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ABSTRACT 

In this work, novel silver sulphide Quantum Dots (Ag2S QD) are electrochemically 

quantified for the first time. The method is based on the electrochemical reduction 

of Ag+ to Ag0 at -0.3 V on screen-printed carbon electrodes (SPCEs), followed by 

anodic stripping voltammetric oxidation that gives a peak of currents at +0.06 V 

which represents the analytical signal.  The optimized methodology allows the 

quantification of water-stabilized Ag2S QD in the range of approximately 2×109-

2×1012 QD·mL-1 with a good reproducibility (RSD: 5%). Moreover, as proof-of-

concept of relevant biosensing application, Ag2S QD are evaluated as tags for 

Escherichia coli (E. coli) bacteria determination. Bacteria tagged with QD are 

separated by centrifugation from the sample solution and placed on the SPCE 

surface for quantitative analysis. The effect of two different Ag2S QD surface 

coating/stabilizing agents on both the voltammetric response and the bacteria 

sensing is also evaluated. 3-mercaptopropionic acid (3-MPA) is studied as model 

of short length coating ligand with no affinity for the bacteria, while boronic acid 

(BA) is evaluated as longer length ligand with chemical affinity for the 

polysaccharides present in the peptidoglycan layer on the bacteria cells surface. 

The biosensing system allows to detect bacteria in the range 10-1-103 

bacteria·mL-1 with a limit of detection as low as 1 bacteria·mL-1 This methodology 

is a promising proof-of-concept alternative to traditional laboratory-based tests, 

with good sensitivity and short time and low cost of analysis. 

KEYWORDS 

Silver sulphide, quantum dots, electrochemical determination, anodic stripping 

voltammetry, bacteria quantification, E. coli  
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1. INTRODUCTION 

Among the wide variety of nanomaterials, so much attention is currently given to 

Quantum Dots (QD), semiconductor nanocrystals with different photoluminescent 

and semiconductive properties. QD were discovered around 1980s by Alexey 

Ekimov [1, 2] when studying different semiconductor nanocrystals. QD are good 

candidates to be used as labels in assays, [3] thanks to their high 

photoluminescence emission quantum yields, narrow spectral bands or size-

tunable emission profiles, between other properties. [4] Different coating surfaces 

can be used to control their solubility and functionalization [5] with the aim of using 

them in different types of assays. [6] QD detection/characterization is generally 

carried out with techniques such as photoluminescence techniques, inductively 

coupled plasma mass spectrometry (ICP-MS), X-ray diffraction, X-ray 

photoelectron spectroscopy or electron microscopy. [7, 8] However, these 

powerful techniques have considerable limitations related either sometimes to the 

reduced sensitivity or to the time and cost of analysis.  

Electrochemical methods are a worthwhile alternative for the QD analysis taking 

advantage of faster and cheaper procedures, providing valuable information 

about the nanocrystals. [9, 10] QD were electrochemically studied for the first 

time in 2005 by Bard’s group, [11] being then employed as electrochemical labels 

for the first time by Joseph Wang and co-workers [12] and extensively used from 

then. [13] 

Typical QD containing heavy metals, such as Cd, Te or Pb have well-known 

fluorescent properties with a characteristic emission in the ultraviolet (UV) and 

visible (Vis) regions. Size-tunable and narrow emission, efficient light absorption 

throughout a wide spectrum, high quantum yields with exceptional resistance to 
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photobleaching are some of the outstanding features of conventional QD, making 

these materials very attractive to be used in photoluminescent analytical 

applications. Research in the synthesis and characterization of near infrared 

(NIR)-emitting QD provides exciting opportunities in (bio)nanotechnology. [14] 

NIR-emitting QD have many advantages for potential 

biosensing/biodetermination applications, related to the high quantification 

sensitivity, low fluorescent background signals, and low matrix effects in 

biological media, since many biological species emit on the ultraviolet-visible 

range.  [14, 15] 

In this context, we reported the synthesis and characterization of NIR fluorescent 

silver sulplhide (Ag2S) QD and their application as nanoprobes for optical assays. 

[16] However, to the best of our knowledge, the electrochemical properties of 

such Ag2S QD haven’t been neither studied nor exploited for biodetermination 

purposes. In this scenario, we report the electrochemical determination of Ag2S 

QD based on anodic stripping voltammetry and their application as tags for 

bacteria quantification, taking advantage of the affinity of silver for cell surface 

macromolecules. Such bacteria determination is an emerging hot topic, due to 

the increasing resistance of bacteria to antimicrobial agents and the limitations of 

traditional methods of analysis based on cell culturing. [17, 18]. The effect of 

different QD surface coatings on both the electroactive properties of the Ag2S QD 

and the assay performance is also studied and discussed. 
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2. EXPERIMENTAL 

2.1. Chemicals and equipment 

The precursors used for the synthesis of the Ag2S QD were: 3-mercaptopropionic 

acid (3-MPA, ≥ 99%), silver nitrate (> 99%), sodium sulphide nonahydrate (≥ 

98%), sodium hydroxide, 3-aminophenylboronic acid, N-(3-

dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC), N-

hydroxysuccinimide (NHS, 98%), all of them purchased from Sigma-Aldrich 

(www.sigmaaldrich.com), part of Merck KGaA (Germany). Acetic acid glacial was 

purchased from Fisher (www.thermofisher.com), part of Thermo Fischer 

Scientific (Belgium). 

