing apoptosis, inhibiting DNA topoisomerases, 

having antimitogenic effects, and reducing carcinogenesis and 

angiogenesis [51,52,53]. 

 

2.4. ER (Endoplasmic Reticulum) stress and ınduction of 

apoptosis 

 

ER stress is a chronic disruption of the homeostasis of the ER. 

This is caused by the accumulation of abnormal proteins that 

prevent the ER from folding the proteins needed by the cell 

[54,55]. Changes in the Ca+2 level and ROS production in the 

cytoplasm cause ER stress. This can cause mitochondrial activity, 

leading to apoptosis. Shikonin, a naphthoquinone, was found to 



Biotechnology and Application Areas Chapter 4  

89  

cause cell death via ER stress in prostate cancer cell lines. It has 

been proven that it does by affecting the production of ROS and 

increasing the Ca+2 levels in the cell [56]. In addition, in vitro and 

in vivo studies have shown that this naphthoquinone inhibits the 

tumor proteasome, which degrade damaged or unfolded proteins 

[57]. As a result, it is thought that abnormal proteins accumulated 

in the cell may cause ER stress in the cell [56]. In addition to all 

these, another important study pointed out that ER stress poses a 

risk in terms of cytotoxicity because it induces up-regulation of 

the JNK/c-Jun pathway in addition to its anti-cancer effect [58].  

 

Jin et al. evaluated a novel naphthoquinone derivative PPE8's 

capacity to induce ER stress in p53 null H1299 and p53 wild-type 

A549 cells. They showed that PPE8 induced ER stress in p53-null 

H1299 cells. Their outcomes indicate PPE8 as ER stress inducer 

in cells lacking p53, which could be a candidate to treat p53 null 

lung cancer [59]. 

 

Hui et al. demonstrated that shikonin significantly restricted 

the activity of colorectal cancer cells in a time- and dose-

dependent manner. They proposed shikonin could inhibit the 

proliferation of the colorectal cancer cell through the activation of 

ROS mediated-ER stress [60]. 

 

Plumbagin, which also affects osteosarcoma cells; ROS, ER 

stress have been found to activate the apoptosis signaling 
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pathway, eliciting mitochondrial dysfunction and finally causing 

caspase activation [61]. 

 

3. Reported Targets Mechanisms: Recent Developments in 

Anti-cancer Pharmacology of Naphthoquinones 

 

Inflammation is a critical factor in the initiation and 

progression of tumors and leads to tumor metastasis. Genetic and 

epigenetic changes in cancerous cells create an inflammatory 

environment that enables tumor survival and progression [62]. It 

has been suggested that signal transducer and activator of 

transcription (STAT) family proteins, particularly STAT3, 

selectively induce and maintain the inflammatory 

microenvironment during tumor initiation as well as during tumor 

progression [63]. A study suggested that STAT3 may be a target 

in the treatment of cancer even in its chronic inflammatory 

conditions. At the same time, they reported that STAT3 is 

permanently activated in tumor-associated immune cells, 

resulting in the suppression of innate and acquired immune 

responses [64]. 

 

Bhasin et al. studied the synthesis of anthraquinone and 

naphthoquinone derivatives using STA-21 an inhibitor of the SH2 

domain of STAT3, as a model [65]. They tested their 

antiproliferative activity in prostate and colon human cancer cell 



Biotechnology and Application Areas Chapter 4  

91  

lines and obtained promising results, suggesting that STAT3 may 

be one of many targets of the quinone class of compounds [66]. 

 

Joo et al. demonstrated the effect of plumbagin on the STAT3 

signaling pathway in gastric cancer cell lines. They suggested that 

it negatively modulates its activity through phosphorylation 

rather than protein degradation. They also noted that there was 

plumbagin-induced apoptosis in cancer cells [67]. 

 

Tian et al. demonstrated shikonin's role in inhibiting the 

epidermal growth factor receptor (EGFR)- the nuclear factor 

kappa B (NF-κB) signaling pathway on A431 in epidermoid 

carcinoma cells. And shikonin has been reported to reduce the 

phosphorylation of EGFR and STAT3 in a concentration-

dependent manner [68]. In another study in human colon cancer 

cells, Lawsone, a natural naphthoquinone, was shown to delay 

cell cycle progression by inactivating NF-kB and reducing cyclin 

B1 and cdk1 expression without inducing apoptosis [69]. 

 

In a study, Khaw et al. evaluated plumbagin and telomerase 

activity in human glioblastoma multiforme and medulloblastoma 

cells. Plumbagin was confirmed to perform mechanisms such as 

cell cycle arrest in the G2/M phase, suppressing telomerase 

activity, and shortening of telomeres after 15 days of incubation 

with the compound [44]. 
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Lim et al. started researching mucosa-associated lymphoid 

tissue lymphoma translocation protein (MALT1) inhibitors to 

find new drugs to treat diffuse large B-cell lymphoma, one of the 

cancer types. They discovered that 1,2-amino-naphthoquinones 

were suitable inhibitors but could not inhibit the proliferation of 

OCI-LY3 cells (human B-cell lymphoma) in vitro. While testing 

β-lapachone, they found that it is a highly potent MALT1 

inhibitor and a significant cell growth inhibitor [70]. 

 

In a study, plumbagin showed anticancer effects by inhibiting 

proliferation and inducing apoptosis in human esophageal 

squamous cell carcinoma (ESCC) cells in vitro and in vivo. It is 

thought that the reason why Plumbagin exhibits these effects is 

due to the cancellation of STAT3-PLK1-AKT signaling [71]. In 

another study plumbagin significantly inhibited the proliferation 

and invasion of L9981 and NL9980 cells and could be an effective 

treatment for LCLC (large cell lung cancer) by targeting the IL-

6/STAT3 signaling pathway [72]. 

 

Conclusion 

 

Naphthoquinones are a plant-derived biochemically highly 

active chemical group. In this review, the anti-cancer activity and 

mechanisms of naphthoquinones are summarized. In our review, 

the anti-cancer effects of naphthoquinones were discussed by 

increasing the amount of ROS mediated by the NQO1 enzyme, 
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creating ER stress, inhibiting DNA topoisomerase enzymes, and 

regulating tumor suppressor factors. However, its anti-cancer 

activities still need to be fully elucidated. These mechanisms 

might be investigated profoundly in future studies, and a new 

approach to cancer treatment might be developed. 
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Abstract 

 

Biosensors are sensitive scanning methods used to detect and 

monitor a target analyte. In recent years, there has been a 

considerable increase in the need for sensors that can provide 

rapid and accurate measurements in fields including food, 

environment, and health. Whole-cell biosensors are cells that both 

detect and facilitate the creation of signals from the target analyte 

of interest. Cells obtained by genetic engineering techniques are 

used as biosensors in application areas such as drug discovery, 

clinical diagnosis and biotherapy, environmental assessment, 

mineral exploration, landmine removal and food safety. The last 

thirty years have seen a rise in interest in whole-cell biosensors as 

alternatives to electronic or chemical sensors because of their low 

cost, renewable nature, and environmental friendliness. Yeast-

based whole-cell biosensors are biosensors obtained by 

developing yeast cells through genetic engineering techniques. 

Despite the problems that need to be overcome such as the 

determination of the appropriate immobilization method and the 

necessity of some conditions for the survival of the cells, they 
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have very important features such as their capabilities to express 

complex eukaryotic proteins and biosafety compared to other 

whole-cell based biosensors. 

 

Keywords: whole-cell based biosensors, yeast, detection, 

sensitivity, specificity, reporters, genetic engineering. 

 

1. Introduction 

 

Biosensors are cost-effective, convenient, and analytical 

techniques that show high specificity and rapid response. Recent 

advances in nanotechnology have made it possible to create 

efficient and smart biosensors that contain nanoparticles or 

nanocomposites and have superior analytical capabilities [1]. In 

recent years, there has been a significant increase in the need for 

sensors that can provide rapid and accurate measurements. 

Nowadays, biosensors are used in different application areas such 

as disease diagnosis, drug discovery, environmental pollution 

(commonly determining heavy metals), and food safety control 

[2]. 

 

One of the sensitive scanning techniques used to identify and 

monitor environmental toxins, pollutants, and organic or 

chemical markers that endanger human health is the employment 

of biosensors. The transducer, signal generator, and molecular 

recognition layer are the three basic components of a biosensor. 
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A biosensor is immobilized on the surface of the transducer to 

create the molecular recognition layer [3, 4]. For specificity, the 

molecular recognition layer is crucial. In these devices, 

antibodies, aptamers, cell receptors, enzymes, organelles, tissues, 

peptides, microorganisms, or whole cells serve as biological 

recognition elements [5-8]. One of the major challenges in 

increasing the sensitivity of biosensors is the specific binding of 

a target analyte [9]. While protein-based biosensors consist of 

specific enzymes, metalloproteins, and antibodies, cell-based 

biosensors consist of genetically engineered microorganisms [10-

12]. After the target molecule binds to the biosensor, a measurable 

signal is produced by the transducer, causing a change in the 

molecular structure by thickness, weight, refractive index, or 

chemical reaction. In complex samples like blood, cerebrospinal 

fluid, and physiological fluids like urine and saliva, thousands of 

molecules can be selectively recognized by biosensors, allowing 

one or more analytes to be identified, and a quantitative response 

can be achieved [13]. 

