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Abstract: In the past few decades, nanoscales Förster resonance energy transfer (FRET) 

based techniques have been used to improve the bioanalysis applications. In this study a new 

FRET immunosensor based on CdTe was developed for detection of Vibrio cholerae outer 

membrane protein W (OmpW). The assay is based on competitive quantum dot fluorescence 

quenching by Au nanoparticles (AuNPs). AuNPs with maximum absorption around 517 nm 

and average size of 14.5 nm was synthesized using the Turkevich method. The Surface of 

particles was modified with 11-MUA and was conjugated with OmpW via amine coupling 

method. Formation of Au-OmpW was confirmed by FTIR. Carboxyl functionalized CdTe 

was conjugated to polyclonal anti-OmpW in the same way. Due to interaction of OmpW with 

its related antibody, the distance between two particles becomes less than 10 nm and the 

energy of CdTe transfers to AuNP and cause to decrease of emission intensity. The more the 

ratio of Au-OmpW, the more quenching of fluorescent emission of CdTe-anti-OmpW via 

FRET process. By addition of free OmpW, competition between free and conjugated OmpW 

will cause separation of Au-OmpW from CdTe-anti-OmpW and results in fluorescent 

recovery. Increase in fluorescence intensity is proportional to the concentration of free 

OmpW in the analyte solution. The lowest concentration of OmpW that was detected in this 

study was 2 nM and the linear range of detection was determined to be 2 to 10 nM. This 

method is simple, fast and sensitive and also doesn’t need any washing step and requires no 

specific equipment.  

Keywords: Förster resonance energy transfer (FRET), Au nanoparticles (AuNPs), Quantum 

dots (QDs), Outer membrane protein, Vibrio cholerae 

Abbreviations: OMP, outer membrane proteins; V. cholerae,Vibrio cholerae; FRET, Forster 
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Quantum Dots; NHS, N-hydroxysuccinimide; EDC, N-(3-Dimethylaminopropyl)-N-

ethylcarbodiimide hydrochloride; TMB, 3,3′,5,5′-Tetramethylbenzidine; Ni-NTA,  Ni-

Nitrilotriacetic acid; DLS, Dynamic light scattering; ELS, Electrophoretic light scattering;   

SAM, self-assembled monolayer; SDS PAGE,  sodium dodecylsulphate polyacrylamide gel 

electrophoresis; FTIR, fourier transform infrared.  

 



1. Introduction 

According to the statistics, cholera is an endemic disease in the Indian subcontinent, Russia 

and sub-Saharan Africa and mostly spread via contaminated water and unsanitary condition. 

As reported by the World Health Organization (WHO), about 200.000 people are infected 

with the disease annually [1]. The threat posed by this disease, indicate the necessity of rapid 

detection of pathogens for control and eradication of the disease [2]. 

Optical biosensing methods of pathogens are powerful alternatives to conventional analytical 

techniques for their particularly high specification, sensitivity, small size, and cost 

effectiveness. They are fast and capable to multiplex detection within a single device and are 

not prone to electromagnetic interference [3, 4]. One of the optical detection methods is 

Forster resonance energy transfer (FRET) that was described in 1948 by Theodor Förster. 

FRET is a mechanism describing energy transfers from a donor in excited energy state to a 

nearby acceptor chromophore and is revealed by reduction of donor fluorescence emission 

intensity or increase in acceptor emission intensity. Energy transfer occurs only over short 

distances than a critical radius known as the Forster radius and is effective in the efficiency of 

energy transfer. Therefore, FRET is a suitable technique for studying the changes in distance 

between two sites on a macromolecule or two molecules, such as what happen during protein 

interactions, enzyme activity, and protein conformational changes [5, 6]. Interaction between 

antibody and antigen can bring donor and acceptor in the distance under critical radius result 

in energy transfer from donor to acceptor. In comparison to traditional immunoassays such as 

enzyme-linked immunosorbent assay (ELISA) and lateral flow immunoassay, FRET-based 

immunoassays have advantages including fast liquid-phase binding kinetics, long-term 

stability, ratiometric measurement, and homogeneous immunoassay with no washing and 

separation steps [7]. 