For the electrochemical measurements, fuming hydrochloric acid (37%) was also 

obtained from Merck KGaA (www.merckgroup.com) (Germany). 

The bacteria used were Escherichia coli: XL1-blue (recA1 endA1 gyrA96 thi-1 

hsdR17 supE44 relA1 lac [F’ proAB lacIq ZΔM15 Tn10 (Tetr)] purchased from 

Agilent (https://www.agilent.com) (United States of America) and Salmonella 

typhimurium strain LT2 (American Type Culture Collection, ATCC, number 

700720). Bacteria cultures were made using Luria-Bertani (LB) broth medium and 

phosphate buffered saline (PBS) from Sigma-Aldrich (www.sigmaaldrich.com) 

and a B. Braun Biotech Certomac IS orbital incubator from B. Braun Biotech 

International GmbH (Germany). Humic acid was purchased from Sigma-Aldrich 

(www.sigmaaldrich.com). Human serum from healthy patients was kindly 

provided by Cabueñes Hospital (Gijón, Asturias, Spain). 

 

http://www.sigmaaldrich.com/
http://www.merckgroup.com/
https://www.agilent.com/
http://www.sigmaaldrich.com/
http://www.sigmaaldrich.com/
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A MSC-100 cooling thermoshaker incubator purchased from Labolan 

(www.labolan.es) (Spain) was used for the incubation of the Ag2S QD with 

bacteria cell cultures. The suspensions were centrifuged using a ROTANTA 460 

R thermostatic centrifuge from Hettich (www.hettichlab.com) (Germany). 

All chemical reagents were of analytical grade and used as received without 

further purification. All the solutions were prepared in ultrapure water (18.2 MΩ) 

obtained with a Millipore Direct-Q® 3 UV purification system from Millipore Ibérica 

S.A (Spain). 

Preconcentration and purification of the Ag2S QD with the different coatings was 

carried out using 3-kDa Amicon-Ultra centrifugal filters from Merck KGaA, 

(www.merckmillipore.com) (Germany). 

Photoluminescence properties of the synthesized QD were studied using a 

Varian Cary Eclipse Fluorescence Spectrometer from Varian Ibérica 

(www.agilent.com) (Spain) equipped with a xenon discharge lamp (peak power 

equivalent to 75 kW), a Czerny-Turner monochromator and a photomultiplier tube 

detector (Model R-298). Fluorescence spectra were recorded using a fixed 

excitation wavelength of 530 nm with both excitation and emission slits widths of 

10 nm. All measurements were made at constant temperature (20 °C) and 

atmospheric pressure, using quartz cuvettes from Hellma (www.hellma-

analytics.com) (Germany). 

In order to study the purity of the QD, Asymmetric Flow-Field Flow Fractionation 

(AF4) was on-line coupled to Inductively Coupled Plasma Mass Spectrometry 

(ICP-MS). Silver elemental analysis was performed using ICP-MS. For this 

purpose, a Triple Quad 8800 ICP-QQQ from Agilent (www.agilent.com) (Japan) 

http://www.labolan.es/
http://www.hettichlab.com/
file:///C:/Users/Fredo%20y%20Marîa/Documents/Fredo/www.merckmillipore.com
http://www.agilent.com/
http://www.hellma-analytics.com/
http://www.hellma-analytics.com/
http://www.agilent.com/
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with a concentric nebulizer with double-pass glass spray chamber Scott type was 

used. Operation conditions for the ICP-MS analysis were optimized using a tuning 

solution. Elemental Ag was measured in on-mass MS/MS mode (107 Ag+). The 

integration time for each of the targeted isotopes was 100 ms. 

High Resolution Transmission Electron Microscopy (HR-TEM) images were 

acquired using a JEM 2100 instrument from JEOL (www.jeol.co.jp) (Japan), 

which operates at an accelerating voltage of 200 kV. Samples were prepared by 

placing several drops of diluted QD suspension in ultrapure water onto a carbon 

coated copper TEM grid and then allowed to air-dry before loading in the 

microscope. 