 

As one of the most common biological methods to detect 

hazardous substances in the environment, biosensors were 

initially developed using fish, mice, algae, daphnia, and bee 

larvae. However, these organisms are not suitable for rapid 

detection because they have long growth cycles. The systems 

have been made more useful by using the cell-based system in 

toxicity assessment studies. For example, organisms such as 
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Saccharomyces cerevisiae, Vibrio fischer, Escherichia coli have 

been used to detect harmful substances and heavy metals in 

wastewater [14-16]. When comparing the use of animals and 

microorganisms for toxicity, although the microbiological 

method is fast and low-cost, this method has some disadvantages 

such as optical signal insufficiency and detection error, due to the 

insufficient number of cells [17]. 

 

A wide variety of toxins and pollutants such as biocides or 

heavy metals cause many health problems and loss of ecological 

diversity. As the pressure on nature increases due to the lifestyle 

of human beings worldwide and their propensity for consumption, 

the environment has been polluted with highly toxic pollutants 

such as pesticides, toxins, chemicals, heavy metals, and 

endocrine-disrupting molecules [1]. Accurate and rapid detection 

methods must be developed to deal with such threats. Compared 

to other fields, there are more studies on the development of 

biosensors in the field of environmental monitoring [17-20]. 

 

The whole cell-based biosensor was developed in 1990 by 

Sanseverino and colleagues to detect naphthalene [21]. Due to 

their benefits, extensive application areas, and fast and easy 

implementation, microbial biosensors are getting more and more 

attention. Microbial biosensors are widely used for the detection 

of both organic and inorganic toxic substances (heavy metal 

detection in wastewater), evaluation of the nutritional quality of 



Biotechnology and Application Areas Chapter 5  

110  

food products, monitoring of the fermentation process (ethanol 

production), detection of food contaminants, and diagnosis 

patients (hormones, pathogens, DNA). Most cellular biosensors 

detect toxic substances, autoinducers and metabolites 

electrochemically and optically. Electrochemical biosensors are 

mostly preferred due to their ease of operation, high sensitivity 

and fast detection [22, 23]. Biochemical signals received by the 

sensing elements of microbial biosensors are transmitted to the 

transducers by immobilized microorganisms which are obtained 

by chemical (e.g., covalent bonding and crosslinking) or physical 

techniques (e.g., adsorption and trapping) [24, 25]. 

 

There are studies on the development of more portable 

microbial biosensors that can be incorporated into everyday 

technologies (smartphones) used by society [1, 25-27]. In the not 

too distant future, microbial biosensors will take place in our lives 

more and it will be much easier to access these microbial 

biosensors that can be used in various fields. 

 

2. Biosensors 

 

Biosensors are devices or systems that measure biological 

components by using them as recognition elements. These 

biological components can be macromolecules including 

enzymes and antibodies, lipid bilayer, liposomes and whole cells 

[28]. The first biosensor was developed by Clark and Lyon in 
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1962 for glucose detection. In a variety of fields from 

environmental monitoring to public health to food safety, 

biosensors have been studied and developed since 1962 [21]. 

 

Physiological or biochemical changes in analytes can be 

detected, transmitted, and recorded by a biosensor that is 

composed of a bioreceptor, transducer, and signal processor. 

Transducers convert biological sensing elements into electrical or 

electrochemical signals which can be measured mechanically, 

optically, electronically, or electrochemically in response to a 

target component [21, 29, 30]. It is very important to develop a 

low background biosensor with high sensitivity and specificity 

[31]. In recent years, biosensors have been replacing traditional 

analytical techniques such as immunological tests and 

biochemical tests, due to their specific, sensitive, reusable, rapid, 

and multiple analyses capabilities. [32, 33]. 

 

Applications of biosensors include medicine and health, 

pharmaceuticals, environmental monitoring, biological defense, 

and the food industry. In medicine, gases, ions, and metabolites 

in the blood can be quickly measured through biosensors to 

determine the metabolic status of a person. In pharmacology, 

biosensors can play a role in evaluating the biological activity of 

a new compound. Biosensors can also be used to determine food 

quality and safety. In addition, heavy metals, pesticides, 

fertilizers, industrial wastes, toxic components, and biological 
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agents such as bacteria and viruses can be determined by 

biosensors [25, 34-36]. 

 

The main principle of biosensors is that the biological 

recognition element (bioreceptor) is combined with a transducer 

to produce a measurable signal proportional to the concentration 

of the analytes. Recently, whole-cell and cell-free transcription-

translation biosensors have emerged as efficient, cheap, and easy 

alternatives to traditional detection methods. Biosensors convert 

biological responses into physicochemical signals for detection, 

and various genetic reporters have been used to accomplish this. 

Biosensor performance and application success depend on 

reporter gene selection [37]. 

 

Reporter genes act as signal transducers to generate a 

detectable physicochemical signal and they determine the 

sensitivity and detection limit of a biosensor. Biosensor 

specificity is determined by the sensing component, which 

response to analytes. Among the most widely used reporter genes 

are bacterial luciferase (lux), firefly luciferase (luc), β-

galactosidase (lacZ), green fluorescent protein (gfp), and 

calreticulin (crtA).  In addition to these reporters, β-lactamase 

(bla), cyan fluorescent protein (cfp), yellow fluorescent protein 

(yfp) and red fluorescent protein (rfp) are also used as reporters 

[25]. Bioreporters are often considered valuable tools for 

microbiological, toxicological, and environmental research. 
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Bioreporters determine the bioavailability of chemicals rather 

than their quantity. The utilization of bioreporter technology can 

provide fast screening for stress or general toxicity. They can be 

used in smaller-budget laboratories or as alternative analytical 

technology for niche applications [38]. 

 

Upon production of the biological response to the analyte, the 

transducer interprets the response and generates a detectable 

signal. The signal can be correlated with the analyte 

concentration. Optical techniques have replaced electrochemical 

techniques with the adaptation of genetic engineering methods. 

Measurements made using the optical sensing technique are based 

on fluorescent, bioluminescent, colorimetric, or other optical 

signals generated during the interaction of the analyte and the 

microorganisms. For this purpose, colorimetric, fluorescent, and 

bioluminescent reporters are used. The inducible gene and a 

reporter gene are fused in this approach. This inducible gene is 

either activated or inactivated in the presence of a certain analyte. 

The presence of the analyte activates the reporter gene, inducing 

the production of the reporter protein, and an optical signal in the 

form of light is formed. Colorimetric reporters enable converting 

the chromogen substrate to a colored compound. Colored 

compounds could be observed directly with the human eye or a 

spectrophotometer. The first enzyme used to produce colorimetric 

output in biosensors was the enzyme β-galactosidase (LacZ) 

produced from the E. coli lac operon [39]. The enzyme β-
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galactosidase is the most preferred enzyme for both whole-cell 

and cell-free biosensors [21, 37]. 

 

An output actuating module, a sensing module, and a 

computing module are the three components common to both 

whole-cell and cell-free biosensors. Fluorescent reporters have 

been used in many biosensors, such as gene expression studies.  

Characterization has become simpler with fluorescent radiation in 

laboratory settings. Fluorescent proteins can be easily quantified 

using a fluorimeter under specific light stimulation because they 

are relatively stable, mature quickly, and emit light readily. The 

fluorescent optical intensity is directly proportional to the target 

analyte concentration. They can also be used to examine sensor 

cells at the single-cell level by fluorescence microscopy [21]. 

 

The strength of bioluminescence is dependent on enzymatic 

activity rather than protein quantification. Therefore, 

bioluminescence is a more rapid and sensitive method of 

detection. Bioluminescence is the emission of light from living 

organisms and is observed in numerous species, including 

bacteria, insects, molluscs and coelenterates. Bioluminescence is 

a valuable bioanalytical tool used in molecular biology due to its 

high sensitivity and independence from external stimuli. Based on 

biological processes, bioluminescence reporters generate light 

without the use of an excitation light source. The majority of 

whole-cell or cell-free biosensors utilise the bioluminescent 
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molecules bacterial luciferases (LuxCDABE or LuxAB) [40] and 

firefly luciferases (LucFF) [41]. 

 

The recently developed NanoLuc luciferase has become a 

favored bioluminescence reporter for whole-cell biosensors 

because of its small size (19 kDa) and high luminescence activity. 

For on-site diagnostics or field testing, several of these 

bioluminescent biosensors are combined with portable devices. 

One of the technical problems of bioluminescent biosensor 

applications is their low stability under conditions such as 

temperature changes and light exposure. No solution has yet been 

found for this problem. Despite this problem, hybrid devices with 

immobile or microcells such as bacteria, yeast or mammalian 

cells have been developed using new biocompatible 

nanomaterials, and they have been used for drug discovery, 

environmental monitoring, food control and antidoping screening 

[37, 42-45]. 

 

Enzymes are widely preferred in biosensor construction due to 

their high specific activity and analyte sensitivity. Some enzyme-

based biosensors such as alcohol oxidase-peroxidase coupled 

systems and alcohol dehydrogenase have been developed. 

However, enzymes need to be purified in the production of 

enzyme-based biosensors and the purification process is a very 

costly application. In addition, to form detectable products, many 

enzymes or cofactors, or coenzymes are often needed. 
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Microorganisms have been suggested as an alternative to these 

bottlenecks. All microbial sensors can be easily and affordably 

produced since enzyme purification is not required, and enzymes 

are usually more stable in their native environment in the cell. 