Most of the FRET-based biological researches have used organic dyes or genetically encoded 

fluorescent proteins as donor or acceptor fluorophores. These conventional fluorophores have 

several limitations including low photobleaching threshold and low resistance to chemical 

and photodegradation [8]. Organic dyes have broad emission spectrum, which means 

emission spectra of many dyes may overlap to a large area. This limits the application of 

some dyes for biomolecular labeling in measurements that are performed simultaneously. 

Also, organic dyes have narrow excitation spectra and need light by specific wavelength for 

excitation [9]. In contrast, quantum dots (QDs) have particular properties such as high 

quantum yield, high molar extinction coefficients, broad absorption spectra, narrow and 

symmetric emission bands (30-50 nm), large effective Stokes shifts, and high resistance to 

photobleaching and chemical degradation that make them appropriate alternatives to 

traditional organic dyes, enzymatic labels and isotopic markers [10-12]. Willard and his 

colleagues used QD as the energy donor in biological researches for first time in 2001 [13]. 

Recently, gold nanoparticles have been applied in many bioanalysis because of exhibiting 

many unique size- and shape-depended physical and optical properties including scattering, 

absorption and re-emitting the light which can revealed by spectroscopic techniques. These 

particles have high surface to volume ratio and their surface can be modified by functional 



groups to make individual nanoparticles for biological application. These characteristics are 

largely depending on their size [14-17]. Gold nanoparticle have large extinction coefficient 

and broad energy absorption bandwidth in visible range that overlap by emission spectrum of 

many organic dyes and QDs, therefore, they are excellent FRET-based quencher [18, 19]. 

Based on the aforementioned reasons and as a part of our interest in the synthesis of 

nanomaterials and investigation of their application in diagnosis and treatment [20-24], in this 

work, we propose a competitive homogenous immunoassay based on FRET between CdTe 

and gold nanoparticle for detection of recombinant Vibrio cholerae OmpW as a model for 

potential application in detection of V. cholerae. In this method, interaction of OmpW and 

anti-OmpW will cause to bring CdTe and gold nanoparticle close proximally as FRET 

donor/acceptor and the fluorescence energy of CdTe would transfer to gold nanoparticle via 

FRET process and emission would have been quenched. Free OmpWs in sample solution 

restore emission and it can be measured quantitatively. 

 

 

 

Scheme 1.  Schematic illustration of (A) preparation of Au-OmpW, (B) anti-OmpW conjugation by 

CdTe and (C) the competitive homogenous CdTe-FRET immunoassay for detection of OmpW. 

 

 



2. Materials and methods 

2.1. Materials and instruments 

1-ethyl 3-3 dimethylaminopropyl carbodiimide hydrochloride (EDC), N-hydroxy- 

succinimide (NHS) and COOH functionalized CdTe was purchased from Sigma-Aldrich, 

Sodium citrate and HAuCl4-3H2O was purchased from Merck. HRP conjugated anti rabbit 

antibody were supplied by Razi Biotech (Iran). Tetramethylbenzidine (TMB) was obtained 

from Monobind Inc and Skim milk was purchased from Roche. The following instruments 

were used during the study: UV/Vis spectrophotometer (CECIL-CE 7500; Cecil instruments, 

Cambridge, UK), Nanodrop (Thermo-2000c), Fluorescence spectroscopy (Cary eclipse 

varian) and Dynamic light scattering (Malvern Zetasizer Nano-ZS). 

