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Abstract

Antibiotic-resistant bacterial infections cause more than 700,000 deaths each year worldwide. 

Detection of bacteria is critical in limiting infection-based damage. Nanomaterials provide 

promising sensing platforms owing to their ability to access new interaction modalities. 

Nanoclusters feature sizes smaller than traditional nanomaterials, providing great sensitive ability 

for detecting analytes. The distinct optical and catalytic properties of nanoclusters combined with 

their biocompatibility enables them as efficient biosensors. In this review, we summarize multiple 

strategies that utilize nanoclusters for detection of pathogenic bacteria.

1 Introduction

Bacterial infections cause more than a million illnesses and 20,000 deaths annually in the 

United States alone, costing $50–70 billion per year.1, 2 The rapid increase of bacterial 

infections require facile and cost-effective detection strategies.3–7 Current techniques to 

detect bacteria include polymerase chain reaction (PCR) and sequencing, which are costly 

and time-consuming.8–12 Optical and electrochemical detection methods using organic 

dyes and traditional nanoparticles (NPs) provide facile strategies for analysis of bacteria. 

However, these sensors are often associated with toxicity and low sensitivity, limiting their 

practical applications.13–19

When NPs are composed of a small number of atoms, the as-obtained materials are 

denoted as nanoclusters (NCs) (Figure 1).20 The size of NCs are normally < 2 nm. 

Significantly for both biomedical and environmental concerns, NCs show minimal organ 

retention and accumulation.21–23 The physiochemical and optoelectronic properties of NCs 

are significantly different from their larger counterpart (NPs).24–27 For instance, gold 

NCs (AuNCs) do not exhibit surface plasmon resonance (SPR) like traditional gold NPs 

(AuNPs).28 On the other hand, AuNPs do not exhibit fluorescence, unlike many of their 
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smaller AuNC counterparts. These optical differences are caused by many factors such as 

the quantum confinement effect, discrete energy levels, ligand-to-metal and metal-to-metal 

charge transfer, the synergistic effect between the protection ligand and the metal core, and 

additional mechanisms that are still under investigation.29–32 Another important property 

possessed by NCs is their enhanced catalytic activity compared to NPs.33–39 The catalytic 

properties of metal catalysts are influenced by the size of particles. For instance, small size 

palladium NCs (PdNCs) are more active than the larger palladium NPs (PdNPs).40 These 

special properties of NCs facilitate their biosensing applications,41–46 such as the detection 

of bacteria.47–49

This review discusses current strategies using metal NCs (including gold, silver and copper 

(AuNCs, AgNCs, and CuNCs)) for the detection of bacteria. These sensor systems use a 

range of strategies to detect bacteria that are discussed in the course of this review (Figure 

2). We also discuss future sensing trends using NCs, including their potential utility for 

theranostics.

2 Label-free detection of bacteria

2.1 Detection based on pH responsive behaviors

Bacteria can alter the pH value of the surrounding media.50 For example growth of 

E.coli causes acidification of the surrounding media.51 By means of this phenomenon, the 

concentration of E. coli was monitored using pH sensitive NCs. Xiong et al designed a 

pH monitoring system by the combination of dihydrolipoic acid protected AgNCs (DHLA­

AgNCs) with agarose-LB (Luria-Bertani medium) hydrogels (Figure 3). The DHLA-AgNC­

doped agarose hydrogels show brighter red emission with increasing pH value (Figure 3A, 

3C). The red emission concomitantly decreases with increasing concentration of bacteria 

(Figure 3B). The weakest emission indicates the fully-grown colony of E. coli i.e the most 

acidic environment. Sensing by pH provides a rapid output, however, this approach is 

susceptible to environmental interference.

