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Abstract

Traditional plating and culturing methods used to quantify bacteria commonly require hours to 

days from sampling to results. We present here a simple, sensitive and rapid electrochemical 

method for bacteria detection in drinking water based on gold nanoparticle-enzyme complexes. 

The gold nanoparticles were functionalized with positively charged quaternary amine headgroups 

that could bind to enzymes through electrostatic interactions, resulting in inhibition of enzymatic 

activity. In the presence of bacteria, the nanoparticles released from the enzymes and preferentially 

bound to the bacteria, resulting in an increase in enzyme activity, releasing a redox-active phenol 

from the substrate. We employed this strategy for the electrochemical sensing of Escherichia coli 
and Staphylococcus aureus, resulting in a rapid detection (<1h) with high sensitivity (102 

CFU·mL−1).

 Introduction

Each year an estimated 47.8 million people in United States become sick resulting from 

contaminated food.1 As part of the newly established Food Safety Modernization Act, the 

Food and Drug Administration (FDA) has given special attention to the need for sanitary 

water.2 In developing countries, drinking water contaminated with bacteria results in 

millions of illnesses each year.3 Traditional plating and culturing methods used to detect 

bacteria require hours to days for results. Thus, a rapid and sensitive approach for the 

detection of bacterial contamination is needed. Advanced methods such as surface plasmon 

resonance (SPR),4 polymerase chain reaction (PCR)5 and enzyme linked immunosorbent 

assay (ELISA)6 require advanced laboratory settings which may not be pragmatic for 

resource limited areas. Low-cost and easy-to-use technologies have been proposed for 

pathogenic bacteria detection, including colorimetric,6 electroluminescence,7 
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immunomagnetic detection8 and electrochemical methods.9 Among these sensors, enzyme-

based electrochemical sensors provide high, steady, and reproducible signal amplification 

while overcoming some disadvantages, such as slow sensing and high cost. Meanwhile, 

electrochemical detection is more easily interfaced with electronic devices/computers, 

making it useful for data processing and point-of-care (POC) applications.10 Enzymatic 

reactions combined with redox cycling or multi-enzyme labels per detection probe have 

been shown to achieve high sensitivity for the detection of pathogenic bacteria.11

Recent advances in nanotechnology have enabled new technologies for sensitive and rapid 

pathogen detection. Nanomaterials such as nanoparticles, nanorods, nanosheets and 3D-

nanostructures have demonstrated significant advantages for sensing applications.12, 13 Gold 

nanoparticles (AuNPs) can be synthesized in a straightforward manner with high stability 

and biocompatibility. The size and shape of AuNPs can be adjusted for specific applications. 

Furthermore, AuNPs possess a suitable functionalization platform for a wide range of 

organic ligands, enabling a binding event with biological analytes.14, 15 Based on these 

unique properties, various biosensors have been built based on AuNPs for the identification 

of analytes such as proteins,16 cancer cells17 and bacteria.18

Cationic AuNPs can bind to enzymes by electrostatic interactions and have been shown to 

inhibit the activity of bound enzymes.16 Following the displacement of nanoparticle from 

the enzyme, the activity of the enzyme can be recovered. This displacement can be 

orchestrated using an analyte with preferential affinity for the nanoparticles. This 

nanoparticle-β-gal system has been reported to detect bacteria by colorimetric response.19 

Here we employ this strategy to provide an enzyme-amplified electrochemical sensor for 

detection of bacteria, generating a simple device suitable for POC use. In this study, we 

compared four kinds of cationic AuNPs to inhibit β-galactosidase (β-gal) activity, which can 

catalyze the hydrolysis of β-galactosides into monosaccharides (Fig. 1). The AuNPs that 

demonstrated the optimal inhibition efficiency were selected for electrochemical detection. 

Escherichia coli (E. coli) XL1 was used as the analyte to displace the AuNPs from the 

AuNPs/β-gal complex. The recovered activity of the enzymes correlated with the 

concentration of E. coli and was able to be electrochemically quantified.

