
Noble Metal Nanoparticle Biosensors: From Fundamental 
Studies toward Point-of-Care Diagnostics

Hongya Geng,
Department of Materials, Imperial College London, London SW7 2AZ, U.K.; Department of 
Medical Biochemistry and Biophysics, Karolinska Institute, Stockholm 171 77, Sweden

Simon Vilms Pedersen,
Department of Materials, Imperial College London, London SW7 2AZ, U.K

Yun Ma,
Department of Materials, Imperial College London, London SW7 2AZ, U.K

Tabasom Haghighi,
Department of Materials, Imperial College London, London SW7 2AZ, U.K

Hongliang Dai,
School of Environmental and Chemical Engineering, Jiangsu University of Science and 
Technology, Zhenjiang 212003, China

Philip D. Howes,
Division of Mechanical Engineering and Design, School of Engineering, London South Bank 
University, London SE1 0AA, U.K

Molly M. Stevens

Conspectus

Noble metal nanoparticles (NMNPs) have become firmly established as effective agents to detect 

various biomolecules with extremely high sensitivity. This ability stems from the collective 

oscillation of free electrons and extremely large electric field enhancement under exposure to light, 

leading to various light–matter interactions such as localized surface plasmon resonance (LSPR) 

and surface-enhanced Raman scattering. A remarkable feature of NMNPs is their customizability 

by mechanisms such as particle etching, growth, and aggregation/dispersion, yielding distinct 

color changes and excellent opportunities for colorimetric biosensing in user-friendly assays and 

devices. They are readily functionalized with a large variety of capping agents and biomolecules, 
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with resultant bioconjugates often possessing excellent biocompatibility, which can be used to 

quantitatively detect analytes from physiological fluids. Furthermore, they can possess excellent 

catalytic properties that can achieve significant signal amplification through mechanisms such 

as the catalytic transformation of colorless substrates to colored reporters. The various excellent 

attributes of NMNP biosensors have put them in the spotlight for developing high-performance 

in vitro diagnostic (IVD) devices that are particularly well-suited to mitigate the societal threat 

that infectious diseases pose. This threat continues to dominate the global health care landscape, 

claiming millions of lives annually. NMNP IVDs possess the potential to sensitively detect 

infections even at very early stages with affordable and field-deployable devices, which will 

be key to strengthening infectious disease management. This has been the major focal point of 

current research, with a view to new avenues for early multiplexed detection of infectious diseases 

with portable devices such as smartphones, especially in resource-limited settings.

In this Account, we provide an overview of our original inspiration and efforts in NMNP-based 

assay development, together with some more sophisticated IVD assays by ourselves and many 

others. Our work in the area has led to our recent efforts in developing IVDs for high-profile 

infectious diseases, including Ebola and HIV. We emphasize that integration with digital platforms 

represents an opportunity to establish and efficiently manage widespread testing, tracking, 

epidemiological intelligence, and data sharing backed by community participation. We highlight 

how digital technologies can address the limitations of conventional diagnostic technologies at 

the point of care (POC) and how they may be used to abate and contain the spread of infectious 

diseases. Finally, we focus on more recent integrations of noble metal nanoparticles with Raman 

spectroscopy for accurate, noninvasive POC diagnostics with improved sensitivity and specificity.
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1 Introduction

Noble metal nanoparticles (NMNPs) have attracted significant attention for early disease 

diagnosis through biomarker detection with extremely high sensitivity.5 In biosensing 

applications, they are frequently used due to their unique surface plasmon resonance (SPR). 

SPR is characterized by local charge oscillation in resonance with incident light when 

the size of particles is smaller than the light wavelength. The local charge oscillation 
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can confine light at nanoscale dimensions, by which scattering and absorption can be 

significantly enhanced.6 Importantly, these NPs exhibit distinct and sensitive changes in 

optical properties as they aggregate/disaggregate, change shape by etching or growth, or 

experience other changes in their local environment. NMNPs can be functionalized with a 

wide range of capping agents, which provides great versatility in many molecular detection 

scenarios. Further, some NMNPs exhibit natural enzyme-like catalytic properties, which 

allows a single NP to generate many reporters, for example producing colored products from 

colorless precursors, allowing pronounced signal amplification.7

Over recent decades, the frequency and amplitude of infectious disease outbreaks have 

increased.8 The death toll of the ongoing severe acute respiratory syndrome coronavirus 

(COVID-19) pandemic surpassed 4 million during the writing of this Account9 and 

represents the third coronavirus outbreak in less than 20 years after MERS in 2012 and 

SARS in 2003.10,11 The Ebola virus outbreak in West Africa in 2013 claimed over 11000 

lives,12 and the human immunodeficiency virus (HIV) and severe Zika virus outbreaks 

have sparked grave concerns about global health.13,14 Since infectious diseases can be 

rapidly transmitted among humans by live pathogens such as airborne or waterborne viruses, 

parasites, and bacteria, early stage field-deployable in vitro diagnostics (IVDs) play a pivotal 

role in cutting off the transmission routes, helping to protect susceptible people and monitor 

population recovery.

Despite the high sensitivity and specificity of polymerase chain reaction (PCR) and 

enzyme-linked immunosorbent assay (ELISA) for detection of infections (e.g., through 

genetic materials, pathogen-related proteins, and human host generated pathogen-specific 

antibodies), they require skilled professionals, sophisticated infrastructure, and costly 

reagents, impeding their translation into clinical environments, and more so in low-resource 

settings.15 In contrast, lateral flow assays (LFAs) detect biomolecules on a disposable 

nitrocellulose strip, where a colorimetric response generally allows equipment-free rapid 

readout, often within 5 min (Figure 1). These advantages have popularized LFAs for point-

of-care (POC) infectious disease diagnosis.

This Account provides an overview of our work and experience in developing NMNP 

biosensors and also discusses some of the excellent work from other groups. We emphasize 

advanced diagnostic strategies based on aggregation/disaggregation, anisotropic growth, 

liposome-mediated aggregation, and signal amplification of NMNPs that arise from their 

plasmonic and catalytic activities. Further, we provide suggestions and perspectives on 

integrating NMNPs with portable devices, such as smartphones and LFAs, to improve POC 

testing. The potential in exploiting surface-enhanced Raman scattering using NMNPs for 

diagnostics is also proposed.