In order to have homogeneous dispersions of nanoparticles, an Elmasonic P 30 

H ultrasonic bath from Elma Schmidbauer GmbH (www.elma-ultrasonic.com) 

(Germany) was used. Electrochemical measurements were carried out using an 

µAutolab type II potentiostat/galvanostat from Eco Chemie (www.ecochemie.nl) 

(The Netherlands) interfaced to a computer system and controlled by the NOVA 

version 2.1 software from Metrohm Autolab (www.metrohm-autolab.com) (The 

Netherlands). Screen-printed carbon electrodes (SPCEs, ref. DRP-110) and their 

connector for the potentiostat (ref. DSC) were purchased from Metrohm 

DropSens (www.dropsens.com) (Spain). The conventional three-electrode 

configuration of SPCEs includes both carbon working and counter electrodes and 

a silver pseudoreference electrode. All measurements were carried out at room 

temperature. 

 

 

http://www.jeol.co.jp/
http://www.elma-ultrasonic.com/
http://www.ecochemie.nl/
http://www.metrohm-autolab.com/
http://(www.dropsens.com/
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2.2. Methods 

2.2.1. Synthesis and characterization of Ag2S QD with different surface 

coatings 

Ag2S QD were synthesized following a procedure previously reported by our 

group. [16] First, in the case of the 3-mercaptopropionic acid-silver sulphide 

quantum dots (3-MPA-Ag2S QD), 3-mercaptopropionic acid (3-MPA, 0.14 g) was 

dissolved in deionized water (50 mL), being the pH of this solution adjusted to 7.5 

with 1 M sodium hydroxide and 1 M acetic acid solutions. Then, silver nitrate 

(AgNO3, 42.5 mg) was added, and the pH was adjusted again to 7.5. The solution 

was spilled in a three-necked flask, deoxygenated with argon and covered with 

aluminium foil, to avoid light exposure. The mixture was heated to 50 °C while a 

deoxygenated sodium sulphide solution (13.9 mg of sodium sulphide in 20 mL of 

deionized water) was slowly added under continuous and vigorous stirring. After 

that, it was left to react for 7 h at 50 °C. 

In order to obtain boronic acid-silver sulphide quantum dots (BA-Ag2S QD), 3-

MPA-Ag2S QD were preconcentrated using a 3-kDa Amicon-Ultra centrifugal 

filters. Then, they were bioconjugated with 3-aminophenylboronic acid following 

the well-known EDC carbodiimide crosslinking reaction in the presence of sulfo-

NHS to increase the bioconjugation efficiency through the generation of a stable 

sulfo-NHS ester intermediate reaction. [19] A volume of 10 mL of 100 nM 3-MPA-

Ag2S QD was made to react together with 0.025 mM EDC (0.3 mL) and 0.015 

mM NHS (0.2 mL) during 2 h. After that, 3 mL of 0.025 mM 3-aminophenylboronic 

acid was added to the mixture and left to react 4 h. This reaction was made at 

room temperature and under continuous mechanical stirring. 
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The synthesized Ag2S QD (3-MPA-Ag2S QD and BA-Ag2S QD) were purified 

using a 3-kDa Amicon-Ultra centrifugal filters and washing with ultrapure water 

several times. All the solutions were stored protected from light at 4 °C. 

HR-TEM images were acquired in order to evaluate the Ag2S QD size and shape 

as well as the absence of aggregates. The characteristic fluorescence emission 

of the Ag2S QD at approximately 800 nm (λex = 530 nm) was also recorded to 

corroborate the correct QD formation. 

2.2.2. Electrochemical determination of Ag2S QD 

In order to obtain homogeneous dispersions of Ag2S QD, the stock solutions were 

first sonicated for 5 min in an ultrasonic bath (frequency: 30-100 Hz, temperature: 

25 °C). After that, 5 µL of QD solution at different concentrations were deposited 

on the working electrode and allowed to dry at room temperature, for 

approximately 30 min. Electrochemical quantification was performed by placing 

40 µL of 0.1 M HCl on the Ag2S QD-modified SPCE and applying a constant 

reductive potential of -0.3 V for 60 s. Then, the hydrogen that may have been 

formed on the electrode surface was desorbed by applying a constant potential 

of -0.1 V for 60 s. After that, a scan to oxidative potentials from -0.1 V to +0.3 V 

was applied using cyclic voltammetry (CV) at a scan rate of 50 mV·s-1. The value 

of the peak current recorded at approximately +0.06 V is considered as the 

analytical signal. 

It’s worthy to note that the constant background of 0.8 µA coming from the silver 

present in the printed reference electrode (see optimization studies at the ESM) 

was subtracted from all the analytical signals (both of Ag2S QD and bacteria 

analysis) under the optimized experimental conditions. 
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All measurements were done by triplicate. Removal of oxygen from the solution 

was not necessary. A new SPCE was used for each measurement. 

2.2.3. Escherichia coli culture 

E. coli XL1-blue cells were aerobically cultured at 37 ºC in sterile Erlenmeyer 

flasks containing 100 mL LB Broth medium, using an orbital incubator at 250 rpm. 