[46]. 

 

Enzymes, antibodies, microorganisms, plant and animal cells 

or tissues are biological components used in bioreceptors, and the 

importance of these components depends on their interaction with 

analytes, meaning these components must be highly specific to 

minimize their interaction with other substances. Despite the fact 

that enzymes are the most commonly utilized due to their 

specificity, safety, and sensitivity, they are very expensive, time-

consuming, and inactivate after a short period of time, and they 

are not appropriate for an in vitro operating environment. 

Therefore, interest in microorganisms (e.g. bacteria, microalgae, 

fungi, yeast, and virus) as bioreceptors has increased due to their 

advantages such as low cost, rapid response, portability, and the 

ability to detect various chemical substances due to their large 

number of enzymes [24]. In addition, microorganisms have wide 

pH and temperature ranges, they can be easily grown in cell 

culture, modified genetically, and have better vitality and stability 

in vitro which can enhance and make simpler the performance of 

the biosensor. As a biosensor, microorganisms have great 

advantages with their short life cycles and capacity to adapt to 

their environment, and ability to become better at degrading novel 
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compounds over time (i.e., evolvability, robustness). On the other 

hand, cellular biosensors have disadvantages such as low 

selectivity and longer response time compared to enzyme-based 

biosensors. In addition, to maintain living cells in their 

metabolically active form, a suitable immobilization approach 

should be applied. [25, 46]. 

 

3. Whole-Cell Biosensors 

 

“Whole-Cell Biosensors” is a term that has come from the late 

1980s to the present day [47]. Because of their high sensitivity 

and specificity, enzymes have become the most preferred 

biomolecules for biosensor development. However, they have 

some negative aspects such as high purification cost, sensitivity 

to temperature and pH changes, and loss of activity during 

immobilization. With the development of cell-based biosensors, 

which are more durable biosensors, these negative features have 

disappeared. Cell-based biosensors can detect a range of 

biochemical changes, and they use a transducer to convert this 

biological response into a visible signal. Whole-cell biosensors 

can detect and quickly analyze a broad spectrum analyte. In 

addition, whole-cell biosensors are more cost-effective 

biosensors compared to conventional biosensors. The whole-cell 

biosensors have the advantages of high selectivity, enhanced 

sensitivity, and in situ detection. Therefore, they could be utilized 
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efficiently in pharmacology and drug screening, environmental 

monitoring, and food analysis [21].  

 

The naphthalene detection study by King and colleagues in 

1990 was one of the earliest examples of how genetic engineering 

may be used to convert bacteria into living sensors [48]. In their 

study, they fused the luxCDABE gene from Vibrio harveyi, which 

is a bacterial bioluminescence gene, with an expression promoter 

induced by naphthalene, and they inserted these fusion genes into 

Pseudomonas fluorescens. They used immobilized bacteria to 

produce a fiber optic biosensor that detects naphthalene and 

salicylate [49]. Using the approach of fusing an inducible 

promoter and a promoterless lux gene, biosensors used in the 

detection of many metals such as mercury, aluminum, arsenic, 

cadmium, copper, and zinc were developed in the 90s [28]. Since 

the first whole-cell biosensor was developed nearly 30 years ago, 

there are many studies on obtaining genetically modified 

microorganisms for detection and reporting. 

 

Whole-cell biosensors consist of a unit in which cells are 

immobilized and placed and a biological response transducer. 

These cells might have a genetic modification or a reporter gene 

that naturally replies to the target analyte. The other unit is the 

detection unit, and detection is performed using optical and 

electrochemical techniques [21]. All cells, eukaryotic or 

prokaryotic, can be used as reporters in which both biological 
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receptor and transforming elements are combined [50]. For the 

purpose of making it more sensitive or involving different 

reporters and transducers, it is possible to genetically modify cells 

or microorganisms used as whole-cell biosensors. [51]. 

 

In the classical technique, a promoterless gene expressing an 

easily detectable protein is fused with natural regulatory 

sequences (transcription regulator promoter/operator) in a 

microorganism. When the promoter interacts with an analyte, it is 

activated by the transcription regulator and leads to the expression 

of the reporter gene, which gives a detectable, interpretable output 

signal [38]. In whole-cell biosensors, the selection of the reporter 

gene and the sensitivity and selectivity of the molecular 

recognition system is crucial in the binding of the target 

component to the reporter gene. 

 

The analyte causes the target gene to be activated, thereby 

expressing the reporter protein. This response is transformed into 

a detectable signal via the transducer [21]. The whole-cell 

biosensor consists of three modules, which are a signal input 

module, a regulatory module, and a signal output module. In the 

signal input module, the target analyte is detected as a stimulus. 

The regulatory module consists of a promoter connected to the 

signal input module and generates the response. The signal output 

module enables the resulting response to be detected, recorded, 

and quantified as a signal (Figure 1) [52, 53]. 
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Figure 1. Illustration of genetically engineered yeast-based 

whole-cell biosensors [21]. 

 

Whole-cell biosensors have recently received a lot of attention 

due to their properties. Whole-cell biosensors can be highly 

customizable by genetically modifying the sensing element. Cells 

are more stable than enzymes with their small size and ability to 

survive in different environmental conditions, being miniaturized, 

and long-term use that allows portability. However, cell viability 

which depends on the availability of nutrients and environmental 

conditions (pH, temperature, ionic strength) are significant 

limitations [54]. 

 

There are many different types of electrochemical biosensors, 

but enzyme-based biosensors are the most popular [55]. However, 
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the high purification cost and poor stability of enzymes lead to 

disadvantages to producing on the large scale and implementing 

practically these enzyme-based biosensors. Therefore, the 

development of electrochemical whole-cell biosensors based on 

surface display technology has been the focus of many studies, as 

they can overcome the limitations associated with enzyme-based 

biosensors [56]. 

 

Target proteins can be expressed on cell membranes with the 

surface display and this technique can be applied to virtually any 

biological entity, from viruses to mammals. Drug screening, 

library screening, biosensors, biocatalysts, and quantitative 

testing are just a few applications of this technique in biotechnical 

and biomedical fields A major role in cell signaling is played by 

membrane proteins. Signaling molecules are also recognized by 

biosensors in the same way as molecules are recognized by 

membrane receptors. In the surface display, proteins that are 

designed by using membrane protein and protein engineering 

techniques could be placed on the cell surface. As different from 

the general protein expression mechanism, membrane protein-

bound proteins are located on the surface of the cell. The main 

target of surface display is affinity proteins, and these proteins 

could potentially be used as molecular recognition components 

[13]. 

Cell immobilization is crucial to successfully functionalize 

whole-cell based biosensors. Long-term stabilization of cellular 
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activity can be ensured by immobilization. The sort of cell, its 

features, and the biosensor development type are important 

factors in the selection of immobilization type. When producing 

a biosensor, the immobilization of the microorganism must be 

stable and effective, not affect cellular activity, and be easy to 

employ. Various chemical and flocculant agents can be used in 

immobilization. Most microorganisms naturally have the ability 

to attach to the surface and then reproduce on the surface [57]. 

There are numerous methods for immobilization, including 

covalent bonding, encapsulation, cross-linking, adsorption, and 

capture. Researchers are developing various immobilization 

methods for the increased stability and performance of the 

microorganism. For example, using a cellulose nitrate membrane 

and a microencapsulation method for heavy metal detection, 

Aliivibrio fischeri was immobilized [21, 58]. 

 

3.1. Types of whole-cell biosensors 

 

Whole-cell biosensors may be based on bacteria and 

eukaryotic microorganisms such as animal tissues, yeast and 

microalgae. The detection of environmental pollutants, food 

quality, disease-related compounds, and pathogenic bacteria are 

some of the major applications of biosensors. Each kind of 

microorganism used in biosensors has advantages and 

disadvantages to detect analytes of interest. Moreover, there is an 

increasing trend to apply genetic modifications in the 
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development of whole-cell biosensors owing to the potential for 

portability and high-throughput analysis [1, 25]. Host cell 

selection is the most important step for biosensor development. 

The cell type used to detect analytes determines the sensitivity, 

specificity, and response time of a biosensor. There are also 

studies in which the presence of heavy metals and toxic 

substances is determined by using different mammalian cells [21, 

59-61]. However, bacteria, microalgae, and yeast-based 

biosensors are frequently preferred whole-cell biosensors because 

they are more durable. 

 

3.1.1. Bacterial whole-cell biosensors 

 

Bacteria have advantages such as low cost, rapid replication 

ability, susceptibility to genetic manipulation, and fast replication 

time and allow the development of biosensors that can respond to 

different analytes. 

 

In general, whole-cell bacterial biosensors are based on 

bacteria genetically engineered to produce measurable signals 

(eg, light) and to respond in a particular way to a particular analyte 

[37]. Bacterial whole-cell biosensors show reproducibility and 

high stability. Bacterial whole-cell-based detection systems are 

suitable for inclusion in portable devices with their replication, 

high throughput, and miniaturization features. However, despite 

being relatively robust, bacterial whole-cell biosensors can be 
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affected by environmental changes as the expression of the 

reporter protein relies on cell growth [19, 62]. 

 

It is possible to display affinity proteins and active enzymes on 

the surface of bacterial cells.  The target protein's size is 

unrestricted in the bacterial surface display. For these reasons, 

peptide or antibody libraries displayed on bacterial surfaces can 

be useful in biosensor applications [13]. 