2.2 Agglomeration

Alteration of the optical behavior of NCs can occur through their interaction with bacterial 

cells. For instance, AuAgNCs are quenched by A. baumannii due to agglomeration (Figure 

4).53 This mechanism facilitates a facile route (ca. 40 minutes) to detect A. baumannii 
with a detection limit of 2.3 × 103 colony-forming unit (CFU)/mL. The intensity of the 

fluorescence decreased with increasing concentrations of A. baumannii from 1 × 104 to 5 

× 107 CFU /mL and was almost completely quenched at 1 × 1010 CFU/mL (Figure 4B, 

C). The TEM (Figure 4D) for AuAgNCs after interaction with A. baumannii shows 30–200 

nm size aggregates while no large size particles are observed for the A. baumannii-free 

micrograph.54 Aggregation-induced quenching provides a promising transduction strategy 

for sensing of bacteria when integrated with effective and selective recognition processes.

2.3 Fluorescence recovery of metal ion-quenched NCs

Metal ions can bind with the components of bacterial cells; this binding can be used to 

provide a fluorescence displacement assay readout for bacteria. For instance, BSA-AuNCs 
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were quenched by Cu2+ and formed BSA-AuNC-Cu2+ adducts (Figure 5). Bacteria are 

known to reduce Cu2+ by various mechanisms. In the presence of E. coli, Cu2+ is reduced 

to Cu+ possibly by Ndh-2 (a cupric reductase), NADH dehydrogenase and other unknown 

pathways.55–57 Cu+ can further diffuse through the cytoplasmic membrane. The reduction 

of Cu2+ and the removal of Cu+ results in the recovery of the fluorescence of BSA-AuNCs. 

Using this phenomenon, rapid detection of E. coli was achieved with a detection limit of 89 

CFU/mL within 0.5 h. This on–off–on sensor can also screen multidrug-resistant bacteria in 

sepsis blood samples. However, the selectivity for specific bacteria is unknown. For instance, 

Cupriavidus sp. binds multiple metal ions including Cu2+, resembling the activity of E. 
coli.58

3 Recognition through molecular motifs

3.1 Fluorescence sensing

3.1.1 Specific recognition strategies

3.1.1.1 Recognition of single receptors: NCs are smaller than many NPs60 and can 

penetrate the cell membrane easily.61, 62 Uptake of NCs by bacteria has been used for 

bacterial cell imaging, however, little selectivity is typically observed.41 After decorating 

the NCs with elements that recognize receptors on bacterial cells, selectivity and uptake 

efficiency can be significantly improved. For instance, E. coli contains acyl homoserine 

lactone (AHL) receptors. Mukherji et al decorated AuNCs with AHL signal molecules that 

could recognize the Lux-R regulators within 2 h (Figure 6).63 This functionalization allows 

differentiation of E. coli from S. aureus (106 cells/mL) suspensions that do not contain this 

receptor.

Further studies used highly fluorescent bovine serum albumin (BSA) protected AuNCs 

(quantum yield, 14%) functionalized with human anti-staphylococcal immunoglobulin 

(antiSAlgG) for specific imaging of S.aureus through fluorescence microscopy. The imaging 

of S. aureus can even be observed by naked eye under UV.64 The studies were performed 

at physiological pH 7, showing an enhanced selectivity relative to nonspecific electrostatic 

binding of Au–human serum albumin NCs to S. aureus. In contrast to slow non-specific 

bacterial cell imaging by GSH-AuNCs (culture time, 24 hours), these specific AuNCs 

decorated with recognition element can be used for rapid imaging (< 2 h).65

3.1.1.2 Selective NC aggregation on bacterial cell wall: Enzymes such as lysozyme 

can recognize bacteria by binding to their membrane.60, 66 For instance, the cell wall 

of E. coli contains a layer of peptidoglycan that is a specific site targeted by lysozyme. 