After overnight incubation, the cultures reached an absorbance at 600 nm 

(A600nm) of 2.54 and bacteria cells were harvested by centrifugation. After the 

centrifugation, the sediments were washed using PBS (pH 7.5) and the bacteria 

pellet was re-suspended in 10 mL of PBS. Assuming that one unit of A600nm of an 

E. coli suspension contains approximately 1.00×108 bacteria·mL-1 that amount is 

considered as E. coli concentration of the stock bacteria solution. 

2.2.4. Incubation of E. coli bacteria with Ag2S QD and electrochemical 

quantification 

The incubation of the Ag2S QD with E. coli bacteria was carried out by mixing 500 

µL of 1.80×1012 QD·mL-1 (for both 3-MPA-Ag2S QD and BA-Ag2S QD) with 500 

µL of suspensions with different amounts of E. coli (concentrations between 10-1 

and 107 bacteria·mL-1) and incubating at 37 °C for 30 min under gentle stirring. 

After that, the suspensions were centrifuged at 1700g (20 °C, 10 min) for 

removing the excess of Ag2S QD. The resulting pellet was re-suspended in 50 µL 

of milli-Q water, deposited on the SPCE working electrode surface and kept there 

for 2 minutes, as previously optimized. [20] Finally, the electrochemical 

determination of the Ag2S QD linked to the bacteria was performed following the 

experimental procedure described in section 2.2.2, studying the variation in the 

peak current at +0.06 V for different concentrations of E. coli cells. 
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2.2.5. Selectivity and specificity studies 

To test the selectivity of the detection strategy, Salmonella bacteria cells were 

incubated with the Ag2S QD, as described in section 2.2.4. Salmonella cells were 

cultured as described for E. coli bacteria, in this case a value of 2.96 of A600nm 

indicates a bacterial density of around 4.30×1011 bacteria·mL-1. 

To test the specificity in presence of potential interference compounds, the assay 

was performed over a suspension of 102 E. coli bacteria·mL-1 in presence of 

human serum and humic acid (4 mg·L-1).  

 

3. RESULTS AND DISCUSSION 

3.1. Characterization of 3-MPA-Ag2S QD and BA-Ag2S QD 

Two different Ag2S QD surface coating/stabilizing agents were evaluated for the 

further bacteria quantification. 3-mercaptopropionic acid (3-MPA) was studied as 

model of short length coating ligand with no affinity for bacteria while boronic acid 

(BA) was evaluated as longer length ligand with chemical affinity for the 

polysaccharides present in the peptidoglycan layer on the surface of bacteria 

cells. 

Ag2S QD synthesized with the two different surface coatings were first evaluated 

by HR-TEM (Fig. 1). The images show that in both cases the Ag2S QD has a 

spherical shape. However, different nanoparticle sizes were found depending on 

the surface coating, being the average diameters of 6 ± 1 nm for the 3-MPA-Ag2S 

QD (Fig. 1a) and 9 ± 2 nm for the BA-Ag2S QD (Fig. 1b) (histograms are given 
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in Fig. A1 at the ESM). Such difference noticed is in correlation with the longer 

length of the BA ligand compared with the 3-MPA one, as schematized in Fig. 1. 

Fig. 1 From left to right: Schematic representation of the Ag2S QD synthesized 

with different surface coatings, HR-TEM images and fluorescence emission 

spectra (λex = 530 nm) for (a) 3-mercaptopropionic acid Ag2S QD (3-MPA-Ag2S 

QD) and (b) boronic acid Ag2S QD (BA-Ag2S QD) 

Fluorescence properties were also evaluated, exciting at 530 nm. Fluorescence 

emissions centred at wavelengths of 806 nm for 3-MPA-Ag2S QD (Fig. 1a) and 

of 827 nm for BA-Ag2S QD (Fig. 1b) were found, as expected. Such emission 

property, within the near infrared region (700-2500 nm) is characteristic of these 

QD, as previously reported by our group. [16] 

A crucial parameter for the analytical application of the QD is the nanoparticle 

concentration. Ag2S QD concentration was calculated considering the size 

(determined by HR-TEM), the stoichiometry (obtained from X-Ray Diffraction 

(XRD) analysis) and the nanoparticle number concentration (determined by ICP-
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MS). Accuracy of such approach depends on the purity of the sample. It is 

necessary to confirm that all the Ag quantified came from the Ag2S QD and not 

from unreacted silver precursor or any other concomitant nanoparticulated 

species generated during the synthesis (e.g. AgNPs). Analysis by AF4-ICP-MS 

of the purified product from the synthesis resulted in a fractogram in which only a 

single narrow peak was detected, where Ag and S ions were simultaneously 

detected, thus confirming the presence of Ag2S NP and the absence of free ionic 

Ag+ or other concomitant nanoparticulated Ag species. Considering all those 

factors, the concentration of the synthesized QD is estimated to be 2.20×1014 

QD·mL-1 for 3-MPA-Ag2S QD and 1.80×1014 QD·mL-1 for BA-Ag2S QD. 