2 Fundamental Mechanism of Noble Metal Nanoparticles as Biosensors

This Account covers two main mechanisms whereby NMNPs can detect analytes (Figure 

1): (1) surface etching, and anisotropic growth-induced visible color change in the presence 

of analytes, arising due to position or shape changes, or both, of the localized surface 

plasmon resonance (LSPR) peak(s) in the visible range, which occurs because the plasmonic 
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character of nanostructures is strongly dependent on particle shape and size, interparticle 

distance, environment, etc.;16 (2) aggregation/disaggregation and shifting of the LSPR peak 

due to non-destructive changes in the local environment around particles.17 We also briefly 

discuss how the measurement of Raman intensities, which can be modulated by binding 

or removing Raman-active probes from NMNPs, has great potential for future use in 

biosensing. Here, small variations in either the number density of molecules being probed 

or the arrangement of metal atoms within the nanostructures have a significant effect on 

Raman intensities.18 In principle, the sensitivity of such methods is increased if a single 

analyte molecule leads to a cascade of chemical events amplifying response signals due to 

the NMNP-catalyzed reactions.19 A fourth mechanism of interest is noble metal-enhanced 

fluorescence and quenching, where fluorescence intensity can be modulated by the distance 

between the fluorescent reporter and the noble metal surface through the interaction of the 

excited state with the plasmonic field.20 We do not cover this mechanism in this Account, 

but refer interested readers to several recent examples instead.21–23

The surface composition of nanoparticles is key in controlling their behavior in all analyte 

detection scenarios, most often through bioconjugation of recognition elements such as 

antibodies, nucleic acids, aptamers, proteins, and peptides (Figure 2a). These often confer 

the extra benefit of enhancing colloidal stability, especially when paired with advanced 

ligand chemistries, for example, employing zwitterionic or polymeric capping layers.5

Our initial development of NMNP biosensors grew out of historical interest in studying 

functional peptides for biomedical applications.25 Artificial bioactive peptides can exhibit 

versatile and programmable protein-like functionalities while possessing a high degree of 

flexibility in molecular design and manufacturing.26,27 The screening of peptide libraries 

can facilitate the discovery of effective binders against a large variety of analytes with 

high specificity, including cells, RNAs, DNAs, proteins, and other peptides.28 Ran et al. 

enabled the simultaneous detection of multiple inflammatory biomarkers over a broad range 

of concentrations, from pg/mL to μg/mL, using peptide-mediated aggregation of AuNPs.29 

Three phosphorylated peptides possessing different responses to alkaline phosphatase (ALP) 

were used. These influenced the degree of AuNP aggregation differently, due to the 

difference of the ALP hydrolysis efficiency and the electrostatic and spatial interactions 

between the peptides and the AuNPs. More sensitive peptides could induce aggregation of 

AuNPs in solutions with lower ALP, and vice versa. Therefore, biomarkers that present 

at a broad range of concentrations could be detected in the presence of a suitable 

peptide and ALP, linked to the detection antibody of the corresponding biomarker, by 

monitoring the aggregation of AuNPs. Additionally, we established an early platform for 

biomolecular recognition based on the functionality of coiled-coil peptides conjugated to 

gold NPs (AuNPs) (Figure 2b,c).24 Either an acidic leucine zipper-like peptide or a basic 

leucine zipper-like peptide were separately conjugated onto AuNPs via terminal cysteine 

residues. Hydrophobic packing between these peptides drove the formation of a left-handed 

coiled-coil structure between the leucine zipper-like domains. The oppositely charged 

lysine–glutamate ion pairs on the coiled-coil structure were able to dynamically modulate 

the stability of the coiled coils through electrostatic interactions in response to pH. The 

approach of dynamic control of the assembly of AuNPs via various mechanisms is of great 

interest for biosensing. For example, from this fundamental study we developed a novel 
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strategy for real-time monitoring of protease activity with a single population of protease-

responsive AuNPs.30 A tripeptide was designed and functionalized onto AuNPs. The peptide 

(Fmoc-Gly↓Phe-Cys-NH2) contained a cysteine-containing thiol group to anchor it to the 

AuNPs surface, a scissible bond at the amine side of Gly-Phe served as a protease-cleavable 

unit, and N-(fluorenyl-9-methoxycarbonyl) at the outer end of the peptide to facilitate AuNP 

aggregation through π-stacking interactions. Upon enzymatic hydrolysis by thermolysin, 

removal of hydrophobic interactions between Fmoc groups allowed disaggregation of the 

AuNPs and a visible solution color change from blue to red.

These early studies in NMNP bioconjugate design and fabrication further enabled the 

development of a colorimetric kinase detection assay.31 This system consisted of two 

populations of AuNPs: one coated with protein kinase substrate peptide, and the other with 

complementary antiphosphotyrosine antibodies. The addition of kinase caused enzymatic 

phosphorylation of the protein kinase peptide-capped AuNPs, which facilitated interparticle 

assembly as the antibodies bound to the modified peptide with high specificity.

3 Advanced Strategies that Govern the Detection of Infectious Diseases

3.1 Anisotropic Growth and Etching of the NMNPs

Since our early assays of peptide-mediated AuNP assembly, we have started exploiting 

shifts in plasmonic peaks (and therefore colorimetric response) resulting from structural 

changes of NMNPs (size, shape, interparticle spacing, and particle composition), giving rise 

to extremely sensitive diagnostics assays.

A fundamental mechanism utilized in NMNP biosensors is the colorimetric response arising 

from a shift of plasmonic peaks. This was harnessed in an early assay of ours, where we 

lowered the limit of detection (LOD) of a cancer biomarker (prostate specific antigen, PSA) 

via the controlled overgrowth of Ag on Au nanostars.32 In other work we developed a 

plasmonic ELISA, where enzyme-mediated growth of AuNPs allowed extremely sensitive 

detection of HIV-1 capsid antigen p24.33 Similar to conventional ELISA, p24 was first 

captured on the plates using capture antibodies (human monoclonal anti-p24); then primary 

and secondary antibodies were added to link p24 to streptavidin–catalase conjugates 

selectively. Catalase bound in the ELISA was able to modulate the amount of H2O2 per 

well affecting the AuNP growth.34 Naked-eye detection of HIV-1 capsid antigen p24 (from 

20 HIV-infected patients) as low as 1 × 10−18 g mL−1 was realized.

We have also taken advantage of the anisotropic growth of Au nanorods (AuNRs) to detect 

analytes.35 The LSPR modes along the longitudinal and transverse axes of these nanorods 

cover the visible and near-infrared regions, allowing ready and broad spectral adjustment 

through aspect ratio tuning (Figure 3a).36 Our results showed that high concentrations of 

reducing molecules, such as 4-aminophenol (AP), resulted in a higher number of seeds, 

promoting the extent of AuNRs during the growth process. This was reflected by a red shift 

of the produced nanorods. Capping molecules, such as 4-amino-phenyl phosphate (APP), 

inhibited the anisotropic growth of AuNRs, yielding a blue shift. We exploited this concept 

to detect PSA in a sandwich ELISA, where a higher concentration of PSA increased the 

conversion of APP to AP, leading to the growth of AuNRs with a higher aspect ratio. A red 
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shift in longitudinal LSPR during the growth of AuNRs yielded an LOD of PSA at 0.16 ng 

mL−1.