 

2.2. OmpW expression and anti-OmpW production 

Cloning of OmpW gene fragment had done before in house and the expression of 

recombinant protein OmpW was performed in E. coli BL21 DE3 host cell in optimum 

conditions followed by extraction with 8M urea [23-25]. Briefly, the extracted protein was 

purified by affinity chromatography in denatured conditions using commercially available 

Ni-Nitrilotriacetic acid (Ni-NTA) columns (Qiagen, Hilden, Germany). Urea was removed by 

stepwise dialysis against decreasing concentrations of urea (6 M to nil). OmpW band was 

analyzed via poly acrylamide gel electrophoresis and final protein concentration was 

determined by Bradford protein assay method. A New Zealand white female rabbit was 

immunized with purified OmpW according to the following procedure to generate the 

polyclonal antibody. 200 µg OmpW emulsified by an equal volume of Freund's complete 

adjuvant was injected to rabbit on day 0. Booster injections carried out with 150 and 100 µg 

OmpW emulsified in Freund's incomplete adjuvant in day 18 and 32. After 10 days of the last 

injection, rabbit blood collected and serum was separated from cells by centrifuging. Anti-

OmpW isolated from other serum compounds using Montage® antibody purification kit 

(Millipore, USA), was evaluated by SDS-PAGE with reducing and non-reducing sample 

buffer and the final concentration of antibody was determined by Bradford protein assay   

 

2.3. AuNPs synthesis and surface modification by 11-MUA 

All glassware used in the following procedure was thoroughly cleaned in aqua regia (HNO3–

HCl = 1: 3, v/v), rinsed in distilled water, and then oven-dried prior to use, to avoid unwanted 

nucleation during the synthesis, as well as aggregation of gold colloid solutions. The AuNPs 

were prepared by the citrate reduction method according to the published protocol [26]. 

Briefly, 10 ml of 0.01% HAuCl4 was brought to a boil with vigorous stirring. Then 300 μl of 

1% sodium citrate was rapidly added to this solution. The mixed solution was stirred for 10 

min then removed from the heating mantle and stirring continued for another 5 min in ice for 

cooling. Prepared AuNPs solution characterized by UV/Vis spectroscopy, Dynamic Light 

Scattering (DLS) and Electrophoretic light scattering (ELS). 

https://en.wikipedia.org/wiki/Sodium_citrate


11-mercaptoundecanoic acid (11-MUA)  is an alkanethiol that can bind to gold nanoparticles 

through its thiol head group as strong as a covalent bond and form self-assembled monolayer 

(SAM) [27]. AuNP synthesis solution pH was adjusted to 9 by 100 μl of 0.5 M NaOH 

(synthesis AuNPs had the highest colloid stability in pH 9) and 40 μl of 1mM 11-MUA 

(ethanol solvent) was added to 10 ml of this solution. The gold colloid solution was sttired 

overnight at 4
 
C. The nanoparticles were then centrifuged at 14000 rpm for 30 min and the 

supernatant was replaced with pH adjuster water (pH 9) [28]. 

 

2.4. OmpW Conjugation to AuNPs 

11-MUA functionalized AuNPs were covalently coupled with OmpW using EDC/NHS 

protocol. Different reaction conditions were tested and the result was examined by UV/Vis 

spectroscopy and salt tolerance test by 1% to 5% NaCl solution. The following is the optimal 

protocol developed in the course of this study. Firstly, 2 ml of functionalized AuNPs was 

mixed by 2 ml of 1.2 mM NHS and 2.8 mM EDC in PBS buffer (pH 7) with stirring. After 

few minutes, 2 ml of 200 nM OmpW solution was added to the mixture and incubated for 2 

hours in room temperature. Unbound OmpWs and other small compounds were removed by 

centrifuging at 14000 rpm for 30 min. Formation of Au-OmpW was confirmed by FTIR. In 

control sample, AuNPs was mixed by EDC/NHS in PBS in the same way but OmpW was not 

added to the solution. 

 

2.5. Anti-OmpW Conjugation to CdTe 

Bioconjugation of carboxyl functionalized CdTe (Sigma-Aldrich) with anti-OmpW antibody 

was carried out according to the following protocol [29-31]. Briefly, 50 μl of 0.5 mM CdTe 

(buffer PBS, pH 7.4) was mixed with 500 μl of 0.05 M EDC and 500 μl of 5 mM NHS and 

1.096 ml of 0.89 μg/ml anti-OmpW and the solution volume was reached to 25 ml by PBS. 

The solution was incubated in the dark at room temperature for 2 h and then centrifuged for 

30 min at 8000 rpm to separate agglomerated particles (if any). 