Lysozyme-protected AuNCs (Lysozyme-AuNCs) have recognition capabilities similar to 

lysozyme.67–69 The Lysozyme-AuNCs (used as a fluorescent label) can attach to E. coli, 
providing turn-on fluorescence (Figure 7).70 The fluorescence intensity of lysozyme-AuNCs 

changes linearly over the range of 2.4×104 – 6.0×106 CFU/mL with the limit of detection 

2.0×104 CFU/mL for E. coli. The sensing time is about 5 minutes. This approach should be 

generalizable, and NCs protected with other cell wall recognition templates could also be 

employed to label and detect bacteria.
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3.1.2 Dual recognition strategies

3.1.2.1 Magnetic enrichment: In magnetic enrichment methods, the analyte is attached to 

magnet beads (MB) and enriched by pulling down the beads using magnetic fields. Cheng et 
al developed a strategy for detection of S. aureus by combining two recognition molecules: 

a DNA aptamer and vancomycin (Van) (Figure 8).71 The vancomycin-protected AuNCs 

(AuNCs@Van) bind onto the terminal residues (d-alanyl-d-alanine) of N-acetylmuramic 

acid and N-acetylglucosamine peptide subunits of S. aureus. The aptamer-MB specifically 

separates S. aureus by binding with the aptamer in the presence of magnetic field. The 

sandwiched structure is constructed by AuNCs@Van, S. aureus and aptamer-MB (after 

incubation at 37 °C for 3 h). Enhanced fluorescence is obtained by the enrichment of NCs 

in the sandwich structure, which increases as a function of the concentration of bacteria. 

The detection limit for S. aureus is 70 CFU/mL and the detection range is 99.8–103.3% 

with a standard deviation from 0.3 to 3.8%. This system using other bacteria species exhibits 

negligible enhancement in fluorescence intensity, demonstrating excellent selectivity.

In another study, nanocapsules with antibody-modified AuNCs embedded in chitosan 

(AuNCs@CS) and immunomagnetic nanoparticles were used to specifically recognize 

E. coli O157: H7 (Figure 9).72 After separation by magnetic fields, E. coli O157: 
H7 were isolated attached to the immunomagnetic nanoparticles and quantified by 

changes in fluorescence intensity of the AuNCs@CS linked to cells. Compared to 

traditional independent AuNC immunoassays, the AuNCs@CS nanocapsules amplified the 

fluorescence signal due to an increased number of fluorescent AuNCs binding to the E. 
coli O157:H7 cell (Figure 9b). The fluorescence intensity increases as a function of E. coli 
O157:H7 concentration. The magnetic separation captures 100% of E. coli O157:H7. The 

detection limit is 1 CFU/mL and the assay only requires 60 min. It is noteworthy that these 

dual-recognition strategies should all exhibit high sensitivity, selectivity and accuracy for 

detecting bacteria.

3.1.2.2 Fluorescence resonance energy transfer: Fluorescence resonance energy transfer 

(FRET) refers to an energy transfer process between fluorophore donors (accept photons 

and transfer energy) and acceptors. The optical properties of both donor and acceptor may 

change in the presence of analytes,7374 which can be used to generate two or more signal 

channels or enhanced sensitivity. The FRET mechanism has been employed for detection 

of bacteria based on the application of NCs. For instance, S. aureus was detected by means 

of energy transfer from fluorescent AuNCs to non-fluorescent AuNPs (Figure 10).75 In 

this sensing process, vancomycin-functionalized AuNCs act as a donor while the aptamer 

modified AuNPs serve as an acceptor. In the presence of S. aureus, the two moieties come 

in close proximity and the emission of the donor significantly changes due to FRET.76 Using 

this strategy S. aureus (incubated at 37 °C for 30 min) was specifically quantified with a 

detection limit of 10 CFU/mL, demonstrating the potential benefits of FRET-based methods.

3.2 Catalysis

Catalysts can be used to accelerate reduction/oxidation reactions,77 a strategy that has been 

applied to sensing. For instance, Huang et al developed a UV-assisted AuNC-chitosan 

composite sensor with an S. aureus specific aptamer.78 S. aureus was attached to the 
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composite and catalyzed H2O2 decomposition to •OH radicals. 3,3,5,5-tetramethylbenzidine 

(TMB) was concomitantly oxidized to TMB (ox-TMB, blue color) by •OH radicals. The 

colorimetric readout of ox-TMB distinguishes S. aureus from other bacteria within 30 

minutes. This method exhibits a detection limit of 1 × 102 CFU/mL. The catalytic activity of 

AuNCs is stable enough to resist 4 h of UV irradiation.