In another study, we demonstrated an enzyme biosensor by reshaping Au nanostars using 

iodide etching (Figure 3b).37 The higher binding energy of I– to Au surfaces compared 

to other halide ions enabled iodide-specific surface etching due to an electrochemical 

reaction.38 Gold nanostars could be variably etched as a function of iodide concentration, 

from just slight rounding of nanostar points (low iodide concentration) through to heavily 

etched spherical structures (high iodide concentration). In the presence of H2O2, horseradish 

peroxidase (HRP) catalyzed the oxidation of iodide into iodine, which cannot etch Au 

nanostars. A versatile plasmonic ELISA was developed based on this HRP-modulated 

etching, to detect human IgG as a protein model. Goat anti-human IgG (capture antibody), 

and a rabbit anti-human IgG (detection antibody) formed the sandwich pair for detection of 

human IgG. The detection antibody and HRP were cofunctionalized with magnetic beads 

(MBs, ~26530 HRP per MB) to catalyze iodide consumption and increase the HRP labelling 

of each target human IgG. As human IgG increased, more antibody functionalized HRP-

MBs were captured by the plate to consume iodide. By monitoring changes in transverse and 

longitudinal bands at 550 and 780 nm, we achieved a LOD of 0.2 ng mL−1.

Similarly, Suea-Ngam et al. detected methicillin-resistant Staphylococcus aureus (MRSA) 

based on selective etching of Ag nanoplates.39 Loop-mediated isothermal amplification 

(LAMP) was used to amplify the target MRSA gene (mecA) from a test sample on a 

paper-based analytical device. The long LAMP DNA amplicons bound to Ag nanoplates 

on the strip and inhibited etching by NaBr. In the absence of the target gene, the silver 

nanoplates were not protected and were rapidly etched by the salt, leading to a dramatic 

shift in the plasmonic peak and color change from blue to yellow-orange. Gu et al. reported 

an assay for microRNA-141 in horse serum based on the SPR change of silver-coated gold 

nanorods (Au@Ag NRs).40 In response to microRNA-141, hydroxyl radicals generated from 

H2O2 due to the catalyzed hairpin assembly and hybridization chain reactions etched the Ag 

shell of the NRs. As low as 1.0 × 10−14 M microRNA could be quantified this way.

3.2 Aggregation Assays

Reversible biological assembly (aggregation) of NMNPs using highly specific biomolecular 

recognition systems yields distinct shifts in LSPR, valuable for sensitive biosensing.24,41 As 

a means of targeting specific analytes, the interactions between NMNPs and analytes can be 

driven by various mechanisms, including (1) highly specific antigen–antibody interactions,4 

(2) enzyme substrates containing proteins or peptides that can be removed by protease 

cleavage,42 (3) charge–charge and hydrogen bonding interactions between nanoparticles and 

polymers,43 (4) various types of aptamers that target ions, biotoxins, and biomarkers,44 and 

(5) primers that can guide the amplification of DNA when polymerase and nucleotides are 

present45.

Using highly selective antigen–antibody interactions to trigger aggregation of AuNPs 

and detection of antibodies and antigens is of particular interest for infectious disease 

management. Antibody response can be used to detect later-stage active infections, a past 

infection, ongoing immunity status, or response to vaccination. Accordingly, we developed 
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a rapid and sensitive assay for IgG antibodies employing aggregation of peptide epitope-

capped AuNPs.46 The bivalent action of the tested monoclonal IgG antibodies led to direct 

cross-linking of epitope-tagged AuNPs and a subsequent red-shift that was proportional to 

the antibody concentration. For example, additions of 1–50 nM of an anti- Haemophilus 
influenzae mAb into AuNP dispersions caused a drop in plasmon peak intensity and an 

immediate red shift, while 100–300 nM mAbs resulted in extensive red shift and broadening 

of the plasmon peak. This assay enabled the detection of antibody levels of in low 

nanomolar concentrations which is relevant for the detection of disease specific antibodies 

typically circulating at serum levels of 0.01–10000 μg per mL.

A conceptually related mechanism was reported recently in application to the diagnosis 

of severe acute respiratory syndrome-coronavirus-2 (SARS-CoV-2) virus. Prikshit et al. 

designed AuNPs capped with thiol-modified antisense oligonucleotides that aggregate in 

the presence of the N-gene of target RNA of SARS-CoV-2.47 The selective agglomeration 

of AuNPs occurred upon the addition of thermostable RNaseH that specifically cleaves 

the phosphodiester bonds of the N-gene strand. The visible precipitate in solution, and the 

absorbance at 660 nm of AuNPs treated with SARS-CoV-2, gave a LOD down to 0.18 

ng μL−1. Many other bioconjugate formats can be explored that have similar effects. For 

example, Zheng et al.48 monitored the color change of aggregating AuNPs to indicate 

different concentrations of Escherichia coli, where aggregation was triggered by mixing 

AuNPs with crosslinking agents (phenolic hydroxyl moieties in tyramine) in the presence 

of capture antibody-capped magnetic NPs and detection antibody-modified polystyrene 

microspheres. Here the color change could be monitored in a microfluidic chamber with 

catalase and Escherichia coli cells at concentrations as low as 50 CFU/mL within 1 h.

Building on previous aggregation-based assays, we designed a polymerization-based 

platform aimed toward enzyme (e.g., HRP and catalase) and ion (e.g., iron and 

copper) detection, as these can generate radicals to form polymers that entangle AuNPs 

into aggregates (Figure 4a).49 This polymer-mediated assay offers a promising signal 

amplification strategy. A cascade initiated in the presence of a very low concentration of 

free radicals can trigger AuNP aggregation by formation of large polymer chains, resulting 

in a visible color change (Figure 4b). For example, 1 μg mL−1 of HRP could be detected as 

it triggers the polymerization of 3-aminopropyl methacrylamide, and we achieved a LOD of 

catalase down to 0.7 ng mL–1 using an inverse assay format.

3.3 Liposome-Triggered Aggregation Assay

Although the colorimetric response of NMNPs has been demonstrated in many systems, a 

compromise is often made between nonspecific interaction with the substrates and particle 

stability. The liposome provides a multifunctional platform that can be activated to release 

cargos such as DNA, polypeptides, and proteins to guide the assembly/disassembly process 

of NPs.

Degradation of liposomes can be triggered by phospholipases, enzymes involved in 

various physiological processes such as inflammatory responses and intercellular signaling. 

Phospholipases act preferentially on lipid bilayers and micelles rather than free lipid 

monomers. One class of phospholipases, phospholipase A2 (PLA2), have been extensively 
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demonstrated as biomarkers of many infectious conditions such as bacterial sepsis,50 

which is why we developed a liposome-triggered NMNP aggregation assay for PLA2.51 

Our system comprised polypeptide-functionalized AuNPs (JR2EC) and complementary 

polypeptide (JR2KC2). The 42-residue JR2EC could form bridges with nanomolar amounts 

of JR2KC2, causing rapid assembly of AuNPs (Figure 5a). When exposed to PLA2, the 

liposomes were degraded, releasing the pre-encapsulated JR2KC2, enabling aggregation 

of AuNPs and real-time monitoring of the significant red shift. In a rapid testing format, 

monitoring aggregation of AuNPs allowed us to detect PLA2 at concentrations down to 