 

Based on the physiological response of bacterial 

immobilization in a membrane or gel matrix delivered to a 

sensing device, many bacterial biosensors have been developed. 

To perform a faster, more accurate, and selective analysis, 

bacterial biosensors have recently been developed by integrating 

a reporter gene with an analyte-detecting component. Generally, 

the mechanism by which a bacterial biosensor detects analytes is 

provided by the binding domain of the DNA promoter region, or 

transcription factors, which directly suppress or induce reporter 

gene expression. Then the output of detection events is converted 

into a reporter protein, which can be assessed in the assay 

(coloration, luminescence, fluorescence) [25, 63]. 

 

There are many studies with bacterial whole-cell biosensors. 

Wen et al. developed a biosensor for methanol detection. They 

immobilized Methylobacterium organophilium on the eggshell 

membrane with gold nanoparticles (AuNP) and detected the 
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presence of methanol by the respiration of bacterial cells. This 

biosensor provides a reliable and simple method with high 

selectivity to determine the methanol content in samples [46]. 

 

Heavy metals are direct or potential hazards that threaten the 

health of all living organisms, including humans, through 

bioaccumulation. There are many studies on bacteria-based 

biosensors developed for heavy metal and toxicity determination. 

The increase in pollutants discharged into the sea has led to 

serious marine pollution [64]. Based on exposure studies with 

marine species such amphipods, fish, copepods, and shrimp, 

numerous techniques have been developed to determine the 

toxicity of marine pollutants [65, 66]. These techniques, though, 

are time-consuming, expensive, and difficult. Additionally, they 

are unable to respond quickly to emergencies, particularly when 

there has been accidental marine pollution. Therefore, there is a 

need for a faster, more reliable, highly efficient, and sensitive 

method for the assessment of the overall toxicity of pollutants in 

the marine environment. According to this need, a salinity-

tolerant bacterial whole-cell biosensor (Acinetobacter baylyi 

Tox2) has been developed to rapidly detect cytotoxicity in heavy 

metal-contaminated seawater. Acinetobacter baylyi ADP1 

bacterium was used, which shows metabolic versatility, easy 

cloning, and resistance to environmental changes. Acinetobacter 

baylyi Tox2 biosensor works on the principle of bioluminescence. 

A. baylyi cells contain the plasmid pSB417 (pWH1274_lux) 
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carrying the LuxCDABE gene cassette and this gene is controlled 

by promoter Ptet expressed constitutively. The biosensor's 

bioluminescence intensity reduces proportionally according to the 

concentration of toxic chemicals.  To detect genotoxins in soil and 

groundwater, various biosensors have been also developed by 

using A. baylyi ADP1 [18, 67, 68]. 

 

Wong and colleagues developed a biosensor for the detection 

of Lead-Pb(II), Cadmium-Cd(II) and Copper-Cu(II) by 

immobilization of Anabaena torulosa on a cellulose membrane. 

The toxicity of the heavy metal inhibits the photosynthetic 

activity of these cyanobacteria, causing quenching of the 

fluorescence [69]. 

 

Arsenic is one of the most toxic metals in the form of arsenite 

(AsIII). Water used for food preparation, irrigation, and drinking 

is assumed to be contaminated. If it is found more than the level 

determined by the World Health Organization (WHO) (10 μg/L), 

it becomes dangerous for human health [54, 102]. Also, mercury 

is a dangerous analyte. The divalent inorganic form of mercury 

(Hg(II)) is poured into the water as industrial waste and 

accumulates above the WHO threshold of 1 μg/L, becoming toxic 

and causing severe neurological disorders, kidney damage, and 

skin rashes. Sciuto and colleagues developed a whole-cell-based 

miniature electrochemical biosensor for the detection of heavy 

metal ions (As(III) and Hg(II)) in water. The system comprises a 
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whole-cell based on E. coli and two advanced sensing modules, 

which they composed of three microelectrodes, an 

electrochemical miniature silicon device, and a portable reading 

system [54]. 

 

Furthermore, Jia and colleagues developed likewise a bacterial 

whole-cell biosensor with a positive feedback amplifier for 

sensitive, highly specific, and rapid determination of arsenic 

concentration in drinking water. The biosensor is sensitive 

enough to detect arsenic concentration below the WHO limit level 

(0.01 mg/L or 0.13M), such that the biosensor can detect arsenic 

concentrations up to 0.1 µM. In this study, genetic engineering 

techniques, especially positive feedback amplifiers, were used in 

the design of whole-cell biosensors. The arsenic resistance operon 

of E. coli includes arsR (transcriptional regulator), arsB (arsenide 

permease) and arsC (arsenate reductase). The transcription 

regulator ArsR binds to the ArsR binding site (ABS) within the 

ars promoter in the absence of arsenic and prevents transcription. 

In the presence of arsenic, arsenic binds to ArsR and alters the 

promoter's structure to activate the transcription of ars genes and 

clear arsenic from the cell [70]. The positive feedback amplifier 

amplifies significantly the output signal from the reporter 

mCherry. The arsR regulator and promoter of this operon have 

also been utilized to generate whole-cell biosensors capable of 

detecting arsenic in various microorganism hosts [19, 29, 71]. 
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In the study of Riangrungroj and colleagues, E. coli whole-cell 

biosensors were developed to detect 3-phenoxybenzoic acid (3-

PBA), a biomarker for screening synthetic pyrethroid insecticides 

that are harmful to human health but widely utilized worldwide 

for household applications and insect control in agriculture. Since 

pyrethroid insecticides degrade fast and have short half-lives, it is 

challenging to quantify their amounts directly in human samples 

(2.5-12 hours in plasma and ~6 hours in urine). Therefore 3-PBA 

which is a common primary metabolite in the degradation of 

insecticides is measured. The biosensor in this study works on the 

ELISA principle and uses the whole-cell surface exhibiting an 

anti-3-PBA as the sensing part. Cross-linking occurs when 

biosensor cells are mixed with 3-PBA-protein conjugate. Free 3-

PBA in the samples leads to a color change through the expression 

of the detectable purple-blue amylCP chromoprotein in the output 

by competing with these crosslinks. Riangrungroj et al. reported 

that the biosensor cells used in this study could be stored without 

function loss for at least 90 days by lyophilization, and this would 

make it possible to produce the whole-cell biosensor in advance 

in a central location, store it, and then distribute when it needed. 

They also stated that it exhibits stable function in complex 

samples such as synthetic urine and plasma [72]. 

 

The development of a fluorescent biosensor in genetically 

modified Pseudomonas aeruginosa allowed for the detection of 

perfluorinated substances (PFOA and PFOS), also known as 
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pollutants with endocrine disruptors [73]. According to the 

findings from the previous studies, bacteria-based biosensors that 

use genetically modified E. coli can detect 2,4-dinitrotoluene 

(DNT) vapors and 2,4,6-trinitrotoluene (TNT)-included 

landmines at the micromolar detection threshold [74, 75]. 

 

Siedler and colleagues developed a p-coumaric acid sensitive 

biosensor based on a co-culture of E. coli and Bacillus subtilis to 

monitor the production of p-coumaric acid, known as a phenolic 

acid with a wide range of biological activities such as anti-cancer, 

antimutagenic, antioxidant, antiplatelet, anti-inflammatory, and 

anti-ulcer [76]. In another study, a bioluminescent E. coli 

biosensor was developed for the detection of gastrointestinal 

biomolecules related to gastrointestinal health problems [77, 78]. 

 

Bacterial whole-cell biosensors, which are mentioned above 

and used in different fields such as food, environment, and health, 

are only a few examples of many studies carried out to date. Much 

more bacterial whole-cell biosensor studies will be carried out in 

the future with the ease of use and suitability for genetic 

manipulation and the development of the technology used in 

signal conversion. 
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3.1.2. Microalgal whole-cell biosensors 

 

Compared to other microorganisms, microalgae adapt to 

various environmental factors, which reduces their susceptibility 

to physicochemical changes. Microalgae are also widely 

distributed in nature and are highly sensitive to toxins [79, 80]. 

Microalgal-based biosensors include benefits including ease of 

genetic alteration, simplicity, high sensitivity, cheap cost, 

sustainability, and adaptability [81, 82]. Numerous parameters 

including fluorescence induction, photosynthetic activity, growth 

rate, and metabolism related to the inhibitory effects of analytes, 

are assessed electrochemically or optically [83]. The 

electrochemical method enables more complicated matrices, 

whereas the optical method has a higher sensitivity level [84]. 

Microalgae biosensors are becoming increasingly popular to 

monitor volatile organic compounds, heavy metals, and other 

pollutants in marine. 

 

Nowadays microalgal nanoparticles are also used to remove 

heavy metals [85]. Due to their robustness and adaptability to 

extreme conditions, Chlorella, Chlamydomonas, Arthrospira, 

Nannochloropsis, and Scenedesmus sp. are among the various 

microalgae used as biosensors [86, 87]. Wong and colleagues 

used microalgae to detect heavy metals in water [88]. In another 

study, C. vulgaris was utilized in a bioelectrochemical platform 

to detect oil spills in marine and aquatic habitats [89]. Microalgae, 
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as photosynthetic microorganisms, have been used to detect toxic 

chemicals in water because of their sensitivity and rapid response 

(2-4 hours) compared to a growth rate-based detection (48-96 

hours) [83]. The detection of lead toxicity in the marine 

ecosystem has been accomplished by using a Nitzschia closterium 

biosensor based on chlorophyll fluorescence parameters [90]. 