 

2.6. Immunocomplex formation 

Bioconjugate of CdTe-anti OmpW was mixed by series of different dilutions of prepared Au-

OmpW. All mixtures were incubated for 30 min at room temperature. The immunocomplex 

formation was measured using Cary Eclipse fluorescence spectrophotometer with excitation 

at 320 nm. 

 

2.7. Competitive Immunoassay 



In order to confirm the formation of CdTe-anti OmpW/ Au-OmpW immunocomplex and 

competitive measurement of free OmpW in sample, serial dilutions of 2 to 100 nM OmpW 

was added to immunocomplex solution. At first, according to the aforementioned step, 100 μl 

Au-OmpW was mixed to 200 μl CdTe-anti OmpW solution and incubated at room 

temperature for 30 min. After that free OmpWs were added to immunocomplex solution and 

incubated for another 30 min at room temperature. The competitive immunoassay was 

measured using Cary Eclipse fluorescence spectrophotometer. 

 

3. Results and Discussion 

3.1. Production and Purification of OmpW Antigen 

Expression of OmpW in the bacteria caused the formation of inclusion body that revealed in 

SDS analysis of bacterial lysate as a dominant bond in approximately 25 kDa (Fig. 1). 

 

 
Figure 1. SDS-PAGE analysis of extracted OmpW (lane 1) and purified OmpW (lane 2) on Ni-NTA 

column after dialysis.  

 

3.2. Characterization of AuNPs after synthesis, surface modification and bioconjugation 

UV/Vis spectroscopy of synthesized AuNPs (average size 14.5 nm Fig.5) determined that 

these particles have maximum absorption at 517 nm. The surface of the particles is covered 

by citrate and electrostatic repulsion of citrate carboxylic groups gives rise to the stability of 

particles. Fig 2A shows absorption spectra of Au-citrate, Au-MUA, Au-OmpW and control 

solution. Increasing in the pH of Au-citrate colloid causes to increase in ionization of citrate 

carboxylic group and subsequently increase in electrostatic repulsion and particle stability. 

Absorption spectra (Fig. 3) and maximum absorption wavelength (Table 1) of Au-citrate 



colloid in pH between 4 to 13 shows that synthesized Au-citrate particle had the most 

stability in pH=9.  Maximum absorption peak of AuNPs are red shifted to 519 nm after 

surface modification by 11-MUA and 525 nm after conjugation by OmpW, while the 

absorption peak width has not changed and shows particles remain dispersed. Also, there is 

no change in absorption peak of control solution that means EDC/NHS have no effect on the 

absorption of light by nanoparticles. In addition, zeta potential analysis of Au-citrate and Au-

MUA shows change in surface charge of particle (Fig 5). 

FTIR spectra of 11-MUA, Au-MUA and Au-OmpW are shown in Fig. 2B.  Two peaks in 

free 11-MUA spectra in 2675 cm
-1

 and 2549 cm
-1

 are related to S-H stretching mode and 

have been disappeared in Au-MUA spectra and shows formation of 11-MUA self-assembled 

monolayer on gold surface via Au-S bonding. In Au-OmpW spectrum, the peak in 1640 cm
-1

 

are related to amide bond.  

 

  

Figure 2. A: Absorption spectra of Au-citrate, Au-MUA, Au-OmpW and control solution. B: FTIR 

spectra of 11-MUA, Au-MUA and Au-OmpW. 11-MUA powder and freeze-dried Au-MUA and Au-

OmpW were mixed by KBr for pellet preparation  

 

 
Figure 3. Absorption spectra of Au-citrate in pH between 4 and 13. 



 

Table 1. Maximum  absorbance of synthesized gold nanoparticle in pH between 4 and 13. 