700 pM. We then undertook detailed characterization of this highly controllable assembly 

of AuNPs using UV-vis spectroscopy and small-angle X-ray scattering, which confirmed 

that this system forms regularly ordered aggregates with well-defined particle spacing that 

corresponds to the size of the folded four-helix bundles.52

In a related study, we demonstrated cysteine release from sphingomyelinase-based 

liposomes, driving AuNP aggregation to detect the sphingomyelinase enzyme (SMase), a 

biomarker of several infectious diseases including HIV.53 Here, a red AuNP dispersion 

was first added to a solution of cysteine preloaded liposomes. Cysteine is a small 

zwitterionic molecule with a thiol moiety that strongly binds gold.55 In the presence of 

SMase, cysteine was released as the liposome was enzymatically hydrolyzed into ceramide 

and phosphocholine. The released cysteine caused the aggregation of AuNPs through 

zwitterionic electrostatic interactions and hydrogen bonding between cysteines as they 

bound onto AuNPs. The color change from red to blue after aggregation was evident by 

peak broadening. Accordingly, we used the ratio between absorbance at 525 and that at 640 

nm to determine the concentration of SMase. The LOD determined using the absorbance 

ratio was 0.02 mU mL−1 (1.4 pM enzyme concentration). Compared to other common 

phospholipases, the liposome-triggered aggregation exhibited high selectivity (Figure 5c).

Further developing the liposome-based aggregation assay concept, we devised a rapid 

lateral flow assay for PLA2 detection in serum using adhesion of polystreptavidin-coated 

AuNPs (Figure 5d).54 Here, PLA2 triggered the release of a biotinylated four-armed 

poly(ethylene glycol) (PEG) from the liposomes due to the phospholipid cleavage. Our 

design demonstrated detection of 1–10 nM of PLA2 in sera samples from acute pancreatitis 

patients, which was lower than a commercial kit (50 nM). This design also offers high 

flexibility, as changing the liposome components could tune it toward various natural 

enzyme activities. For example, we utilized a secretory phospholipase A2 group IIA 

(sPLA2-IIA)-based liposome substrate to release the four-armed PEG in LFA devices for 

POC measurement of sPLA2-IIA, which is associated with rheumatoid arthritis.56 The 

concentration of sPLA2-IIA in healthy serum measured using our LFA was 21.9 ± 23.9 

ng mL−1, in line with ELISA analysis. Our simple LFA-based method should be an 

attractive alternative for rapid testing outside clinical settings, given that there is no need 

for laboratory facilities.

3.4 Signal Amplification Based on Catalytic NMNPs

All of the assays discussed so far have utilized the plasmonic properties of NMNPs to 

generate colorimetric signals. However, some NMNPs also possess powerful enzyme-like 

Geng et al. Page 9

Acc Chem Res. Author manuscript; available in PMC 2024 January 06.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



catalytic properties, including peroxidase-, oxidase-, hydrolase-, esterase-, phosphatase-, 

and superoxide-like enzymatic activities, which can increase assay sensitivity by orders of 

magnitude.57–59 Assays based on this concept can be quite simple. For example, Guan et 

al. recently demonstrated that bare AuNPs exhibit higher peroxidase activity versus various 

ligand-capped AuNPs. Adding metal ions (Ce3+, Fe2+ and Cr3+) further improved catalytic 

activity, and an assay for phosphates was developed based on the conversion of a colorless 

substrate (3,3’,5,5’-tetramethylbenzidine, TMB) to a blue colored oxidation product in the 

presence of H2O2.60 Another recent example of using NMNP catalytic properties came from 

Draz et al.,61 who labeled PtNPs with a monoclonal antibody against the envelope protein of 

Zika virus (ZIKV) to detect the virus on-chip (Figure 6a), where gas bubble formation in the 

presence of H2O2 was detectable by a smartphone. Sensitivity and specificity of 98.97% and 

91.89%, respectively, were achieved under different temperature and humidity conditions 

with a virus concentration of 250 copies/ mL for ZIKV samples and hepatitis B (HBV) and 

hepatitis C virus (HCV) patient plasma/serum samples.

Our interest in the catalytic properties of NMNPs has allowed us to develop multiplexed 

protease nanosensors for in vivo early detection of both infectious and noncommunicable 

diseases.2 Molecular-like ultrasmall gold nanoclusters (AuNCs) can function as peroxidase-

like enzymes to oxidize chromogenic substrates (e.g., TMB) for signal generation and 

amplification. This is of particular interest, as they exhibit promising renal clearance 

properties. Based on our previously reported protease responsive NMNP systems consisting 

of bioactive peptides,30,31,33,34,49 we developed a system whereby catalytic AuNCs (2 

nm) were attached to a neutravidin protein core via biotinylated protease-cleavable peptide 

linkers (AuNC-Nav ~ 11 nm) sensitive to either the zinc-dependent matrix metalloproteinase 

9 (MMP9) or the serine protease thrombin, which have been used as biomarkers for 

cancer and cardiovascular diseases, respectively. Once injected intravenously, the AuNC-

NAv dissassembled specifically only when exposed to the relevant dysregulated protease 

generated at the site of disease. The protease cleavage caused the release of the AuNCs 

from the core structure into the bloodstream, which were then cleared through the kidneys. 

The AuNCs were then detected in urine samples through their catalytic activity to oxidise 

a chromogenic substrate (TMB) in the presence of hydrogen peroxide to a blue-colored 

solution, easily observable by naked eye (Figure 6b). Compared to healthy mice, the urinary 

signal increased by 13-fold as measured by the colorimetric readout.

4 Toward Infectious Disease Diagnostics at The Point-of-Care Using Noble 

Metal Nanoparticles

Our development of NP-based biosensors has yielded assays for a variety of noninfectious 

disease targets over the years, including cancer,30 pancreatitis,42,62 arthritis,56 blood 

coagulation,63 prostate-related diseases,33 and cardiovascular disease.2 During this time, 

our attention began to turn to the threat of infectious diseases, as it was apparent that 

issues such as the increasing prevalence of antimicrobial resistance and the risk of zoonotic 

or mutant-driven pandemics were not being matched by an increase in invention and 

translation of viable and field-deployable IVD devices. In 2013, we became founding 

partners of an Interdisciplinary Research Collaboration (IRC) in the UK, called i-sense, 
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funded by the Engineering and Physical Sciences Research Council (EPSRC) to develop 

digital health systems to test, track, and treat infectious diseases.64 Subsequently, we have 

developed assays targeting various infectious diseases, including influenza,65—67 HIV,3,3,68 

tuberculosis,69 and Ebola.4

In the context of infectious disease, actionable information obtained at or near the location 

of the patient, be it at home, in the field, or in a hospital bed, is the key to better 

management, early containment and treatment, and improved patient outcomes.70 The 

current state-of-the-art technology is LFAs, which have become a hallmark in many 

national testing strategies during the COVID-19 pandemic. Particularly, the strong visible 

color changes due to the SPR variations of NMNPs triggered by analytes offer an 

elegant solution to enhance the diagnostic readout. Our group developed an LFA POC 

test comprising anti-human IgG antibody-capped AuNPs (40 nm) and a mobile phone 

for semiquantitative multiplexed antibody detection.4 The designed test strips included 

a nitrocellulose membrane printed with recombinant viral proteins on the test line and 

anti-human IgG antibody-capped AuNPs (40 nm) dried on the conjugate pad (Figure 7a), 

allowing detection of the target antibodies in a sandwich format. We used recombinant 

viral proteins to detect IgG antibodies against several viral subtypes, including Ebola, 

Bundibugyo, and Sudan virus, in human serum and validated the technology in Uganda. The 

LOD of the platform is 200 ng mL−1 with an assay time of 15 min for 15 μL of serum. 