 

3.1.3. Yeast-based whole-cell biosensors 

 

Yeasts are single-celled eukaryotes, 10-20 μm in size. They are 

easily cultured and have the ability to multiply rapidly. Thanks to 

their metabolic activities, yeast can identify molecules that are 

difficult to detect by converting them to simpler ones. Fungal 

biosensors have several advantages over bacteria-based or other 

microbial biosensors [91]. 

 

Yeast, a eukaryotic organism, has similar metabolic activities 

as higher eukaryotes. Most eukaryotes use particular receptors 

and signaling pathways (MAPKs) [92]. Yeasts are highly 

sensitive and reproducible organisms. Yeasts can be rapidly 

grown in an inexpensive medium. A wide range of temperatures 

can be tolerated by these organisms. In addition, they could be 

frozen or dried for storage and transportation. The cellular 

properties of yeasts and their transport and protection possibility 

make them biological models for the development of biosensors 

[93]. 
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The selection of yeast cells allows the use of non-animal 

models or the screening of therapeutic molecules to detect the 

potential toxicity of a wide variety of compounds. Because of 

culturing easily and being susceptible to genetic change, yeasts 

have been widely used as biological components of biosensors 

since the 1970s [1]. Yeast-based biosensors have attracted 

attention due to the fact that yeasts are eukaryotic cellular models, 

they are long-term in a relationship with humans and they can 

withstand harsh conditions. Additionally, it is a significant 

advantage that we have deep genetic and technological 

knowledge about them. In biosensors, yeast cells can not only be 

used with their metabolic transformation abilities and growth rate 

but also can be used to monitor target analytes by genetic changes. 

 

Yeast reporters mostly are based on reporter gene expression 

controlled by inducible promoters. Specific transcription factors 

activate these inducible promoters under certain conditions. 

Growth rate variation, fluorescence, luminescence, and 

colorimetry are among the detection methods of yeast biosensors 

[91]. In yeast-based whole-cell biosensors, genetically modified 

yeast cells detect a particular molecule or compound and produce 

a fluorescent or bioluminescent response in response. Generally, 

the heterologous gene is transferred in yeast cells, giving the cell 

the ability to recognize target molecules. The exogenous sensor 

protein directly or indirectly activates the reporter gene 

generating a metabolic, colorimetric, luminescent, or fluorescent 
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signal. These sensor proteins may be membrane-associated 

receptors or channels, direct transcription factors or intracellular 

signaling pathway members [1, 94, 95]. Yeast cells have been 

used to detect a wide variety of analytes, including glucose, 

copper ions, hormones, toxicants, and antibiotics. Detection of 

large numbers of substances in their environment is usually by 

binding transcription factors to responsive elements. Marker 

proteins, e.g. fluorescent proteins are produced in the presence of 

the analyte, resulting in an easy-to-follow read signal [96]. 

 

Miller et al. stated that yeast-based whole-cell biosensors are 

portable and inexpensive analytical devices, but readouts of the 

output signal by yeast biosensors require expensive equipment. 

They aimed to develop a reporting system that does not need any 

additional chemicals or equipments. They designed a yeast 

biosensor that converts the input signal to a unique odor as the 

output signal, very different from other detection methods. They 

identified an odorant detection system sensitive to the hormone 

estradiol (E2). This study demonstrates that odor-based reporters 

in yeast-based whole-cell biosensors have the potential to meet 

analytical needs in technology-limited environments [97]. 

 

Multiple proteins could be presented on the surface of 

microorganisms like bacteria and yeast owing to the surface 

display, which is a powerful technology [98]. Yeast surface 

display is a whole-cell platform to express immobilized 
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heterologous proteins on the yeast cell surface. Yeasts are 

advantageous in that they have eukaryotic mechanisms such as 

post-translational modifications, protein folding and 

glycosylation of proteins. In addition to these features, it allows 

protein immobilization and recovery in the production of 

biosensors with the ease of cell culture and genetic manipulation. 

Proteins displayed on the surface of yeast cells could exhibit high 

stability to pH, proteases, temperature, and organic solvents. 

Yeast surface display can be utilized for protein-protein 

interactions, antibody design, and recombinant protein studies 

[99]. Yeast surface display is advantageous for imaging complex 

proteins of eukaryotes that had high molecular weight or required 

post-translational modification [100]. 

 

Boder and Wittrup pioneered yeast surface display and they 

used the Aga1 and Aga2 subunits of α-agglutinin enzymes to 

anchor the target enzyme to the cell wall in Saccharomyces 

cerevisiae [101]. When enzymes bind to the yeast cell surface, 

they can be used directly to enzymatically react with substrates, 

without the need for their purification. Thus, the cost of preparing 

enzyme-based biosensors is significantly reduced. Also, the 

stability of enzymes can be maintained by the surface of yeast 

cells, which provides a biocompatible microenvironment. In 

another study, it was stated that the presence of anchored 

cholesterol oxidase and glucose dehydrogenase on yeast cell wall 
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had the potential to develop electrochemical biosensing platforms 

which can detect cholesterol and blood sugar levels [56]. 

 

In terms of genetic engineering and safety, yeast cell surface 

display is more advantageous than bacterial surface display. A 

yeast cell can display a complex eukaryotic protein on its surface 

and also, yeast cells are widely used in the pharmaceutical and 

food industries due to their safety [13]. S. cerevisiae is the most 

preferred host for whole-cell biosensor development. Some other 

yeast species such as Hansenula polymorpha, Kluyveromyces 

fragilis, Kluyveromyces marxianus, Pichia pastoris and Arxula 

adenivorans are also used as hosts for biosensor development [1]. 

 

Bioassay and biosensors based on yeast cells are used in 

various application areas such as environment, food and health [1, 

25]. Examples of yeast whole-cell biosensor studies used in these 

areas are given below. 

 

3.1.3.1. Studies in environment and heavy metal detection 

 

As a result of industrial developments and human activities, 

heavy metal pollution is among the causes of cancer, 

neurodegenerative and metabolic diseases, and it is one of the 

problems that should be prevented in the environmental field. 

There is a need for inexpensive and portable technologies that can 

be used to identify threats to the environment and human health. 
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To specifically and sensitively detect toxic heavy metal ions, 

whole-cell biosensors have recently been developed [19]. Yeasts 

are excellent cellular models for detecting harmful chemicals and 

organic pollutants.  

 

In biosensors produced against heavy metal pollution, 

regulatory elements from a heavy metal resistance operon bind to 

a reporter gene that can produce detectable responses such as 

fluorescent, luminescent, or enzyme, and the detected signal 

strength from the reporter is proportional to the concentration of 

the heavy metal [19]. 

 

Lehmann et al. have developed the Saccharomyces cerevisiae 

biosensor that uses the copper-sensitive promoter PCUP1, which 

activates the lacZ reporter, to detect Cu(II), but its sensitivity has 

remained very low [103]. In order to detect Cu(II) ion, Δade2 

yeasts were developed that produce red pigment by expression of 

ADE5 and ADE7 under the control of PCUP1 [104].  Yuan and 

colleagues developed a yeast-based cell sensor with higher 

sensitivity than other methods and detectable in situ for Cu(II) ion 

detection using the galactose-inducible (GAL) system [105]. 

Silver nanoparticles (AgNPs) are increasingly applied in many 

fields, and Sun and Wang developed yeast-based biosensors to 

measure Ag+ ions using silver nanoparticles in their work [106]. 

In another study, they developed a biosensor that can detect Zn(II) 

ions fluorescently using adenine mutant yeasts [12]. 
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Yeast cells as biosensors have great potential in detecting the 

cytotoxicity of wastewater. Yeast-based bioassays are used to 

investigate the presence of pesticides and their endocrine 

activities in environmental samples such as wastewater effluents 

[107, 108]. Gong et al. developed a whole-cell biosensor by using 

Saccharomyces cerevisiae to detect heavy metals and the toxicity 

of chlorothalonil. This biosensor is based on the effect of 

inhibition of the metabolism of yeast cells by toxic substances 

[17]. 

 

3.1.3.2. Studies in food safety 

 

Both producers and consumers give a high priority to the safety 

and quality of food produced in the food industry, since it may 

cause health problems. A Saccharomyces cerevisiae-based 

electrochemical-impedimetric biosensor was developed by 

Štukovnik and colleagues for the detection of caffeine. 

Conventional methods used to detect caffeine (immunoassay, 

thin-layer chromatography (TLC), and high-performance liquid 

chromatography-mass spectrometry (HPLC-MS)) are expensive 

and complex, as well as disadvantageous due to the laborious 

sample preparation step. The developed biosensor provides a 

suitable alternative to detect caffeine in foods, drinks, and drugs 

with its robustness, low cost, low detection limit, and time-saving 

properties [2]. 
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3.1.3.3. Studies in health 

 

Yeast has been used as a model for a variety of diseases 

because it shows many of the essential processes found in nearly 

all higher eukaryotes, including humans. The use of yeast as a 

biosensor has been beneficial to a wide range of research, from 

understanding the pathogenesis of disease to studying new drugs 

[1, 91, 95]. 