 Experimental section

 Materials and apparatus

The β-galactosidase (β-gal), o-nitrophenyl-β-galactopyranoside (ONPG) and 4-aminophenyl-

β-galactopyranoside (PAPG) were purchased from Sigma-Aldrich, USA. Mili-Q water with 

18 MΩ cm−1 resistivity was used for all aqueous solutions. All other chemicals were 

purchased from Fisher Scientific, USA and used without further purification.

UV-vis absorption spectra were measured using a Synergy™ Biotek Instrument (Winooksi, 

VT). Inc. A battery-powered and handheld potentiostat (Palmsens BV, Netherlands) was 

used for electrochemical analysis. Gold electrodes were purchased from Micrux 

Technologies.
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 Synthesis of gold nanoparticles (AuNPs)

The AuNPs were synthesized and functionalized according to previously reported 

procedures.18, 20–22 The thiol ligands for gold nanoparticles are engineered: 1) Synthetic 

ligands can be fabricated onto the surface of AuNPs via the strong metal-ligand interaction 

between Au and S;23, 24 2) The C11-alkane part ensures stability to the nanoparticles; 3) The 

tetraethylene glycol moiety minimizes nonspecific protein adsorption and contributes to the 

biocompatibility of nanoparticles;25, 26 4) The quaternary amine provides a permanent 

positive surface charge for gold nanoparticles as well as the scaffold for functionality design. 

In this study, we utilized the above features and tuned the headgroup hydrophobicity by 

changing the structure of quaternary amines. Briefly, a place exchange reaction was carried 

out using a suspension of 1-pentanethiol-stablized gold cores (~ 2 nm) in anhydrous 

dichloromethane. A solution of each one of the ligands (obtained according to the reported 

procedures) was prepared by dissolving in dry dichloromethane and methanol mixture (v/v = 

9:1). The two solutions were mixed and kept under constant stirring for 96 hours at room 

temperature under N2 protection. The solvent was evaporated afterwards and the residue was 

washed several times with n-hexanes. The nanoparticles were dispersed in Mili-Q water and 

dialyzed using 10,000 MWCO SnakeSkin Dialysis Tubing (Thermo Scientific, USA) for 

120 hours. The concentration of the AuNP solution was measured according to the reported 

method by UV spectroscopy on a Molecular Devices SpectraMax M2 at 506 nm.27 The 

characterization results of NP1-NP4 were shown in Section 5 of the Electronic 

Supplementary Information.

 Activity titration

Assays were conducted in sodium phosphate buffer (PB buffer, 5 mM, pH 7.4) at room 

temperature. Activity titrations were performed in 96-well plate by increasing the 

concentration of cationic AuNPs with respect to constant β-gal in 200 μL volume. The 

optimal ratio of β-gal and ONPG in absence of AuNPs was determined by adjusting the 

absorbance value to approximately 1.000. After the same amount of β-gal (60 μL, 21.4 nM) 

was pipetted into 96-well plate, increasing volumes of AuNPs (40 nM) were added. The 

volumes were then adjusted to a total of 200 μL with PB buffer and the mixture was 

incubated for 30 minutes. ONPG solution (30 μL, 5 mM) was then added and the absorbance 

kinetics were quantified at 405 nm every 20 seconds for 15 minutes.

For the activity titration using electrochemical method, the procedure was similar to the 

colorimetric method. Instead of ONPG, PAPG was used as the electrochemical substrate. 

Before the activity titration, cyclic voltammetry (CV) was performed in a control experiment 

where AuNPs were absent. Differential pulse voltammetry (DPV) was chosen to test the 

redox properties of the hydrolysis product of PAPG, 4-aminophenol. PAPG solution (30 μL, 

5 mM) was added into β-gal solution (60 μL, 21.4 nM) and the volume of the solution was 

adjusted to 200 μL with PB buffer. The mixture was incubated for 1 hour and subsequently 

measured by DPV to record the CV scan. The activity titration was conducted afterwards 

using DPV every 1 minute for 15 minutes (condition: t equilibration: 3 seconds; E range: 

−0.1 V to 0.4 V; E step: 5 mV; E pulse: 50 mV; t pulse: 50 ms and scan rate: 50 mV·s−1). 