Combined with app-based analysis, semiquantitative results could be achieved by capturing 

images and analyzing color intensities of the test strip (Figure 7b). With geographic tagging 

and secure data storage and management, our platform showed great potential as a POC 

technology to manage recovered patients and improve epidemic control.

The ability of NMNPs to oxidize chromogenic substrates provides a powerful method to 

improve LFA sensitivity. Inspired by this, we incorporated NMNPs into an LFA test for HIV, 

targeting p24, which allows disease diagnosis within 2 weeks of infection.3 A monoclonal 

antibody (IgG antibody) was physisorbed onto platinum nanocatalysts (PtNCs) to target p24. 

An orthogonally biotinylated anti-p24 nanobody was used as the second affinity reagent in 

the pair. In the presence of p24, the biotinylated nanobody was able to anchor the p24 linked 

PtNCs to a streptavidin test line on a nitrocellulose membrane (Figure 7c). Nanobodies 

can be easily produced by bacteria and show high site selectivity to the target epitope. 

A clear black line could be observed by the naked eye or smartphone imaging when the 

concentration of analytes ranged from 100 to 10000 pg mL−1. PtNCs captured on the test 

line disproportionated H2O2 to oxidize a chromogenic substrate (e.g., TMB), generating an 

unambiguous colored product. Consequently, lower concentrations (1–100 pg mL−1) could 

be detected (Figure 7d). The dual range diagnostic regime empowers smartphones or other 

image analysis systems to quantitatively or semiquantitatively evaluate the antigen level. 

Human seroconversion plasma samples from ZeptoMetrix were used to further demonstrate 

this high sensitivity extending down to low levels of p24 (10.8 pg mL−1). The LOD 

achievable covers the concentration window from early infection to seroconversion (a period 

over which antibodies develop), which is important for early stage detection.
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5 Summary and Outlook

Although much research on NMNPs has been conducted, there is still much to learn and 

much potential to be unlocked, particularly concerning improving signal transduction and 

protection against nonspecific binding and aggregation. Surface modification of NMNPs 

with molecules including protein, nucleic acid, drugs, polymers, and peptides is of 

significant importance to solve these problems and is widely demonstrated for in vitro 
and in vivo applications.71 Other nanomaterials will be useful for ultrahigh sensitivity 

including fluorescent materials (quantum dots, upconverting nanoparticles, fluorescent 

dyes), photothermal or photoacoustic AuNPs, magnetic NPs, electrochemical labels, etc.72 

Deployment in the field necessitates minimal manual operation. A trade-off must be 

weighed up, given that the usage of those materials will complicate testing. To ensure 

the performance of LFAs, pads (detection, conjugate, absorbent), buffers (lysis and 

immobilization), membranes, and bioreceptors require optimization to achieve sufficient 

shelf life, further necessitating research into stabilizers like sugars, agars, and gelatins.73 

Barcode-style assays with each line representing different targets could prove to be the 

solution toward challenges with multiplexed detection, which is highly desirable for POC 

testing. The increasing computational power of smartphones facilitates data acquisition, 

analysis, and processing, which will revolutionize the use of field-deployable IVDs.1,74,75

Surface-enhanced Raman spectroscopy (SERS) has proven LOD down to the single-

molecule level by taking advantage of electromagnetic properties of confined NMNP 

surfaces to amplify light scattering up to 1013-fold compared to conventional Raman 

spectroscopy.76 Our group has previously exploited SERS and confocal Raman spectroscopy 

to interrogate and visualize 3D biomolecule distributions in disease progression of infections 

such as tuberculosis in 3D cell cultures and zebrafish.77–79 While reaping the benefits of 

SERS might be considered a straightforward idea for POC diagnostic, the introduction 

and manufacturing of nanostructures, surface modifications, and reader instrumentation 

significantly complicate SERS-based diagnostics. The need for instrumentation increasingly 

requires our careful reconsideration of not just biosensors and diagnostics but the entire POC 

testing continuum as well, from research through translation, production, and ultimately 

reading. Increased focus will be put on the challenge of condensing the physical footprint of 

test and reader devices, driven by test specifications and rational device design choices, in 

an effort to make the ultrasensitive NMNP-based tests more economically viable and widely 

distributable. While a failure to do so is less likely to limit the value of engineering novel 

biosensor technologies or their applications in established laboratory environments, it does 

hinder their clinical and commercial translation.

In research, there can sometimes be a polarization of opinion about the relative importance 

of applied research versus fundamental discovery. In our opinion, both of these avenues are 

not only important, but indeed crucial which is why we have chosen to make advances in 

fundamental discoveries and mechanistic understanding as well as always keeping a close 

eye on what developments are needed to ensure our lab-developed innovations can reach 

clinical relevance where appropriate. We take great inspiration from how the discovery of 

the CRISPR-Cas enzyme family, which was born out of observations of anomalies in genetic 
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code80, has gone on to revolutionize various areas of application-oriented research, including 

many high profile examples in IVDs.81

The COVID-19 pandemic has brought to attention the drastic need for infectious disease 

management and pandemic preparedness, and the vital importance of effective IVD devices 

in these processes. We must build on the hard lessons learned in managing COVID-19 to get 

ready for other emerging and potentially hard-hitting infectious disease threats. Further, we 

need to be prepared for the imminent threat of antimicrobial resistance-associated infectious 

diseases. These are not currently an everyday problem for most people, but should not be 

underestimated.

We see plenty of opportunities to apply versatile NMNP-based diagnostic technologies 

integrated with LFAs, SERS, and smartphones, and we are excited to see how the 

exceptional proliferation of IVDs becomes a widely accessible reality in the coming 

years. NMNPs-based diagnostic systems and their integration with self-testing devices are 

increasingly likely to generate breakthroughs to improve health care systems by driving 

more sensitive detection and more efficient care that overcome the current limitations 

of detection and enhance the rapid response to both established and emergent infectious 

diseases.

Acknowledgements

We acknowledge funding and support from European Research Council (862204), the European Union’s Horizon 
2020 research and innovation programme under Marie Skłodowska-Curie grant agreement no. 101028152, National 
Natural Science Foundation of China (No. 51908252), the Postdoctoral Science Foundation of China (No. 
2019M652274), Welcome Trust Senior Investigator Award (098411/Z/12/Z), European Research Council (ERC) 
Seventh Framework Programme Consolidator grant “Naturale CG”(616417), the Royal Academy of Engineering 
under the Chairs in Emerging Technologies scheme (CIET2021\94), and the Independent Research Fund Denmark 
(017000011B).