 

3.2. Electrochemical determination of Ag2S QD 

3.2.1. Voltammetric monitoring of Ag2S QD 

Electrochemical quantification of Ag2S QD was performed by anodic stripping 

voltammetry. As illustrated in Fig. 2, such procedure consists in the 

electrochemical reduction of the Ag+ present in the surface of the QD to Ag0. This 

reduction leads to a pre-concentration of silver on the electrode, being actually 

such characteristic the main contributor to the high sensitivity of the stripping 

analysis. After that, Ag0 is re-oxidized back to Ag+ by scanning to positive 

potentials, recording at approximately +0.06 V the peak of current characteristic 

of the oxidation of Ag0 to Ag+. The value of such peak current is considered as 

the analytical signal which allows the QD quantification. Hydrochloric acid plays 

a key role here, being the source of Cl- ions that form the AgCl complex with the 
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re-oxidized Ag+. The formation of this complex facilitates the silver re-oxidation 

process and consequently the electrochemical quantification. 

Fig. 2 Scheme of the experimental procedure for the Ag2S QD quantification 

based on anodic stripping voltammetry. Cyclic voltammograms recorded from -

0.1 V to +0.3 V at a scan rate of 50 mV·s-1 for the bare electrode (grey continuous 

line) and the electrode modified with suspensions of 1.40×1012 QD·mL-1 of 3-

MPA-Ag2S QD (continuous red line) and BA-Ag2S QD (discontinuous green line) 

are shown 

Typical voltammetric signals obtained for 1.40×1012 QD·mL-1 suspension of the 

synthesized Ag2S QD (3-MPA-Ag2S QD and BA-Ag2S QD) are shown at Fig. 2. 

As can be observed, the peak current profiles are quite similar for both types of 

Ag2S QD, being the peak current intensity slightly higher for the 3-MPA-Ag2S QD. 
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3.2.2. Optimization of the method 

The following parameters were optimized: (a) working potential; (b) 

electrodeposition time. Respective text and figures on optimizations are given at 

the ESM.  In short, the following experimental conditions were found to give best 

results: (a) Best working potential: -0.3 V; (b) optimal Electrodeposition time: 60 

s. As stated at the experimental section, the constant background of 0.8 µA 

coming from the silver present in the printed reference electrode is subtracted 

from all the analytical signals in the further quantification studies (both of Ag2S 

QD and bacteria) under the optimized experimental conditions. 

3.2.3. Quantification of Ag2S QD with different surface coatings 

The effect of the Ag2S QD concentration on the analytical signal was evaluated 

for the two different surface coatings, following the optimized method. As shown 

in Fig. 3, the analytical signal increases when increasing the Ag2S QD 

concentration adjusted to a linear relationship within a wide range (from 2.20x109 

to 2.20x1012 QD·mL-1 for 3-MPA-Ag2S QD and from 1.80×109 to 1.80x1012 

QD·mL-1 for BA-Ag2S QD), with good correlation coefficients, higher than 0.9975 

in both cases. All the concentrations were adjusted into a linear relationship 

according to the following equations: 

Peak current (µA) = 12.8×10-12 [3-MPA-Ag2S QD] (QD·mL-1) + 0.6      r = 0.9991 

Peak current (µA) = 11.4×10-12 [BA-Ag2S QD] (QD·mL-1) + 0.2            r = 0.9975 
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 Fig. 3 Effect of the Ag2S QD concentration on the analytical signal (voltammetric 

peak recorded at +0.06 V) for the different surface coatings evaluated: (a) 3-MPA-

Ag2S QD and (b) BA-Ag2S QD, following the optimized method. Data are given 

as average ± SD (n=3) 

The limit of detection (LOD), calculated as three times the standard deviation of 

the intercept divided by the slope, is 4.10×1010 QD·mL-1 for the 3-MPA-Ag2S QD 

and 5.70×1010 QD·mL-1 for BA-Ag2S QD. Additionally, the method shows a good 

reproducibility (RSD) of around 5% (n =3) (evaluated for 1.80×1012 QD·mL-1). 