Another catalytic sensing strategy uses a nanoenzyme-triggered catalytic amplification 

strategy to detect L. monocytogenes based on AgNCs (Figure 11). The o-phenylenediamine 

(OPD) mediated aggregation of gold nanoparticles (GNPs) via NH-gold chemistry (Figure. 

11a). In the absence of L. monocytogenes, no AgNCs can be captured by magnetic 

separation. GNPs, in contrast, were aggregated by the OPD (dark blue colour) indicator. L. 
monocytogenes could be captured by aptamer-modified magnetic beads and then recognized 

by immunoglobulin IgY-coated AgNCs (IgY-BSA-AgNCs) to form sandwich complexes. 

After magnetic separation, the AgNCs from the ‘sandwich’ catalyzed OPD conversion to 

oxidized OPD (ox-OPD). The colour of GNPs (red) were preserved because GNPs did not 

change with ox-OPD (Figure. 11b). The detection limit of this colorimetric sensor is 10 

CFU/mL and the test time is ~30 minutes. providing excellent platform to monitor bacteria 

in complex system with little interference.

3.3 In situ synthesis of NCs

Bacterial components (e.g. proteins, polysaccharides, peptides) are potential templates for 

the growth of fluorescent NCs.79, 80 This strategy has been used to sense and differentiate 

between bacterial strains. For example, bacterial cell walls can bind with the COOH 

group of 3-mercaptopropionic acid (MPA) and serve as a template for the synthesis of 

AuNCs. With changes in bacterial concentration, the fluorescence intensity changes with 

the generation of different amounts of AuNCs on the bacterial cell walls. In further 

experiment, kanamycin destroyed non-resistant bacterial cell walls while cell wall of 

resistant bacteria remained intact. Significant differences in the growth of AuNCs was 

observed for kanamycin-resistant strains in comparison to nonkanamycin-resistant strains 

after treating with kanamycin (Figure 12). Similarly, lysozyme damages the cell wall of 

Gram-positive bacteria but not Gram-negative bacteria, distinguishing Gram-positive from 

Gram-negative bacteria.81

Kaur’s group combined the recognition capability of the antimicrobial peptide leucocin 

A (LeuA) and the in situ growth of 3-mercaptopropionic acid (MPA) protected AuNCs 

(MPA-AuNCs) for the detection of L. monocytogenes.82 Leucocin A was immobilized on 

a glass surface to capture L. monocytogenes (Figure 13). The MPA-AuNCs (fluorescent 

label) were grown in situ on bacteria to generate fluorescence (Figure 13a). The detection 

limit was 2000 CFU using just 10 μL of sample with ca. 50 min assay time. This in situ 
generation of NCs provides a promising strategy for on-site bacterial detection.

3.4 Other fluorescence/catalysis methods

A number of molecular recognition motifs such as antibiotics, aptamers and peptides have 

been used to modify nanomaterials to enable selective/specific sensing (Table 1).83.
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4 Sensing arrays

The above-mentioned sensors were designed for detecting one type of bacteria using a 

recognition motif. An alternate strategy is to use array-based sensing strategies for detecting 

multiple types of bacteria.90 For instance, human serum albumin (HSA), lysozyme (Lyz) 

and lactoferrin (Lf) protected NCs have been used for analysis of bacteria.69, 89, 91 Li 

et al constructed a sensor array based on the combination of HSA-AuNCs, Lyz-AuNCs, 

Lf-AuNCs, and vancomycin functionalized HSA-AuNCs (Van-AuNCs) (Figure 14).92 The 

first three probes identify the bacterial cells by the protein template. The last probe combines 

antibiotics with proteins to more specifically target the corresponding bacteria. Based on 

the sensing array, six types of bacterial cells including A. faecalis, B. subtilis, S. aureus, E. 
coli, MRSA (methicillin-resistant S. aureus) and KREC (kanamycin resistant E. coli) were 

discriminated. The bacteria could be identified at levels as low as as 1.2 × 107 cells/mL, 

with test time of 1 h. Wu et al reported a similar fluorescence sensing array based on 

metal ions modified AuNCs for analyzing bacterial cells.93 The probes containing Zn2+-Lys­