Biographies

Hongya Geng received his Ph.D. from the Chinese Academy of Science in 2017 and is now 

a Marie Sklodowska-Curie Postdoctoral Fellow in the group of Professor Molly Stevens. 

His research has been published in Nat. Commun., J. Am. Chem. Soc., Angew. Chem., 
Adv. Mater., and ACS Nano. His research interest has centered on nanoparticle systems, 

hydrogels, conductive polymers, and biomaterials for regenerative medicine and diagnosis.

Simon Vilms Pedersen holds a Ph.D. degree in engineering from the University of Southern 

Denmark (2020). He is currently a postdoctoral researcher in the group of Professor Molly 

Stevens at the Department of Materials, Imperial College London, funded by Independent 

Research Fund Denmark. His research focuses on the development and application of 

Raman devices for ultrasensitive biosensing and diagnostics at the point-of-need.

Yun Ma received a master’s degree from The University of Sheffield in 2019 for work with 

Dr. Xiangbing Zeng on optical properties and structure of liquid crystal compounds. Since 

he joined Prof. Molly Stevens’s Group in Imperial College London, as a Ph.D. student, his 

work has been focused on polypyrrole-coated gold nanoparticles for 3D-cell imaging and 

biomarker analysis.

Geng et al. Page 13

Acc Chem Res. Author manuscript; available in PMC 2024 January 06.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Tabasom Haghighi received her master degree in Chemistry with Biomedicine at King’s 

College London in 2018. She is currently a Ph.D. student in the group of Professor Molly 

Stevens at Imperial College London. Her research focuses on developing ultrasensitive 

diagnostic devices based on nanoparticles for early detection of diseases.

Hongliang Dai is currently an Associate Professor in the School of Environmental and 

Chemical Engineering, Jiangsu University of Science and Technology. He is mainly engaged 

in research on pollution detection in water using Raman spectroscopy. His works have been 

published in Environ. Sci. Technol., Chem. Eng. J., Bioresource Technol., Environ. Pollut., 
and Sci. Total Environ.

Philip Howes is a Senior Lecturer in Mechanical Engineering and Design at London 

South Bank University, U.K. His research focuses on the development of nanomaterials 

for application in energy, environment, and health care technologies, which includes the use 

of microfluidic engineering to expedite the translation of nanomaterials from fundamental 

study through to advanced applications.

Molly M. Stevens FRS FREng is a Professor at Imperial College London, the Director of 

the UK Regenerative Medicine Platform Hub for Smart Materials, and Deputy Director of 

the i-Sense IRC. She is a Foreign Member of the US National Academy of Engineering and 

a Fellow of the UK Royal Society and the UK Royal Academy of Engineering. Her research 

focuses on material-based approaches for applications in advanced therapeutics, regenerative 

medicine, and biosensing.

References

(1). Wood CS, Thomas MR, Budd J, Mashamba-Thompson TP, Herbst K, Pillay D, Peeling RW, 
Johnson AM, McKendry RA, Stevens MM. Taking connected mobile-health diagnostics of 
infectious diseases to the field. Nature. 2019; 566: 467–474. [PubMed: 30814711] [This work 
discussed how the integration of mobile devices and the Internet promote the ef f iciency of 
health systems by improving diagnosis, case tracking, patients’ access to treatment and advice, 
and control of infectious diseases.]

(2). Loynachan CN, Soleimany AP, Dudani JS, Lin Y, Najer A, Bekdemir A, Chen Q, Bhatia 
SN, Stevens MM. Renal clearable catalytic gold nanoclusters for in vivo disease monitoring. 
Nat Nanotechnol. 2019; 14: 883–890. [PubMed: 31477801] [This work developed the f irst 
peroxidase-mimicking ultrasmall gold nanoclusters for renal clearable in vivo monitoring of 
dysregulated protease activity at the site of diseases. This versatile system exhibits signif icant 
amplif ication by precise size engineering and peptide modif ication.]

(3). Loynachan CN, Thomas MR, Gray ER, Richards DA, Kim J, Miller BS, Brookes JC, Agarwal S, 
Chudasama V, McKendry RA, Stevens MM. Platinum nanocatalyst amplification: redefining the 
gold standard for lateral flow immunoassays with ultrabroad dynamic range. ACS Nano. 2018; 
12: 279–288. [PubMed: 29215864] [Insufficient sensitivity for early disease detection is the main 
limitation of paper-based lateral flow immunoassays (LFAs). This work addresses this using 
porous platinum core–shell nanoparticles. Catalytic amplif ication enables naked-eye detection in 
a low femtomolar range.]

(4). Brangel P, Sobarzo A, Parolo C, Miller BS, Howes PD, Gelkop S, Lutwama JJ, Dye JM, 
McKendry RA, Lobel L, Stevens MM. A serological point-of-care test for the detection of IgG 
antibodies against Ebola virus in human survivors. ACS Nano. 2018; 12: 63–73. [PubMed: 
29303554] [Highly specif ic and sensitive in-house strips were developed, allowing rapid, 
multiplex, and portable detection of antibodies against virus protein. This work shows great 

Geng et al. Page 14

Acc Chem Res. Author manuscript; available in PMC 2024 January 06.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



potential as a f ield tool for surveillance screening and patient management using a smartphone 
application.]

(5). Howes PD, Chandrawati R, Stevens MM. Colloidal nanoparticles as advanced biological sensors. 
Science. 2014; 346 1247390 [PubMed: 25278614] 

(6). Jain PK, Lee KS, El-Sayed IH, El-Sayed MA. Calculated Absorption and Scattering Properties 
of Gold Nanoparticles of Different Size, Shape, and Composition: Applications in Biological 
Imaging and Biomedicine. J Phys Chem B. 2006; 110: 7238–7248. [PubMed: 16599493] 

(7). Zarei M. Advances in point-of-care technologies for molecular diagnostics. Biosens Bioelectron. 
2017; 98: 494–506. [PubMed: 28728010] 

(8). Lee VJ, Aguilera X, Heymann D, Wilder-Smith A, Lee VJ, Aguilera X, Heymann DL, Wilder-
Smith A, Bausch DG, Briand S, Bruschke C, et al. Preparedness for emerging epidemic threats: 
a Lancet Infectious Diseases Commission. Lancet Infect Dis. 2020; 20: 17–19. [PubMed: 
31876487] 

(9). WHO Coronavirus (COVID-19) Dashboard. accessed August 10, 2021 https://covid19.who.int/
table 

(10). Yang Y, Peng F, Wang R, Guan K, Jiang T, Xu G, Sun J, Chang C. The deadly coronaviruses: The 
2003 SARS pandemic and the 2020 novel coronavirus epidemic in China. J Autoimmun. 2020; 
109 102434 [PubMed: 32143990] 

(11). Muyembe-Tamfum JJ, Mulangu S, Masumu J, Kayembe JM, Kemp A, Paweska JT. Ebola virus 
outbreaks in Africa: Past and present. Onderstepoort J Vet Res. 2012; 179 a451 