The similar responses found for both QD in terms of sensitivity, reproducibility 

and limit of detection suggest that the different coatings are not affecting the 

electroactivity of the Ag2S QD, which is of key relevance for their application as 

tags. The little decrease in the voltammetric signals noticed for the BA-Ag2S QD 

is probably due to the bigger size of the coating agent which may shortly hinder 

the close contact of the silver with the electrode. 
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3.3. Bacteria quantification using Ag2S QD: evaluation of the effect of 

different QD surface coating ligands 

Well-stablished methods for specific determination of bacteria are commonly 

based on time consuming cells culturing or molecular biology techniques, giving 

qualitative or semi-quantitative information. Alternative techniques based on 

targeting intracellular proteins and nucleic acids also suffer of complex and long 

extraction procedures between other drawbacks. [21] In contrast, cell 

determination strategies based on the recognition of phospholipids and 

lipopolysaccharides expressed on bacterial cell walls allow to overcome such 

limitations. [22–24] In this context, nonspecific but selective bacteria assays 

based on the affinity of silver nanoparticles for such cell surface macromolecules 

(which is the basis of the anti-bacteria effect of silver) have been reported for 

quantitative analysis taking advantage of the electroactivity of silver. [25] 

In our case, we have studied the ability of the novel Ag2S QD to be used as tags 

for bacteria determination based on the silver-bacteria affinity and, even more 

interestingly, we have evaluated the effect of different QD surface coatings in the 

assay performance. E. coli bacteria was chosen as model for the demonstration 

of the proof-of-concept. 

As detailed in the experimental section, different amounts of E. coli bacteria in 

the range from 10-1 and 107 bacteria·mL-1 were incubated with a fix quantity of 

both QD, followed by centrifugation/purification before the electrochemical 

quantification of the silver linked to bacteria. The voltammetric peak current was 

then correlated with the concentration of E. coli. 
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Fig. 4 Illustration of the E. coli determination strategy based on the incubation 

with (a) 3-MPA-Ag2S QD and (b) BA-Ag2S QD, and further electrochemical 

quantification of silver. Bar diagrams correspond to the voltammetric peak 

currents obtained for bacteria cells concentrations ranging from 10-1 to 107 

bacteria·mL-1. Data are given as average ± SD (n=3) 

As shown in Fig. 4a (left), in the case of the 3-MPA-Ag2S QD, the peak current 

increases with the E. coli concentration up to 103 bacteria·mL-1. Such bacteria 

tagging can be attributed to the well-known affinity of silver nanoparticles for the 

phospholipids and lipopolysaccharides present of the bacterial cell walls, as 

expected. The short length of the 3-MPA ligand facilitates not only the contact of 

the silver with the cell walls but also the electronic transference during the silver 

quantification process, as depicted in the cartoon of Fig. 4a (right). The important 

decrease in the signal noticed for higher concentrations is probably due to the 
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saturation of the electrode with bacteria which blocks the electronic transference, 

what is in agreement with previous reports. [20, 25, 26] Quantitative evaluation 

of the presented data gave a logarithmic relationship between the analytical 

signal and the bacteria concentration in the range from 10-1 to 103 bacteria·mL-1 

adjusted to the following equation: 

Peak current (µA) = 0.61 ln [E. coli] (bacteria·mL-1) + 4.9                       r = 0.998 

The limit of detection, estimated as detailed above, was of 1 bacteria·mL-1 while 

the reproducibility of the method exhibited an RSD of 3% (n=3) for 1 bacteria·mL-

1. 

In parallel, the response of the bacteria incubated with BA-Ag2S QD was also 

evaluated. As shown in Fig. 4b (left), the profile of the electrochemical response 

is significantly different from the obtained for the 3-MPA covering, being needed 

higher amounts of bacteria for getting the same peak current values. The 

quantitative analysis also gives a shorter dynamic range of response (1-103 

bacteria·mL-1), adjusted to a logarithmic relationship with a quite poor correlation 

coefficient: 

Peak current (µA) = 0.91 ln [E. coli] (bacteria·mL-1) + 2.1                      r = 0.977 

This behaviour is probably in close relation with the characteristics of the BA 

ligand. On the one hand, the big-sized chains of this ligand may hinder the direct 

contact/interaction of the silver in the QD with the bacteria cell walls. However, 

the chemistry of the boronic acid in the ligand may be the responsible of the QD-

bacteria linking in this case. It is known that the boronic acid interacts with 

different saccharides to form boronate esters. [27] Boronic acid has also shown 

reactivity with 1,2-diols or 1,3-diols in aqueous media to create five- or six-
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membered cyclic esters, [28] and it has been widely used in the detection of 

mono- and polysaccharides, which are present in the peptidoglycan layer on the 

surface of bacteria cells. [28, 29] This means that BA-QD may be linked to 

bacteria cells via such chemically specific binding, as illustrated in Fig. 4b (right). 

However, this positive effect for the determination system is probably countered 

by steric issues: the long chains of the BA ligand are hindering the close contact 

of the Ag2S QD with the electrode surface, leading to a decrease in the 

voltammetric response. All this makes the bacteria determination ability of the 

BA-coated Ag2S QD worse than the observed for the less protected 3-MPA 

coated ones.  