Wave 

length 

*A in 

pH=4 

A in  

pH=5 

A in 

pH=6 

A in  

pH=7 

A in  

pH=8 

A in 

pH=9 

A in 

pH=10 

A in 

pH=11 

A in 

pH=12 

A in 

pH=13 

516 0.638 0.623 0.658 0.724 0.649 0.621 0.6 0.584 0.571 0.563 

517 0.641 0.624 0.659 0.725 0.65 0.623 0.601 0.584 0.571 0.566 

518 0.646 0.625 0.657 0.723 0.65 0.622 0.601 0.585 0.572 0.569 

519 0.65 0.626 0.656 0.72 0.649 0.621 0.601 0.586 0.572 0.569 

520 0.654 0.626 0.656 0.719 0.649 0.622 0.602 0.586 0.573 0.571 

521 0.657 0.625 0.655 0.72 0.647 0.621 0.602 0.587 0.574 0.573 

522 0.66 0.624 0.652 0.717 0.643 0.617 0.6 0.585 0.573 0.575 

523 0.665 0.622 0.647 0.712 0.639 0.612 0.595 0.581 0.57 0.575 

524 0.67 0.62 0.643 0.709 0.635 0.608 0.592 0.577 0.566 0.574 

*A: absorbance 

 

Also, the salt tolerance test results showed that Au-MUA particles aggregated in the presence 

of 1% NaCl but Au-OmpW particles remained dispersed even after adding of 5% NaCl and 

their absorption didn’t change. It means that particle surfaces are completely covered by 

OmpW (Fig 4). 

 

Figure 4. Salt tolerance test. Left to right: control (Au-MUA, no NaCl), Au-MUA (1% NaCl) and 

Au-OmpW (5% NaCl) 

 



 

 

Figure 5. Size and zeta potential analysis of synthesized (A) and surface modified gold 

nanoparticle (B).  
 

    

 

 

 

 



3.3. Conjugation of antibody to CdTe 

As shown in Fig. 6A, CdTe fluorescent intensity has been reduced after conjugation to anti-

OmpW because of coupling agents like EDC/NHS and covalent bond between carboxyl 

group on CdTe surface and antibody amine group. Also, the emission spectrum width doesn’t 

change because CdTe particles are not connected to each other through the process of 

antibody binding and thus remain stable. 

  

Figure 6. A: Carboxyl functionalized CdTe fluorescence intensity before and after binding anti-

OmpW. B: Indirect ELISA by free and CdTe labeled anti-OmpW in the same concentration.  

 

In order to investigate the anti-OmpW antibody activity after conjugation to CdTe, indirect 

ELISA for free antibody and CdTe-anti-OmpW with the same amount of OmpW were 

performed. Results are shown in Fig. 6B. As can be seen in Fig. 6B, after conjugating of 

antibody to CdTe, the interaction between antibody and antigen decreased dramatically. This 

is maybe because of random orientation of antibody attached to CdTe. It is interesting to note 

that polyclonal antibodies are heterogeneous and recognize a host of antigenic epitopes, 

therefore, their use in diagnostic systems that requires antibody labeling or antigen 

stabilization has less impact on overall function. 

 

3.4. Immunocomplex formation 

High affinity interaction between OmpW and anti-OmpW (KD = 2.4 ± 0.07 × 10
−9

 M) was 

reported before [23-25]. In this work, study of changes in fluorescence spectra of CdTe-anti-

OmpW solution after mixing by gradually increasing quantity of Au-OmpW, showed 

decrease in fluorescence intensity in 535 nm (Fig. 7). This indicated that after mixing of 

CdTe-anti-OmpW and Au-OmpW solution, the distance between gold nanoparticles and 

CdTe are reduced because of the specific interaction of OmpW and anti-OmpW and the 

excited energy of CdTe was transferred to the gold nanoparticle through FRET process, result 

in decrease in CdTe-anti-OmpW emission. Different ratios of Au-OmpW was checked and 



the results showed that the Au-OmpW binding to the CdTe-anti-OmpW reduce the emission 

of solution and the more Au-OmpW in solution, the more quenching of fluorescent emission 

via FRET process. 

 

Figure 7. Fluorescence intensity of 200 μl of CdTe-anti-OmpW (a) after mixing by 100 μl of 

PBS:Au-OmpW with 1:0 (b), 1:1(c), 1:3(d) and 0:1(e) ratio.  