 

Miller et al. developed the first whole-cell yeast biosensor 

immobilized on a portable paper substrate for pharmaceutical 

detection. In order to use in environments where technology is 

limited, they have produced a fluorescent-based whole-cell yeast 

biosensor and an inexpensive and portable device that can read 

the fluorescent signal [109]. In another study, they used the 

engineered S. cerevisiae to develop a cost-effective and simple 

paper test strip biosensor for the detection of the doxycycline 

physiological concentration in both bovine and human serum 

[97]. Cottier et al. developed a cellular assay using S. cerevisiae 

that detects a typical protease activity of human cytomegalovirus 

(HCMV), a sample of yeast-based biosensor directly related to 

human health [110]. 

 

Yeasts are highly flexible microorganisms for designing 

whole-cell biosensor systems, not only because their genome is 

amenable to modifications, but also because it has some 
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characteristic features, such as the ability to survive with 

defective mitochondria [95]. Yeast biosensors can be used as 

biosensors to study chemicals that are unique to yeast and that 

may alter mitochondrial health status which cannot be 

accomplished in any other system. In a study by Dhakal and 

Macreadie, they found that tyramine impairs respiratory growth 

in yeast cells in the presence of amyloid-β. They utilized the 

growth properties of yeast for the identification of compounds 

that could alter mitochondrial health [95, 111]. 

 

Yeasts have been used to detect many chemicals such as 

various carcinogens, polycyclic hydrocarbons, and mycotoxins. 

Bui and colleagues developed a yeast-based biosensor that detects 

carcinogens in environmental samples [112]. Becker et al. used 

yeast cells to detect the toxin ricin, which is used as a deadly 

poison and biological warfare agent by terrorists [113]. 

 

Defects in human matrix metalloproteinases cause diseases 

such as cardiovascular problems and cancer. Specific matrix 

metalloproteinase inhibitors are potential targets for treatment 

development. Diehl et al. developed Pichia pastoris yeast strains 

expressing human matrix metalloproteinases for the identification 

of inhibitors of matrix metalloproteinases [114]. 

 

Various signals, including chemical compounds and light, are 

sensed by eukaryotic cells using G-protein coupled receptors. To 
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build yeast-based biosensors, it is used the G-protein coupled 

receptors' sensing capabilities. Using the various signal 

perception ability of G-protein coupled receptors, this technology 

can be extended to detect a large number of compounds. In yeast-

based whole-cell biosensors, Miettinen et al demonstrated the 

utilization of GPCRs as detection components. It is possible for 

mammalian cell systems to be affected by the off-target effects of 

drug precursors, but a yeast-based system can help direct the 

drug's action to the receptor directly. Due to the yeast-based 

nature of the biosensor, it is less likely to be affected by toxic 

compounds than animal cells [31]. 

 

The biosensors based on yeast are also effective at detecting a 

wide range of microbial pathogens, including fungal pathogens. 

To detect pathogen-derived peptides, a highly specific 

colorimetric assay using S. cerevisiae was developed by Ostrov 

and colleagues. By integrating G protein-coupled receptors 

(GPCRs) into a visible lycopene readout, they developed yeast 

strains that could detect plant, food, and human fungal pathogens 

at nanomolar levels. The first biosensor developed by the 

researchers was designed to detect the human fungal pathogen 

Candida albicans. Then, they used this detection system for 

human, agricultural, and food pathogens Paracoccidioides 

brasiliensis, Histoplasma capsulatum, Magnaporthe, Botrytis 

cinerea, Fusarium graminearum, Zygosaccharomyces derouxii, 
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Lodderomyces elongisporus, Zygosaccharomyces bailii, and 

Candida glabrata [115]. 

 

Zhao and colleagues created two whole-cell biosensors for the 

electrochemical detection of glucose and cholesterol by 

immobilization of yeast cells on electrodes. Both biosensors 

performed well at room temperature and exhibited good stability 

over a three-week storage period. In their study, they obtained 

these enzymes on the surface of S. cerevisiae by using the glucose 

dehydrogenase gene from Aspergillus oryzae TI and a cholesterol 

oxidase gene from Chromobacterium sp.. They immobilized 

these cells on the electrodes to develop electrochemical 

biosensors, that can be used to detect cholesterol and glucose, and 

then they measured the catalytic activity of enzymes on the cell 

surface for detection. Enzymes that are surface-displayed do not 

require expensive protein purification steps and have a high 

degree of stability [56]. 

 

Lobsiger and colleagues developed a field portable fluorescent 

biosensor using S. cerevisiae for estradiol detection [116]. 

Cevenini and colleagues have proposed a bioluminescent 

biosensor that can evaluate estrogenic activity using S. cerevisiae 

[117]. These studies show that yeast-based biosensors have great 

potential to be used in different applications in the field of health, 

and S. cerevisiae is generally the preferred yeast species in yeast-

based biosensor development. 
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Conclusion 

 

Detection methods such as high-performance liquid 

chromatography (HPLC) and gas chromatography-mass 

spectrometry are high-priced, time-consuming, and unportable 

methods for in situ applications. There is a rising requirement for 

low-cost, portable technologies to detect risks to both human 

health and the environment. Yeast-based whole-cell biosensors 

are easy-to-manipulate, well-characterized, and low-cost 

platforms for the detection of specific analytes. They can be 

preferred as potential diagnostic tools to detect various 

compounds in clinical and environmental samples by producing 

an easily visible output such as fluorescent or luminescence 

signals. Nowadays, with technological developments, it has 

become possible to monitor the output signals obtained through 

biosensors and to record the data on a smartphone that can be 

easily accessed by everyone. Considering the advantages of using 

yeast cells as biosensors, yeast-based whole-cell biosensors will 

reach wider usage areas in the coming years. 
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Abstract 

 

Aptamers are short, single- stranded DNA or RNA molecules 

capable of interacting with various targets with high affinity and 

specifity. SELEX method is used for aptamer selection. Various 

modifications to the SELEX method have been made over the 

years in order to make the procedure more efficient and less time-

consuming, as well as to increase the affinity of the aptamers that 

are selected and automate the process.  The use of aptamer 

molecules has been widespread in faciliating discoveries in basic 

research, ensuring food safety and monitoring environmental 

condition. Moreover, aptamers have promising therapeutic and 

diagnostic potential. This chapter provides general information 

about aptamers, selection process and recent advances in aptamer 

researches. 
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1. Introduction 

 

Natural selection was one of Darwin’s key discoveries over 

150 years ago, which contributed to the theory of evolution. In-

vitro selection, on the other hand, was not recognized until much 

later [1]. 

 

Nucleic acids have the intrinsic ability to fold into explicit 

three-dimensional structures which allow them to interact with 

multiple target molecules [2]. To put it simply, it is possible to 

selectively generate nucleic acids with the highest specificity and 

affinity for the target molecules [3]. These molecules are called 

"aptamers" and are oligonucleotides with single-stranded DNA or 

RNA with 6-30 kDa molecular weight (generally 20 to 80 

nucleotides) [4]. The term “aptamer” originated from the Latin 

aptus (to fit) and Greek meros (particle) [5,6].  

 

Aptamers have similar conformational recognition with 

antibody-antigen recognition that bind to their conjugate targets 

using van der Waals forces, electrostatic interactions, hydrogen 

bonding, shape complementarity [7], and dissociation constansts 

(Kd) generally range from picomolar to nanomolar [8]. For all 

these reasons, aptamers are called as “chemical antibodies” and 

functionally used as targeting ligands, antagonists or agonists 

[7,8].  
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Compared with antigens, aptamers have been shown to be 

more advantages due to their nucleic acid characteristics and 

smaller size that can be used for clinical and industrial purposes 

[9]. In many ways, aptamers are more useful than antibodies in 

clinical applications [table 1]. Despite being small, they can 

vigorously penetrate tissue barriers and easily enter target cells; 

they are nontoxic in vivo and nonimmunogenic; they could be 

developed to attack many different targets including small 

inorganic ions, organic peptides, drugs, proteins and also tissues 

[12]; they have also thermal stability, so they could be easily 

stored and transported [7]; they could be produced and modified 

in a short period of time (hours) in large scale due to well-

established modification and chemical synthesis technologies [7]. 

 

Table 1. Comparision features of aptamer and antibody 

Features Antibody Aptamer 
Specifity Low High 

Cost High  Low 
Stability Unstable  Stable 
Synthesis  Up to 6 months 2-8 weeks 

Size Relatively large Small 
Affinity Low High 

Modification  Limited Easily modified 
Potential targets Immunological 

targets 
Wide range 
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2. Generation of Aptamers 

 

2.1. SELEX technology 

 

SELEX is a method used to select aptamers in vitro, which is 

a process developed independently by two different research 

groups in 1990 [5,6]. Since then, numerous improvements and 

modifications have been succeeded. SELEX is the gold-standard 

methodology for improving specific aptamers.  

 

Traditionally, aptamers are generated by SELEX in three 

steps: selection, partitioning and amplification (figure 1) [13, 17]. 