(12). WHO Ebola Response Team. After Ebola in West Africa-Unpredictable Risks, Preventable 
Epidemics. N Engl J Med. 2016; 375: 587–596. [PubMed: 27509108] 

(13). Cao X. COVID-19: immunopathology and its implications for therapy. Nat Rev Immunol. 2020; 
20: 269–270. [PubMed: 32273594] 

(14). Katzelnick LC, Narvaez C, Arguello S, Lopez Mercado B, Collado D, Ampie O, Elizondo D, 
Miranda T, Bustos Carillo F, Mercado JC, Latta K, et al. Zika virus infection enhances future risk 
of severe dengue disease. Science. 2020; 369: 1123–1128. [PubMed: 32855339] 

(15). Niemeyer CM, Adler M, Wacker R. Detecting antigens by quantitative immuno-PCR. Nat Protoc. 
2007; 2: 1918–1930. [PubMed: 17703203] 

(16). Tang L, Li J. Plasmon-Based Colorimetric Nanosensors for Ultrasensitive Molecular Diagnostics. 
ACS Sensors. 2017; 2: 857–875. [PubMed: 28750528] 

(17). Sannomiya T, Hafner C, Voros J. In situ Sensing of Single Binding Events by Localized Surface 
Plasmon Resonance. Nano Lett. 2008; 8: 3450–3455. [PubMed: 18767880] 

(18). Fan M, Andrade GFS, Brolo AG. A review on recent advances in the applications of 
surface-enhanced Raman scattering in analytical chemistry. Anal Chim Acta. 2020; 1097: 1–29. 
[PubMed: 31910948] 

(19). Shah J, Purohit R, Singh R, Karakoti AS, Singh S. ATP-enhanced peroxidase-like activity of gold 
nanoparticles. J Colloid Interface Sci. 2015; 456: 100–107. [PubMed: 26111515] 

(20). Jeong Y, Kook Y-M, Lee K, Koh W-G. Metal enhanced fluorescence (MEF) for biosensors: 
General approaches and a review of recent developments. Biosens Bioelectron. 2018; 111: 102–
116. [PubMed: 29660581] 

(21). Ebrahimi SB, Samanta D, Mirkin CA. DNA-Based Nanostructures for Live-Cell Analysis. J Am 
Chem Soc. 2020; 142: 11343–11356. [PubMed: 32573219] 

(22). Xiao M, Lai W, Man T, Chang B, Li L, Chandrasekaran AR, Pei H. Rationally Engineered 
Nucleic Acid Architectures for Biosensing Applications. Chem Rev. 2019; 119: 11631–11717. 
[PubMed: 31573184] 

(23). Hwang J-H, Park S, Son J, Park JW, Nam J-M. DNA-Engineerable Ultraflat-Faceted Core-Shell 
Nanocuboids with Strong, Quantitative Plasmon-Enhanced Fluorescence Signals for Sensitive, 
Reliable MicroRNA Detection. Nano Lett. 2021; 21: 2132–2140. [PubMed: 33596085] 

(24). Stevens MM, Flynn NT, Wang C, Tirrell DA, Langer R. Coiled-coil peptide-based assembly of 
gold nanoparticles. Adv Mater. 2004; 16: 915–918. 

(25). Stevens MM, Allen S, Chan WC, Davies MC, Roberts CJ, Tendler SJB, Williams PM. Probing 
protein-peptide-protein molecular architecture by atomic force microscopy and surface plasmon 
resonance. Analyst. 2000; 125: 245–250. [PubMed: 10820890] 

Geng et al. Page 15

Acc Chem Res. Author manuscript; available in PMC 2024 January 06.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts

https://covid19.who.int/table
https://covid19.who.int/table


(26). Jeong W-J, Bu J, Kubiatowicz LJ, Chen SS, Kim Y, Hong S. Peptide-nanoparticle conjugates: a 
next generation of diagnostic and therapeutic platforms? Nano Converg. 2018; 5: 38. [PubMed: 
30539365] 

(27). Qi G-B, Gao Y-J, Wang L, Wang H. Self-assembled peptide-based nanomaterials for biomedical 
imaging and therapy. Adv Mater. 2018; 30 1703444 

(28). Vanhee P, van der Sloot AM, Verschueren E, Serrano L, Rousseau F, Schymkowitz J. 
Computational design of peptide ligands. Trends Biotechnol. 2011; 29: 231–239. [PubMed: 
21316780] 

(29). Ran B, Zheng W, Dong M, Xianyu Y, Chen Y, Wu J, Qian Z, Jiang X. Peptide-Mediated 
Controllable Cross-Linking of Gold Nanoparticles for Immunoassays with Tunable Detection 
Range. Anal Chem. 2018; 90: 8234–8240. [PubMed: 29874048] 

(30). Laromaine A, Koh L, Murugesan M, Ulijn RV, Stevens MM. Protease-Triggered Dispersion of 
Nanoparticle Assemblies. J Am Chem Soc. 2007; 129: 4156–4157. [PubMed: 17358069] 

(31). Gupta S, Andresen H, Ghadiali JE, Stevens MM. Kinase-actuated immunoaggregation of 
peptide-conjugated gold nanoparticles. Small. 2010; 6: 1509–1513. [PubMed: 20578112] 

(32). Rodríguez-Lorenzo L, de la Rica R, Alvarez-Puebla RA, Liz-Marzán LM, Stevens MM. 
Plasmonic nanosensors with inverse sensitivity by means of enzyme-guided crystal growth. Nat 
Mater. 2012; 11: 604–607. [PubMed: 22635043] 

(33). de la Rica R, Stevens MM. Plasmonic ELISA for the ultrasensitive detection of disease 
biomarkers with the naked eye. Nat Nanotechnol. 2012; 7: 821–824. [PubMed: 23103935] 

(34). de la Rica R, Stevens MM. Plasmonic ELISA for the detection of analytes at ultralow 
concentrations with the naked eye. Nat Protoc. 2013; 8: 1759–1764. [PubMed: 23975259] 

(35). Soh JH, Lin Y, Thomas MR, Todorova N, Kallepitis C, Yarovsky I, Ying JY, Stevens MM. 
Distinct bimodal roles of aromatic molecules in controlling gold nanorod growth for biosensing. 
Adv Funct Mater. 2017; 27 1700523 

(36). Chen H, Shao L, Li Q, Wang J. Gold nanorods and their plasmonic properties. Chem Soc Rev. 
2013; 42: 2679–2724. [PubMed: 23128995] 

(37). Xianyu Y, Lin Y, Chen Q, Belessiotis-Richards A, Stevens MM, Thomas MR. Iodide-mediated 
rapid and sensitive surface etching of gold nanostars for biosensing. Angew Chem, Int Ed. 2021; 
60: 9891–9896. 