The optimization of experimental parameters is described in the Supplementary Information 
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(Fig. S1). The data represented the inhibition of enzymatic activity. All experiments were 

performed in triplicate.

 Bacterial culture

Escherichia coli (E. coli) XL1 in 30% glycerol was streaked on a Luria Bertani (LB) plate 

and incubated overnight at 37 °C. Then, a single colony was inoculated into LB broth (50 

mL) and agitated overnight at 37 °C. Bacteria were harvested by centrifugation (7000 × g, 2 

min) and washed three times with PB buffer. The bacterial concentration was directly 

quantified by plating as a standard method on LB agar plates, using tenfold serial dilutions 

of the bacteria stock solution. The serial diluted bacteria in PB buffer at various 

concentrations (103–107 CFU·mL−1) were used for the experiments.

 Analyte bacteria response

From the activity titration, the AuNPs having the strongest inhibition response were selected 

and the corresponding optimal concentration of AuNPs/enzyme complex was determined. 

For bacteria detection, varying concentrations of E. coli were incubated with the complex. 

After adding PAPG, the enzyme activity was measured electrochemically using DPV. In this 

experiment, increasing concentrations of bacteria (20 μL) were added into the AuNPs/

enzyme complex. Then, PAPG (30 μL, 5 mM) was added into the above solution and 

incubated. The enzyme activity was detected electrochemically (condition: t equilibration: 3 

seconds; E range: −0.1 V to 0.4 V; E step: 5 mV; E pulse: 50 mV; t pulse: 50 ms and scan 

rate: 50 mV·s−1) at 16 min and 28 min.

 Results and discussion

 Principle of bacteria detection based on AuNPs/β-gal complex

The mechanism for bacterial detection is shown in Fig. 2. β-Galactosidase (β-gal) (pI = 4.6) 

has previously been used as a reporter enzyme for sensing applications.16, 19, 28 

Furthermore, it has been shown that β-gal can interact with cationic gold nanoparticles 

(AuNPs) without denaturation.16 β-gal activity was inhibited by the binding of positively 

charged gold nanoparticles to negatively charged residues around β-gal active site through 

electrostatic interactions.28 The “turn-off” point was determined by optimizing the ratio 

between AuNPs and β-gal. Under this condition, the AuNPs/β-gal complex does not catalyze 

the hydrolysis of β-galactosides into monosaccharaides. Bacteria with surface anionic 

glycocalyx structures preferentially competed for the functionalized nanoparticles with the 

β-gal, resulting in increased enzymatic activity. The recovered β-gal catalyzed the PAPG 

substrate to produce an electrochemically active product that could be quantified with a low-

cost device.

 Inhibition efficiencies of AuNPs

AuNPs modified with quaternary amine headgroups could reversibly bind to β-gal16, 19 

efficiently compared to other nanomaterials, such as carbon nanotubes29 and graphene 

oxide30, 31 which have been reported as enzyme inhibitors.
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The AuNPs (NP1, NP2, NP3, and NP4) were screened using a colorimetric assay to 

determine the most effective ligand for detection. The results identified NP3 as most 

effective at reversibly inhibiting enzymatic activity (Fig. S2). To reference the colorimetric 

inhibition test, we also conducted an activity titration to investigate the inhibition behavior 

of NP3 on β-gal using PAPG as an electrochemical substrate (Fig. 3). In this study, after the 

hydrolysis of PAPG, the cyclic voltammetry diagram of 4-aminophenol was obtained (Fig. 

S1a). The oxidation peak (E: 1.35 V) was between −0.1 and 0.4 V, which was chosen as the 

range of measurement (E range). The activity titration was conducted with an increasing 

ratio of AuNPs to β-gal in the complex, using a similar procedure as the colorimetric 

method. The electrochemical inhibit performance of NP3 on β-gal was obtained (Fig. 3a). 