An oligonucleotides library containing up to 1015 unique 

sequences is synthesized before the selection step. It consists of 

random 20 to 50 nt bases between two conserved primer binding 

sites, and these primers are used for PCR amplification. As part 

of the selection process, random sequences into an initial 

oligonucleotide library are folded into secondary and tertiary 

structures and then incubated with target molecules under optimal 

conditions in order to generate aptamer-target complexes. The 

partitioning step involves separating unbound sequences from the 

area by various methods, including membrane filtration, affinity 

columns, magnetic beads or capillary electrophoresis. Following 

partitioning, aptamer-target complexes are amplified by PCR for 

DNA aptamers (DNA SELEX) or RT-PCR for RNA aptamers 

(RNA SELEX) [14]. A new sub pool of PCR products is created 
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and used for the next round of selection. Approximately 8-20 

rounds of selection were required to obtain specific aptamers. The 

entire procedure could take weeks to months. As a result, several 

modified SELEX procedures were developed to shorten the 

selection time and improve specifity [15,16]. 

 

Figure 1. Schematic representation of SELEX [17]. 
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Table 2. Frequently used SELEX methods and explanations 

Method Description Reference  
Negative SELEX The primitive type of SELEX [3,6] 
Capture SELEX Aptamers are identified by 

immobilizing oligonucleotide 
libraries on a support instead of 
targets 
 

 
 
[64] 

Cell SELEX Aptamers can be generated from 
whole live cells  

 
[65] 

Genomic SELEX An organism’s genomic DNA is 
used to constuct the SELEX library 
 

 
[66] 

IP-SELEX Includes immunoprecipitation  [67] 
Counter or 
Subtractive 
SELEX 

An aptamer is incubated with a 
closely related molecule or cell  

 
[68] 

In vivo SELEX A method for in vivo aptamer 
evolution.  

[69] 

Indirect SELEX SELEX uses a metal ion-
dependent oligonucleotide 
approach 
 

[70] 

Animal SELEX Aptamers selected among live 
animal model 

[71] 

Capillar 
electrophoresis 
SELEX 

Electrophoresis is used to separate 
ions based their mobility 
 

[72] 
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2.1.1. Production of random DNA/RNA oligonucleotide 

library 

 

An initial step in the SELEX procedure is the chemical 

synthesis of randomly selected DNA oligonucleotides. Several 

ssDNA fragments are included in this library (~10 15 molecules). 

The fragments range in length from 22 nucleotides to 220 

nucleotides, with an average length of 30 to 80 nucleotides [14]. 

These fragments are flanked by 18-21 nt specific sequences 

named as primer binding sequences (PBS) for PCR reaction. As 

a first step in a DNA SELEX, this library could be used for 

selecting DNA aptamers. In each SELEX round, sense and 

antisense primers derived from specific sequences at the 5’ and 3’ 

ends allow the amplification of selected oligonucleotides [14, 18]. 

 

It is necessary to transform the random DNA library into an 

RNA library before starting the RNA SELEX procedure in order 

to select RNA aptamers [19]. A specific sense primer with T7 

promoter sequences at the 5’ end and antisense primer are 

required to transform the ssDNA library to dsDNA library via 

PCR. These dsDNA is transcribed by the T7 RNA polymerase 

and become a randomized RNA library. This RNA library is used 

to start RNA SELEX and must be revers transcribed in every 

SELEX cycle [14, 18]. 
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An aptamer’s length can be a major factor in whether SELEX 

works or fails, so it should be carefully considered. 

Oligonucleotide library length depends on amount of starting 

material [20]. For example, libraries with short random sequences 

are more suitable the small or low complexity targets; if the more 

complex molecules are targeted, the longer aptamer sequences 

could be an advantage. In contrast, a meta-review on aptamer 

selection concluded that individual sequence and structure were 

more important in aptamer affinity than library length [21]. 

Because the equal distribution between A- T/U and G-C is 

expected, optimization of the molar ratio is required. It has been 

stated that because DNA libraries consist of more G and C bases 

than A and T bases, majority of G and C bases in aptamer could 

increase the structural stability and diversity of library [22-24]. 

 

In some SELEX experiments, chemically modified 

oligonucleotide libraries were used to enhance the complexity of 

the library. There are a number of different ways to modify 

aptamers, including adding new functional groups that can 

modulate their ability to interact with target molecules, or 

increasing their stability, or increasing their resistance to 

nucleases, which are important for many aptamer applications 

[25-27]. Another method is to modify nucleic acids’ phosphate 

backbones to select in vitro aptamers. A common type is the 

replacement of the non-binding oxygen by sulfur [14]. The aim of 

this process is increasing to resistance of oligonucleotides against 
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nuclease digestion. other modifications could enable 

quantification of selected oligonucleotides during the SELEX 

process. Commonly used techniques are incorporating of 

radioactive labeled nucleotides or attaching to the 5’ end of 

oligonucleotides with fluorescent molecules [14]. 

 

2.1.2. Selection 

 

Selection involves three general principles: binding the target 

molecule with the oligonucleotide library, removing unbound 

oligonucleotides, and eluting the bindin oligonucleotides. The 

purpose of selection step is to find out the oligonucleotides with 

highest specifity and affinity to the target molecule. Thus, target 

molecule and oligonucleotide library is incubated for a period of 

time in the same test tube. The direct interaction binds target 

molecule and oligonucleotide library. 

 

The separation of binding and nonbinding oligonucleotides is 

one of the most important steps in the SELEX process [22, 25]. 

Immobilization of target molecule on a particular matrix material 

is an effective methodology for separation process. Affinity 

chromotography is frequently used method in partitioning step 

[28]. The biggest disadvantage of this technique is substantial 

amount of target are needed to bind to the column [29]. Another 

immobilization technique is use of magnetic beads [30-33]. This 

method is easy to use and very small amount of target is sufficient 
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for immobilization. On the other hand, ultrafiltration method by 

use of nitrocellulose filtrers separate unbounds without 

immobilization [34]. However, it could be observed unspecific 

interactions or losing of target binding molecules in both 

methods. Therefore, in recent years, several authors develop 

possible separation methods for SELEX process [35-42]. 

 

2.1.3. Amplification 

 

In the selection step only few functional oligonucleotides bind 

the target. Therefore, an additional amplification step is required 

for enrichment of selected aptamer pool. On the other hand, it is 

also possible to add additional functional groups or properties to 

the special primers for detection to DNA aptamers for different 

applications [44-46]. Amplification step for RNA 

oligonucleotides differs from DNA oligonucleotides in point of 

reverse transcription PCR (RT-PCR) stage. First, cDNA is 

obtained from RNA and then amplified in a subsequent PCR. 

 

2.1.4. Single-stranded DNA (ssDNA) or RNA production 

 

After amplification step, double-stranded DNAs (dsDNA) are 

obtained. Aptamer strands hybridized with their complementary 

sequences. ssDNA or RNA aptamers are needed to regenerate to 

continue to the next selection step. For RNA aptamers, a 

transcription with T7 RNA polymerase is sufficient [46]. In case 
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of ssDNA aptamers, DNA strands must be separated. For this 

purpose, there are various methods in literature. The most 

common method is streptavidin/biotin system that could be used 

two different ways [47, 48]. In the first way, biotin molecule is 

added to the unwanted strand by researchers, and they distinguish 

unwanted strand in the gel electrophoresis. In the second way, 

biotinylated strand binds to streptavidin beads or plates and is 

separated from unwanted strand after DNA denaturation. Another 

method is generating of ssDNA with asymmetric PCR 

amplification that produces ssDNA by using vastly different 

amount (eg. 100:1forward/reverse) of sense and antisense primers 

in the PCR reaction [49]. Thereby, the PCR reaction is splited into 

two phases. The first phase is like the regular PCR and dsDNA is 

produced at an exponential rate. The second phase starts after 

reverse primer used up. The final PCR product contains 

devastating amounts of ssDNA and little amount of dsDNA. After 

PCR step, native gel electrophoresis is carried on and this give the 

possibility to distinguish the dsDNA bands from the ssDNA 

bands according to the size [50]. Another method for production 

of ssDNA is enzymatic digestion [51]. In this technique, 5’ 

phosphate labelled reverse primer is used in the PCR and 

antisense strands are labelled. Then lambda-exonuclease is added 

and enzyme degrades the antisense strand but the sense strands 

are intact. The enzyme must be removed in time due to some of 

ssDNA material could be lost [51]. 
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2.1.5. Sequencing 

 

After 6-20 cycles of SELEX, aptamers binded with target 

should be abundant in the oligonucleotide pool[ 14]. Identifying 

individual aptamers requires sequencing the DNA pool and 

evaluating the data. Traditional method is cloning of the pool into 

a bacterial vector and after that selecting individual aptamer 

colonies and sequencing with Sanger Sequencing method [52]. 

Begining to using of Next Generation Sequencing (NGS) 

methods into SELEX makes easier to reading of more than a 

hundred million sequence from a single oligonucleotide pool [53-

55]. Lastly, nanopore sequencing method has been indicated that 

could be promising for future applications. Briefly, this technique 

depends on passage of oligonucleotides through a nanopore and 

detection of nucleotides according to the voltage changes [56,57]. 

Theoretically, this technique offers to sequence different types of 

modified DNA, RNA and proteins.  

 

2.2. Biosensor Design Methods with Aptamers 

 

When aptamer sequence is determined, an assay could be 

designed for detection of target molecule. Aptamers are known 

that using similar way with antibody-antigen binding. But beyond 

that, varius assay configurations with various signaling methods 

has been designed unique to aptamers.  
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2.2.1. Optical sensors 

 

Optical assays are common methods for detecting molecules 

of interest. Aptamer based optical assays are constituted with 

recognition and transducer parts [1].  Aptamers are used as 

recognition element while signals produced by biological, 

chemical or physical phenomenon are used as transducer. 