AuNCs, Cd2+-Lys-AuNCs, Zn2+-BSA-AuNCs, Cd2+-BSA-AuNCs, Zn2+-HSAAuNCs, and 

Cd2+-HSA-AuNCs were combined as the sensing array. The Gram-positive and −negative 

bacteria in suspensions (OD600 = 0.05) were differentiated and the test time was <30 

minutes. Yang et al. fabricated a sensing array based on (+)AuNPs/FA-AuAgNCs for the 

discrimination of sulfur-emitting bacteria.94 The non-sulfur (E. Coli, S.aures) and sulfur­

emitting bacteria (C. thiooxidans, T. prufunda, A. Caldus SM-1) were distinguished at ca. 

30 minute at a level of OD600 = 0.005. These sensing arrays open up avenues for analyzing 

complicated bacterial infection systems.

5 Potential point-of-care applications

The fluorescence of NCs can change during antimicrobial processes, a phenomenon 

that could be employed for point-of care theranostics. In results that highlight this 

potential, Alsaiari et al designed a bacteria-responsive AuNCs@lysozyme-mesoporous 

silica (AuNCs@Lys-MSN) nanofiller for bacterial sensing and therapy (Figure 15). The 

electrostatic interaction between negatively-charged AuNCs@Lys and positively-charged 

aminated MSN provided an assembled drug carrier and detection system. In the presence of 

bacteria, AuNC@Lys detached from the MSN surface and the fluorescence of AuNC@Lys 

was quenched (Figure 15a). The release of entrapped kanamycin also occurred. The drug 

release system employed the adsorption of the AuNCs@Lys-MSN onto the bacteria upon 

bacterial contamination (Figure 15b), followed by the degradation of the bacterial cell 

wall by lysozyme that quenched the fluorescence of AuNCs. The fluorescence of AuNCs 

depended on the lysozyme catalytic activity and gradually quenched over time (Figure 15c).

In a different approach, an antibacterial polymer membrane containing AuNC@Lys-MSN 

loaded with kanamycin was fabricated on a photostimulable phosphor (PSP) plate as 

a theranostic device. The membrane shows bright red emission in absence of bacterial 

contamination. Upon encountering high bacterial contamination, the red emission was 

quenched as the detachment of AuNC@Lys from MSN while releasing the drugs (Figure 

15d).
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In yet another theranostic example, quaternary ammonium (QA) capped AuNCs were used 

for in vivo disinfection of MRSA. The live/dead bacteria can be differentiated at the 

same time using imaging method because the dissipated membrane charge of dead cells 

fails to bind QA-AuNCs.96 The fabrication of more sensitive devices for theranostics of 

bacterial infection is still expected.9798, 99 Most recently, NCs were used for in-vivo disease 

monitoring based on their catalysis effect and high renal clearance ability.23 It indicates the 

in-vivo diagnosis of bacterial infection is very promising.

Conclusions

NCs provide a promising platform for detection and discrimination of bacteria. Unlike many 

metal NPs, NCs do not need covalent modification of fluorophores, which can reduce the 

complexity of the sensing strategy.NCs can detect bacteria without attachment of specific 

recognition elements, but the specificity is an area with substantial room for improvement. 

Appropriate engineering of NCs with recognition elements enable the NC-based probes with 

high specificity to recognize bacteria. NCs can grow in situ on bacterial cell walls and 

distinguish the targeted cells by treating with appropriate antibiotics. This in situ growth 

of NCs enable the on-site sensing of bacteria. Building on these single-element studies, 