The results demonstrated that the inhibition ratio for NP3 and β-gal in complex was 1.43 

(Fig. 3b), which was consistent with the inhibition behavior observed the colorimetric 

approach. NP3 has the highest headgroup hydrophobicity among the four different 

NPs,32, 33 resulting in the most efficient inhibition for β-gal activity. Meanwhile, the increase 

of headgroup hydrophobicity led to the improved inhibition performance for β-gal (Fig. S4).

 Bacteria detection with AuNPs

Electrochemical detection provides instant signal transduction at a low cost.34 To 

demonstrate that this system can be applied to an electrochemical method to detect bacteria, 

E. coli XL1 was chosen as model analyte. After incubating bacteria with NP3/β-gal 

complex, the electrochemical signal increased with the increasing concentration of E. coli 
(Fig. 4). Due to the stronger electrostatic interaction between the surface of bacteria and 

NP3, bacteria can displace the β-gal and the recovered β-gal catalyzed the electrochemical 

substrate, providing the electrochemical signal. Using this method we achieved detection of 

bacteria as low as concentration of 100 CFU·mL−1 following a 16-minute incubation (Fig. 

4b). Lower levels of bacteria were not studied due to stochastic issues with the sensor 

volumes used (200 μL). To evaluate the performance of the sensor, accuracy and precision 

was calculated. The precision and accuracy of sensor operated at 16-minute incubation were 

calculated to be 93% and 91% respectively while the sensor operated at 28-minute 

incubation shows 91% precision and 77% accuracy. (For detailed calculations of accuracy 

and precision, please refer to Section 3 in the Electronic Supplementary Information.) As 

expected, longer incubation generated a stronger signal, but no significant enhancement in 

sensitivity (Fig. 4c, d).

E. coli was chosen as a model strain for Gram-negative bacteria. Besides, we also 

successfully applied the electrochemical sensing system to Staphylococcus aureus (S. 
aureus) CD-48935 (Fig. S9, Fig. S10), which was used as a model strain for Gram-positive 

bacteria. Overall, the electrochemical sensing system in the current study has shown the 

capability of detecting both Gram-negative and Gram-positive model strains in drinking 

water.

 Conclusions

In summary, we have developed a simple, sensitive and rapid electrochemical method for 

bacteria screening using a positively charged gold nanoparticle-β-galactosidase enzyme 
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complex system. Using this approach in an electrochemical format, we were able to detect 

bacteria at concentration of 100 CFU·mL−1 within one hour. For some food or drinking 

water matrices with strong backgrounds, a colorimetric method can result in a misleading 

concentration of analyte bacteria. However, this issue can be avoided using an 

electrochemical approach. Our study here focuses on the detection of bacteria in water, with 

the future aim of applying the detection approach to multiplex systems. Additionally, 

electrochemical detection provides rapid quantification at a low cost and minimal 

instrumentation. Further study will focus on moving this gold nanoparticle-enzyme 

complex-based sensing system into microfluidic devices for bacteria detection in a wide 

range of applications resource areas.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Schematic representation of bacteria detection based on gold nanoparticles/enzyme 

complexes.
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Fig. 2. 
(a) Schematic illustration of β-galactosidase activity titration using gold nanoparticles. (b) 

The schematic structure of NP1-NP4.
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Fig. 3. 
(a) Electrochemical activity inhibition of β-gal after incubation with different concentrations 

of NP3. Inhibited activity of β-gal plotted as NP3 concentrations in PB buffer (5 mM, pH 

7.4). (b) Optimal ratio of NP3/β-gal complex: 1.43. Error bars represent the standard 

deviation of a minimum of three replicates.
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Fig. 4. 
Differential Pulse Voltammetry for the NP3/β-gal complex with increasing concentrations of 

E. coli (control, 1 × 102, 1 × 103, 1 × 104, 1 × 105 and 1 × 106 CFU·mL−1) following 

incubation for (a) 16 minutes and (c) 28 minutes. Plot of numbers of E. coli versus DPV 

signal after incubation for (b) 16 minutes and (d) 28 minutes. Error bars represent the 

standard deviation of a minimum of three replicates.
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