Transducers turned these signals into visible, infrared (IR) or 

ultraviolet (UV) radiations [58]. There are five different optical 

techniques that are colorimetric, chemiluminescence, 

fluorescence, surface plasmon resonance and surface-enhanced 

Raman scattering [59, 60]. 

 

One of the most common optical methods for detecting 

molecules is ELISA (enzyme-linked immunosorbent assay) [1]. 

Because aptamers show similar affinity with antibodies, they 

could replace antibodies in ELISA.  The “sandwich” ELISA is 

one of the most used techniques in aptamer detection. In this 

method, the target molecule is sandwiched between two aptamers, 

one capture probe and one reporter probe. While reporter probes 

are typically conjugated to signaling components such as 

fluorophores, enzymes, or nanoparticles, capture probes are 

generally immobilized to solid support surfaces such as glass 

chips or nanoparticles [60].  
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2.2.2. Electrochemical sensors 

 

Another detection method is electrochemical aptasensor 

technique. This technique depends on electric change produced 

by oxidation-reduction reactions occurring on the surface of 

electrode [60]. Electrochemical aptasensors are produced by 

immobilizing the aptamer to the carbon or gold-based electrode 

substrates [61]. When aptamer and substrate interact, a signal is 

produced. This signal has to be transformed and measured by 

different methods such as amperometric, potentiometric, 

voltammetric and conductometric [62]. Compared to the optical 

techniques, these assays are cost effective and need fewer reaction 

reagent and specific instrument [63].  

 

2.3. Aptamer Applications 

 

Aptamers show promise due to the fact that they are analogue 

with antibodies. They could specifically recognize and bind to 

their target [73]. Therefore, aptamers could be used several 

therapeutic and diagnostic applications. Additionally, they have 

been used in different areas such as biotechnology, biomedicine 

and molecular biology due to easy modification, stability and 

simple preparation. 
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2.3.1. Aptamers for diagnostic purposes 

 

There are several areas such as biomedical diagnostic, 

enviromental contamination detection and monitoring food safety 

to use the aptamers successfully.  

 

2.3.1.1. Aptamers used as biomedical diagnostic agent 

 

Because aptamers show high specifity and affinity, they 

become ideal diagnostic tools. Additionally, beacuse aptamers 

can easily be conjugated and labelled, they combined with other 

high throughput techniques such as flow cytometry, microfluidic 

cell separation or nanoparticle based sensing techniques [13]. The 

first diagnostic DNA aptamer was developed for detecting 

anthrax spores in 1999 [74]. To date, researchers has develeoped 

aptamers for diagnosis of cardiovascular diseases, cancer diseases 

and ophtalmology [75-77].  

 

Additionally, many researchers are utilized SELEX based 

approaches in the design of biosensors to detect infectious agents 

in infectious diseases. Vaccinia virus [78], herpes simplex virus 

[79], hepatitis C virus [80], hepatitis B virus [80], human 

immunodeficiency virus (HIV) [81], influenza virus [82] and 

severe acute respiratory syndrome  (SARS) [83] coronavirus are 

a few examples of aptasensors. Furthermore, Lactobacillus 

acidophilus [84], E. Coli [84], Staphylococcus aureus [85], 
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Mycobacterium tuberculosis [86] are examples of the whole cell 

based SELEX procedure for pathogen detection. 

 

2.3.1.2. Aptamers used as environmental and food monitoring 

detection 

 

Nowadays, monitoring of environmental contaminants are an 

important issue since human and animals can expose to pollutants 

via water, soil or foods [87]. Therefore, sensitive, rapid and 

robust, user-friendly detection systems are needed to detect 

pollutants in the environment. Although traditional techniques 

such as mass spectrometry or HPLC have high specifity, there 

could be some challenges in practice such as degradation of 

contaminants during analysis, wrong analysis result due to low 

concentration of contaminants [87]. To minimize that analysis 

errors, researchers try to develop different detection methods. 

Aptamer-based biosensors, aptasensors, are quite convenient for 

detection of harmful agents in the environment.  

 

Aptasensors for monitoring environmental contamination 

detect bacteria, toxins, toxic chemicals, pesticides, antibiotics and 

pharmaceuticals in the water, soil or foods. Aptasensors are 

developed by researchers for detecting pathogenic bacteria caused 

to widespread illness and death such as Salmonella [88], 

Staphylococcus aureus [89, 90], Listeria monocytogenes [91, 92], 

Escherichia coli [93], Pseudomonas aeruginosa [94] and Vibrio 



Biotechnology and Application Areas Chapter 6  

182  

[95] in food and water sources. Furthermore, there are several 

developed aptasensors for multiplex detection of bacteria [96-

100]. 

 

Another type of aptasensors is developed against to various 

toxins and toxic chemicals could be found in foods or water. 

Aptasensors against Ochratoxin A (OTA), bacterial endotoxins 

are a few examples of designed biosensors for water and food 

monitoring [101, 102]. Aptamers against heavy metals such as 

arsenic, copper and mercury have also been produced to detect 

contamination [103-105]. Furthermore, there are several 

developed aptasensors for multiplex detection of heavy metals in 

the same sample [106-108]. 

 

In addition, aptamers have been generated against some 

antibiotics and pesticides which may cause several damage in 

humans. Aptamers against tetracycline antibiotic, acetamiprid 

and atrazine pesticides are a few important examples of developed 

aptasensors [109-111]. 

 

2.3.2. Aptamers used for drug delivery and therapeutics 

 

Biosensors are designed for drug delivery to the target region 

by utilizing the ability of aptamers to bind to a specific region and 

send them to the intended site, easily modified chemical structure 

and high affinity. Additionally, aptamers have a unique position 
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that therapeutics could be developed for intracellular, 

extracellular or cell surface targets with antisense nucleotides 

(siRNAs, miRNAs). The first siRNA therapeutic was developed 

in 2006. [112]. In this study, researchers linked an RNA aptamer 

against human prostate-specific membrane antigen (PSMA) to 

therapeutic siRNA and was targeted overexpressed PLK1 and 

BCL2 survival genes to inhibit overexpression and tumor growth 

in prostate cancer. After this study, targeted siRNA delivery using 

with aptamer is actively studied as promising therapeutic [113-

117]. miRNAs are other promising therapeutics. Dysregulation of 

expression of miRNAs are related many diseases. Therefore, the 

principle of developed aptamer-miRNA chimeras is restoration of 

miRNA levels with specific delivery [118, 119]. 

 

Traditional drugs used in cancer treatment generally lack 

selectivity, resulting in severe side effects in patient. Using 

aptamers with drugs in the cancer treatment is very good option 

to reduce the side effects and increase the success of treatment. 

Doxorubicin, used in curing various cancers, is intercalated into 

aptamer and targeted to prostate specific membrane antigen 

(PSMA) which is expressed on the surface of prostatic 

adenocarcinoma cells [120]. Doxorubicin is also used in 

lymphoblastic leukemia by linking another aptamer [121]. 

Nanomaterial linked aptamers are also used for smart drug carrier 

for targeted delivery of drugs [122, 123]. Principle of that drug 

and drug carrier complex is enhancing of anti-tumor activity and 
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diminishing of toxicity. Another promising candidate for drug 

delivery are Liposomes. Liposomes could encapsulate both 

hydrophilic or hydrophobic drugs; attach with different ligands 

and enhance its accumulation at the target sites. Thus, they are 

suitable drug carrier to targeted site. There are developed 

aptamers with liposomes specific for different cancer cells [124, 

125]. 

 

A number of aptamers have been developed and entered 

clinical trials for various conditions such as ocular diseases, 

cancer, haematologic diseases, coagulation and inflammation 

[126, 127]. Vascular endothelial growth factor (VEGF) specific 

aptamer named as Pegaptanib is the first approved aptamer that is 

used for treatment of Age Related Macular Degeneration (AMD) 

[128]. In addition, several other aptamers are evaluated in clinical 

trials for many diseases. The current list of therapeutic aptamers 

could be reached at the Clinical Trials website of the National 

Institute of Health (NIH) [https://clinicaltrials.gov/]. 

 

Conclusion 

 

After many years of development, aptamer researches has 

made great progress. An aptamer is more suitable than an 

antibody as detecting molecule by its short preparation time, 

stability, lower cost, easy labeling, wide range of target and high 

specifity and affinity.  
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The success of SELEX depends on different factors such as 

target type, oligonucleotide library, selection method, cycle 

number of amplification. Therefore, researchers developed 

different SELEX variants that fit the target molecule. 

 

As described in this chapter, aptamers have great number of 

medically relevant and biotechnological applications. Using 

aptamers in many different fields as biosensors, named as 

aptasensors, for detection of toxic chemicals, pathogen bacteria, 

toxins and environmental pollutants has rapidly increased. 

Another promising application is using aptamers for their 

therapeutic potential in several diseases including infectious 

diseases, oncology, inflammatory disorders and vascular disease. 

Aptamers also have been used as site specific drug delivery agents 

to deliver the drug directly to the target site. Aptamer technology 

is potential research area developing new classes of 

pharmaceuticals and next generation screening tools. This chapter 

gives summary of developed aptamers for diagnosis and 

therapeutical. 
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