 

The overlap between donor emission spectrum and acceptor absorption spectrum is one of 

effective factors on FRET efficiency (EFRET). The FRET efficiency is defined as the number 

of quanta transferred to the acceptor divided by the number of quanta absorbed by the donor. 

Fig. 8 shows the overlap between the emission spectrum of CdTe and absorption spectrum of 

synthesized gold nanoparticle. According to the suitable overlap between CdTe emission and 

synthesized gold nanoparticles, it is assumed that the resonance energy transfer was done 

effectively. EFRET between the CdTe-anti-OmpW and Au-OmpW was calculated 55.4%. 

using the following equation: 

EF =1-(F'D/FD) 

Where, F'D is emission intensity of donor in the presence of acceptor and FD is emission 

intensity in the absence of acceptor. 



 

Figure 8. Overlap between the emission spectrum of CdTe-anti-OmpW and absorption spectrum of 

synthesized Au-OmpW nanoparticle. 

 

3.5. Measurement of free OmpW in sample 

As shown in Fig. 9A, changes in fluorescence intensity of immunocomplex solution after 

adding serial dilution of free OmpW show that free OmpW compete with Au-OmpW for 

antibody binding site and replace with them in the immunocomplex and thereby inhibit FRET 

process. This events led to increase the distance between CdTe-anti-OmpW (energy donor) 

and Au-OmpW (energy acceptor) become more than the critical radius and the resonance 

energy transfer doesn’t occur, so that the fluorescence intensity would be recovered (Fig. 

9A). Increasing the amount of free OmpW (2-100 nM) results in increase in fluorescence 

recovery in solution until the solution response reach to equilibrium. The lowest amount of 

free OmpW we have detected in this study was 2 nM (Fig. 6B) and the linear range of 

detection was between 2 to 10 nM (Fig. 6B inset).  

 

 



 

 

Figure 9. (A) Fluorescence spectra of CdTe-anti-OmpW in the peresence of Au-OmpW with varying 

concentration of free OmpW. (B) Calibration curve of OmpW  and linear plot of  relative FL intensity 

(Inset plot). F0 and  F denote fluorescence intensity  in CdTe-antiOmpW/Au-OmpW solution befor  

and after adding OmpW serial dilutions respectively.  

 

Dynamics of immune complex formation after the addition of Au-OmpW and free OmpW to 

CdTe-anti-OmpW solution were measured at different times. As shown in Fig. 7, in both 

solutions formation of immune complexes occurred more quickly in the first few minutes and 

after incubation for 30 min interactions performed at constant speed. 



For comparing the detection limit of our work with the others it is  intersting to note that 

FRET-based method for detection of salmonella and listeria surface antigens was reported by 

Ko and Grant [32], in which the detection limit was 2 μg/ml and also in another research the 

detection limit for dengue viral antigens was 5 μg/ml based on Quartz Crystal Microbalance 

(QCM) [33], while in the present study the lowest amount for free OmpW detection was 2 

nM (Fig. 6B).  

 
Figure 10. Fluorescence intensity recorded at different time of immunocomplex formation 

 

Conclusion: 

In this paper, a novel FRET biosensor was developed comprised of antibody conjugated 

CdTe and OmpW conjugated AuNP for quantitative detection of free OmpW in sample. In 

comparison with heterogeneous methods such as ELISA, this method doesn’t need washing 

steps, so antigen and antibody don’t detach during washing step. Also, FRET requires no 

specific equipment beyond fluorescence spectroscopy and gives a strong signal in the lowest 

time and has high sensitivity to small amount of analyte. As the current study was based on 

competitive quantum dot fluorescence quenching by Au nanoparticles, the protocol could be 

used in detection of whole V. cholerae bacterial cells by adding bacterial suspensions instead 

of free OmpW antigen and quantify the test by standard dilutions of V. cholerae. Moreover, 

the present method can be expand to quantitative analysis of various important compounds 

like toxins, bacterial virulence factors and other environmental and  clinical targets, and it has 

great potential in designing assay system for detection of viable but non culturable (VBNC) 

bacterial species that don’t have ability to grow on culture medium. 
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