In order to elucidate the effect of the covering agent length on the bacteria 

determination system, a big-sized ligand but with no chemical affinity for the 

bacteria cell wall components was evaluated as control. Glutathione-modified 

Ag2S QD were synthesized and assayed for that purpose. The results shown at 

the ESM (see Fig. A4b) evidence that such QD, although showing electroactivity 

for silver determination, do not exhibit any affinity for the bacteria cells. This 

demonstrates that the big coating of the QD is blocking the contact/interaction of 

the silver with the bacteria cell surface, suggesting that the response found for 

the BA-QD is mostly due to the chemical affinity of the boronic acid for the 

molecules on the bacteria cell surface. 

 

3.4. Selectivity and specificity of the bacteria quantification assay 

In or to test the selectivity of this determination strategy, a second model bacterial 

strain was evaluated following the same method. The current versus 
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concentration profile obtained by incubating Salmonella cells with 3-MPA-Ag2S 

QD (see Fig. 5a, discontinuous bars) results in substantial similarity to the one 

observed with E. coli (see Fig. 5a, continuous bars) although reaching the 

maximum current intensity for lower Salmonella concentrations. Such different 

profile of response can be attributed to the analogous but dissimilar variety and 

type of surface functional macromolecules expressed on the cell walls. [30] 

Consequently, the average ratio between the number of electrochemical 

reporters per bacterial cell vary between both species. This behaviour, previously 

reported for PVP-coated AgNPs [25] demonstrates semispecific character of the 

assay, which has the potential ability to discriminate between different pathogenic 

organisms without the need of highly specific receptors like antibodies.  

On the other hand, to evaluate the specificity of the bacteria determination 

method in complex samples, an assay on a E. coli suspension of 102 bacteria·mL-

1 incubated with 3-MPA-Ag2S QD in the presence of two different kind of potential 

interfering species was performed. Human serum was selected as representative 

matrix for biological/clinical applications while humic acid, the major component 

of river waters’ total organic carbon, was chosen as representative matrix for 

environmental applications. As shown in Fig. 5b, a slight decrease in the 

analytical signal is observed for the assay performed in humic acid, suggesting 

the low interfering effect of such important environmental component. In contrast, 

the matrix of the human serum substantially affects the performance of the 

system, as evidenced by the approximately 50% decrease in the signal. This 

behaviour is probably due to the high abundance of proteins in the complex 

serum matrix which may unspecifically interact with the 3-MPA-Ag2S QD. 
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Fig. 5  (a) Voltammetric peak current profiles for bacteria, E. coli (continuous 

bars) and Salmonella (discontinuous bars) incubated with 3-MPA-Ag2S QD; cell 

concentrations ranging from 10 to 105 bacteria·mL-1 and (b) Voltammetric peak 

currents recorded for assays performed on samples containing E. coli suspension 

of 102 bacteria·mL-1 in presence of two interfering species: humic acid (4 mg·L-1) 

and human serum. Data are given as average ± SD (n=3) 

The absence of Ag2S QD aggregation in presence of multivalent cations was 

demonstrated in a previous work [16], where we studied the effect on the 

luminescence emission of AgS2 of the presence of anions such as F-, Cl-, Br-, I-, 

NO3
-, NO2

-, SO4
2-, SO3

2-, S2O3 
2-, SCN-, PO4

3-, S2-, and cations including K+, Zn2+, 

Mg2+, Cu2+, Na+, Fe2+, Ca2+, Mn2+, Hg2+, Cr6+, As3+. Results obtained showed that 

the presence of most of the relevant ions evaluated did not produce any 

significant effect on the emission of the synthesized Ag2S QD, even when they 

are present at 1000 μM (the maximum concentration assayed). Such experiment 

is an evidence indicating that no aggregation of QD occur in the presence of such 

studied ions. 

Overall, this method is a promising proof-of-concept alternative to traditional 

laboratory-based tests, with good sensitivity and short time and low cost of 

analysis. Apart from that, it can detect very low concentrations of bacteria just 

because of the high affinity between the Ag2S QD and the cell walls, without the 

0.0

2.0

4.0

6.0

8.0

10.0

1.00E+01 1.00E+02 1.00E+03 1.00E+04 1.00E+05

E.coli Salmonella
P

e
a

k
c
u

rr
e
n

t
(µ

A
)

10

8

6

4

2

0

10      102 103         104         105 

[Bacteria] (bacteria·mL-1)

E. coli Salmonella
a

0.0

2.0

4.0

6.0

8.0

10.0

1.00E+01 1.00E+02 1.00E+03

P
e
a

k
c
u

rr
e
n

t
(µ

A
)

10

8

6

4

2

0

b

Milli-Q 

water

Humic

acid

Human 

serum



23 
 

need of any receptor, such as enzymes, antibodies or aptamers, simplifying 

enormously the method. In Table 1 a comparison between different methods for 

bacteria determination based on different receptors and recognition systems is 

summarized, evidencing the good performance of our system, which also 

benefits of the above-mentioned advantages. 