NC-based sensing arrays have unique capabilities to identify different complex bacterial 

mixtures. Cs can also be used for theranostics and theranostics may be employed for 

future point-of-care diagnosis of bacterial infections. Despite the progress so far, efforts 

are required to improve the sensitivity, selectivity and practicality of NCs-based bacterial 

sensors. Additionally, integrating NC technology into devices will be required to enable 

point-of-care applications.
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Figure 1. 
From bulk metal to atomic-precise NCs.
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Figure 2. 
Overview of NCs-based bacterial sensing strategies.
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Figure 3. 
(A) Fluorescence probes for pH using DHLA-AgNCs-doped agarose hydrogels (upper) and 

agarose hydrogels (lower) under UV-light irradiation. (B) Monitoring of bacterial growth 

using DHLA-AgNCs-doped agarose-LB hydrogels (upper) and LB solid medium (lower) 

under UV light irradiation. (C) Fluorescence emission spectra of AgNCs at different pH 

values (excitation at 432 nm). Adapted with permission from ref.52 Copyright 2016 Elsevier 

Ltd.
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Figure 4. 
Highly fluorescent AuAgNCs recognizes A. baumannii with high selectivity and sensitivity. 

(A) The fluorescence of AuAgNCs was quenched by A. baumannii but not by other 

strains. The numbers 1–10 represent control, B. mycoides, S. aureus, MRSA, C. albicans, P. 
aeruginosa, E. coli, VRE, S. cerevisiae, and A. baumannii, respectively. (B) The quenching 

of AuAgNCs in different concentration of A. baumannii. Insets: Photos of A. baumannii 
treated with AuAgNCs under UV light. (C) Relative fluorescence intensity (I0-I) of 

AuAgNCs as a function of the logarithm of the A. baumannii concentration. (D) The 

TEM image of AuAgNCs treated with 1 × 105 CFU/mL of A. baumannii. Adapted with 

permission from ref.53 Copyright 2016 Elsevier Ltd.
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Figure 5. 
(a) Schematic illustration of the on-off-on AuNCs-based fluorescent probe for rapid E. coli 
detection. (b) Fluorescence emission spectra of AuNCs (1 μM) and AuNCs-Cu2+ ensemble 

(1 μM of AuNCs, 4 μM of Cu2+) with and without E. coli (106 CFU/mL) incubation. 

Reproduced from Ref.59 Copyright 2018 American Chemical Society.
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Figure 6. 
Fabrication of fluorescent probes for bacterial cells: (A) Structure of the probe with AHL 

signal molecules deployed on the surface with lactone and amide moieties intact and (B) 

Specific binding of AHL head groups to receptor sites in Lux-R regulators with bacteria. 

(C) Confocal microscopy images of E. coli incubated with Au@OA@C8-AHL (AuNC 

probe functionalized with AHL signal molecules): (top) phase contrast image and (bottom) 

fluorescence image of the same region. Scale bar is 5 μm. Reproduced from ref.63 with 

permission from The Royal Society of Chemistry.
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Figure 7. 
(a) Synthesis of the red-emitting lysozyme-AuNCs and fluorescence enhancement for the 

analysis of E. coli. (b) Evolution of fluorescence spectra of lysozyme-AuNCs with varying 

E. coli concentrations. (c) The calibration plots of red fluorescence intensity vs E. coli 
concentrations, λex/λem=365 nm/610 nm. Adapted with permission from ref.69 Copyright 

2015 Elsevier Ltd.
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Figure 8. 
(A) Schematic illustrations of the preparation of AuNCs@Van, (B) and determination of 

S.aureus in mixtures using the aptamer-MB and AuNCs@Van dual recognition strategy. (C) 

Fluorescence spectra of detected S. aureus with aptamer-MBs or random DNA-MBs and 

AuNCs@Van. (D) The linear regression curve of the enhanced fluorescence intensity (ΔF, at 

412 nm) vs. the concentration of S. aureus (log NSA/CFU mL−1). Reproduced from Ref.71 

Copyright 2016 American Chemical Society.
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Figure 9. 
Illustration of the immunoassay of E. coli O157:H7 using (a) AuNCs@CS nanocapsules and 

(b) independent AuNCs as labels. Reproduced with permission from ref.72 Copyright 2018 

The Royal Society of Chemistry.
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Figure 10. 
(A) Illustration of the vancomycin and aptamer dual-recognition FRET assay for detection 

of S. aureus) (B) Fluorescence spectra of the FRET biosensor in the presence of S. aureus at 

varying concentrations (curves a-l correspond to 0, 10, 20, 30, 102, 103, 104, 105, 106, 107, 5 