Table 1. An overview on recently reported methods for the determination of 

bacteria. 

Reporter Method  
Figures of merit 

Reference 
Analyte Receptor LOD 

Ag2S QD 
Cyclic 

voltammetry 
E. coli No receptor 

0.4 
bacteria·mL-1 This work 

AuAg nanoshells 
Differential 

pulse 
voltammetry 

E. coli and 
Salmonella 
typhimurium  

(S. typ) 

No receptor 102 CFU·mL-1 [25] 

β-galactosidase-
cationic AuNPs 

conjugate system 
Colorimetry E. coli 

β-
galactosidase 

102 
bacteria·mL-1 

[31] 

β-galactosidase-
cationic AuNPs 

conjugate system 

Differential 
pulse 

voltammetry 

E. coli and 
Staphylococc

us aureus  
(S. aureus) 

β-
galactosidase 

102 CFU·mL-1 [32] 

Bacterial Inhibition 
of Glucose 

Oxidase-catalyzed 
reaction 

Colorimetric 
assay 

E. coli and  
S. aureus 

 

Glucose 
oxidase 

7.48×103 
CFU·mL-1 for 

E. coli 
and 3.3×103 
CFU·mL-1 for 

S. aureus 

[33] 

Antibody-
conjugated gold 
nanorod-based 

two-photon 
scattering 

Two-Photon 
Rayleigh 

Scattering 
Spectroscopy 

E. coli 
O157:H7 

Anti-E. coli 
antibody-

conjugated 
nanorods 

50 
CFU·mL-1 

[34] 

Amino-terminated 
gold nanorods 

functionalised with 
antibodies 

UV/Vis 
absorbance 

E. coli O157: 
H7 and S. 

typ 

Anti-E. coli 
and anti- S. 

typ 
102 CFU·mL-1 [35] 

Antibody-
conjugated oval 

shaped gold 
nanoparticles 

Near infrared 
detection 

Salmonella 
Anti-

Salmonella 
5.2x104 
bacteria 

[36] 

Antibody 
conjugated on a 
hyaluronic acid 

layer 

Electrochemical 
impedance 

spectroscopy 

E. coli 
O157:H7 

anti-E. coli 
O157:H7 
antibody 

7 CFU·mL-1 [37]  

Antibody labelled 
with gold 

nanoparticles and 
magnetic beads 

Chronoampero
metry 

E. coli 
O157:H7 in 
minced beef 

E. coli O157 
primary 
antibody 

457 CFU·mL-1 
in minced beef 

and 309 
[26] 
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and tap 
water 

CFU·mL-1 in 
tap water 

ε-polylysine 
functionalized 

magnetic 
nanoparticles 

Fluorescence E. coli DH5α 
Anti-E. coli 

DH5α antibody 
98 CFU·mL-1 [24] 

PDMS/paper/glass 
hybrid microfluidic 
biochip integrated 

with aptamer-
functionalized 

graphene oxide 

Fluorescence 

Lactobacillus 
acidophilus  

(L. 
acidophilus),  

S. aureus 
and 

Salmonella 
enterica  

(S. enterica) 

Aptamers for 
each bacteria 

11 
CFU·mL-1 for 

L. acidophilus, 
800 CFU·mL-1 

for S. aureus 
and 61 

CFU·mL-1 for 
S. enterica 

[38] 
 
 

Fluorophore 5-
carboxyfluorescein 
labelled aptamer on 

graphene oxide 

Fluorescence S. typ. 
Aptamer for S. 

typ 
100 CFU·mL-1 [39] 

 

4. CONCLUSION 

In this work, we report for the first time the electrochemical quantification of novel 

NIR-emitting Ag2S QD as well as their application as novel electrochemical 

reporters for the rapid determination of bacterial cells on screen-printed carbon 

electrodes. Interestingly, studies carried out with different Ag2S QD surface 

ligands/stabilizers show that short length ligands with no affinity for the bacteria 

cells exhibit better performance than long length ones. Such findings suggest that 

the less-protected silver surface is available to interact with the cell surface walls, 

being such interaction blocked for the more protected QD. Long length ligands 

with chemical affinity for the macromolecules expressed on the bacteria cell walls 

also show worse performance, suggesting that steric effects affecting the 

voltammetric detection play a key role in the determination system. Overall, this 

method based on novel Ag2S QD represents a promising proof-of-concept for 

rapid and sensitive bacteria quantification able to compete with traditional costly 

and time-consuming laboratory analyses. The non-specific interaction between 
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Ag2S QD and the bacterial cells avoids the need any receptor such as enzymes, 

antibodies or aptamers, which results in a more rapid and cost-effective system. 
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