× 107 and 108 CFU/mL, respectively). (C) Calibration curve showing the linear relationship 

between fluorescence intensity and the logarithm of S. aureus concentration (log10N CFU/

mL). Reproduced with permission from ref.75 Copyright 2018 American Chemical Society
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Figure 11. 
Schematic representation of the colorimetric detection of L. monocytogenes. (a) OPD 

causes the aggregation of AuNPs. (b) The IgY-BSA-AgNCs attached onto the sandwich­

type immunocomplex for catalytic oxidization of OPD to produce ox-OPD. Adapted with 

permission from ref.34 Copyright 2018 Springer Nature.
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Figure 12. 
Schematic representation of AuNCs synthesized on bacterial cell wall and the differentiation 

between Gram-Positive and Gram-Negative Bacteria. Reproduced from Ref.80 Copyright 

2018 American Chemical Society. Further permissions related to the material excerpted 

should be directed to the ACS.
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Figure 13. 
(a) Scheme for the specific detection of Listeria monocytogenes using leucocin A 

(LeuA) and AuNCs. (b) Fluorescence response of bound bacteria with increasing bacterial 

concentration (L. monocytogenes) per spot. Peptide LeuA (10 μL, 0.1 mM) was spotted on 

glass slide followed by bacteria (10 μL) and MPA-AuNCs (12 μL). Reproduced from Ref.82 

Copyright 2018 American Chemical Society.
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Figure 14. 
Schematic illustration of protein protected AuNCs-based fluorescence sensing array for 

discrimination of bacteria. A) The fluorescence intensities of the protein-AuNCs were 

significantly reduced in the presence of bacteria. B) Fluorescence pattern generated from 

the different responses of the protein-AuNCs probes toward bacteria. Reproduced with 

permission from ref.92 Copyright 2018 The Royal Society of Chemistry.
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Figure 15. 
a) Illustration of the bacteria-triggered cargo release from MSNAuNC@Lys NPs and the 

simultaneous quenching of fluorescence upon the E. coli exposure (kanamycin represented 

by cubes). b) Kanamycin release profiles from the mixed membrane in the presence of 

E. coli bacteria or in LB broth. c) Fluorescence emission spectra of AuNC@Lys: as the 

activity of lysozyme increases, the fluorescence of AuNCs decreases. d) The nanofiller-free 

and nanofiller-doped membranes was immersed with and without E. coli containing broth. 

Adapted with permission from ref.95 Copyright 2017 Wiley-VCH Verlag GmbH & Co. 

KGaA, Weinheim.
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Table 1

Sensors based on the optical or catalytic properties of NCs for recognition of bacteria through the 

identification by a molecular motif.

NCs Molecular motif Bacteria The Advantage from NCs Detection Limit Ref.

DNA-AgNCs Aptamer S. typhimurium, Fluorescence 8 CFU/mL 84

DNA-AgNCs DNAzyme E. coli Fluorescence 60 CFU/mL 85

DNA-AgNCs Aptamer Salmonella Catalysis 0.97 fM 86

DNA-AgNCs Aptamer E. coli, S. aureus Fluorescence 100 fM 87

CHI-AuNCs Aptamer S. aureus, SE-B Catalysis 1.0× 10−12 g/mL 78

BSA-AuNCs AntiSAIgG MSSA and MRSA Fluorescence - 64

AuNCs@Mann Mannose E. coli J96 Fluorescence 2×106 cells/mL 88

HSA-AuNCs Peptide S. aureus, MRSA Fluorescence 106 cells/mL 89

Pep-AuNCs Peptide Listeria monocytogenes Fluorescence 2000 CFU/mL 82

*
CHI- chitosan; HSA - human serum albumin; Pep- peptide; Mann-mannose; MSSA- methicillin-susceptible Staphylococcus aureus; MRSA- 

methicillin-resistant Staphylococcus aureus; SE-B-Staphylococcal enterotoxin B.
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