(38). Magnussen OM. Ordered anion adlayers on metal electrode surfaces. Chem Rev. 2002; 102: 
679–726. [PubMed: 11890754] 

(39). Suea-Ngam A, Choopara I, Li S, Schmelcher M, Somboonna N, Howes PD, deMello AJ. In 
situ nucleic acid amplification and ultrasensitive colorimetric readout in a paper-based analytical 
device using silver nanoplates. Adv Healthcare Mater. 2021; 10 2001755 

(40). Gu Y, Song J, Li M-X, Zhang T-T, Zhao W, Xu J-J, Liu M, Chen H-Y. Ultrasensitive microRNA 
assay via surface plasmon resonance responses of Au@Ag nanorods etching. Anal Chem. 2017; 
89: 10585–10591. [PubMed: 28872300] 

(41). Jia Y, Zheng W, Zhao X, Zhang J, Chen W, Jiang X. Mixing-to-Answer Iodide Sensing with 
Commercial Chemicals. Anal Chem. 2018; 90: 8276–8282. [PubMed: 29874045] 

(42). Chapman R, Lin Y, Burnapp M, Bentham A, Hillier D, Zabron A, Khan S, Tyreman M, Stevens 
MM. Multivalent nanoparticle betworks enable point-of-care detection of human phospholipase-
A2 in serum. ACS Nano. 2015; 9: 2565–2573. [PubMed: 25756526] 

(43). Shenhar R, Norsten TB, Rotello VM. Polymer-mediated nanoparticle assembly: structural control 
and applications. Adv Mater. 2005; 17: 657–669. 

(44). Dunn MR, Jimenez RM, Chaput JC. Analysis of aptamer discovery and technology. Nat Rev 
Chem. 2017; 1: 0076. 

(45). Mosquera J, Zhao Y, Jang H-J, Xie N, Xu C, Kotov NA, Liz-Marzán L. M. Plasmonic 
nanoparticles with supramolecular recognition. Adv Funct Mater. 2020; 30 1902082 

(46). Andresen H, Mager M, Grießner M, Charchar P, Todorova N, Bell N, Theocharidis G, Bertazzo 
S, Yarovsky I, Stevens MM. Single-step homogeneous immunoassays utilizing epitope-tagged 
gold nanoparticles: on the mechanism, feasibility, and limitations. Chem Mater. 2014; 26: 4696–
4704. 

Geng et al. Page 16

Acc Chem Res. Author manuscript; available in PMC 2024 January 06.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



(47). Moitra P, Alafeef M, Dighe K, Frieman MB, Pan D. Selective naked-eye detection of SARS-
CoV-2 mediated by N gene targeted antisense oligonucleotide capped plasmonic nanoparticles. 
ACS Nano. 2020; 14: 7617–7627. [PubMed: 32437124] 

(48). Zheng L, Cai G, Wang S, Liao M, Li Y, Lin J. A microfluidic colorimetric biosensor for rapid 
detection of Escherichia coli O157:H7 using gold nanoparticle aggregation and smart phone 
imaging. Biosens Bioelectron. 2019; 124 (125) 143–149. [PubMed: 30366259] 

(49). Gormley AJ, Chapman R, Stevens MM. Polymerization amplified detection for nanoparticle-
based biosensing. Nano Lett. 2014; 14: 6368–6373. [PubMed: 25315059] 

(50). Nandi U, Jones AE, Puskarich MA. Group IIA secretory phospholipase 2 independently predicts 
mortality and positive blood culture in emergency department sepsis patients. JACEP Open. 
2021; 2 e12460 [PubMed: 34179883] 

(51). Aili D, Mager M, Roche D, Stevens MM. Hybrid nanoparticle-liposome detection of 
phospholipase activity. Nano Lett. 2011; 11: 1401–1405. [PubMed: 20795711] 

(52). Aili D, Gryko P, Sepulveda B, Dick JAG, Kirby N, Heenan R, Baltzer L, Liedberg B, Ryan MP, 
Stevens MM. Polypeptide folding-mediated tuning of the optical and structural properties of gold 
nanoparticle assemblies. Nano Lett. 2011; 11: 5564–5573. [PubMed: 22047629] 

(53). Holme MN, Rana S, Barriga HMG, Kauscher U, Brooks NJ, Stevens MM. A robust liposomal 
platform for direct colorimetric detection of sphingomyelinase enzyme and inhibitors. ACS 
Nano. 2018; 12: 8197–8207. [PubMed: 30080036] 

(54). Chapman R, Lin Y, Burnapp M, Bentham A, Hillier D, Zabron A, Khan S, Tyreman M, 
Stevens MM. Multivalent Nanoparticle Networks Enable Point-of-Care Detection of Human 
Phospholipase-A2 in Serum. ACS Nano. 2015; 9: 2565–2573. [PubMed: 25756526] 

(55). Aryal S, BKC R, Dharmaraj N, Bhattarai N, Kim CH, Kim HY. Spectroscopic identification 
of SAu interaction in cysteine capped gold nanoparticles. Spectrochim Acta, Part A. 2006; 63: 
160–163. 

(56). Liu NJ, Chapman R, Lin Y, Mmesi J, Bentham A, Tyreman M, Abraham S, Stevens MM. Point 
of care testing of phospholipase A2 group IIA for serological diagnosis of rheumatoid arthritis. 
Nanoscale. 2016; 8: 4482–4485. [PubMed: 26854217] 

(57). Wu J, Wang X, Wang Q, Lou Z, Li S, Zhu Y, Qin L, Wei H. Nanomaterials with enzyme-like 
characteristics (nanozymes): next-generation artificial enzymes (II). Chem Soc Rev. 2019; 48: 
1004–1076. [PubMed: 30534770] 

(58). Wang Q, Wei H, Zhang Z, Wang E, Dong S. Nanozyme: An emerging alternative to natural 
enzyme for biosensing and immunoassay. TrAC, Trends Anal Chem. 2018; 105: 218–224. 

(59). Zhang J, Zheng W, Jiang X. Ag+-Gated Surface Chemistry of Gold Nanoparticles and 
Colorimetric Detection of Acetylcholinesterase. Small. 2018; 14 1801680 

(60). Guan Y, Lu Y, Sun J, Zhao J, Huang W, Zhang X, Liu Y. Redox recycling-activated signal 
amplification of peroxidase-like catalytic activity based on bare gold nanoparticle-metal ion 
ensembles as colorimetric sensor array for ultrasensitive discrimination of phosphates. ACS 
Sustainable Chem Eng. 2021; 9: 9802–9812. 

(61). Draz MS, Vasan A, Muthupandian A, Kanakasabapathy MK, Thirumalaraju P, Sreeram A, 
Krishnakumar S, Yogesh V, Lin W, Yu XG, Chung RT, et al. Virus detection using nanoparticles 
and deep neural network-enabled smartphone system. Sci Adv. 2020; 6 eabd5354 [PubMed: 
33328239] 

(62). Liu NJ, Chapman R, Lin Y, Bentham A, Tyreman M, Philips N, Khan SA, Stevens MM. 
Phospholipase A2 as a point of care alternative to serum amylase and pancreatic lipase. 
Nanoscale. 2016; 8: 11834–11839. [PubMed: 27228183] 

(63). Chandrawati R, Stevens MM. Controlled assembly of peptide-functionalized gold nanoparticles 
for label-free detection of blood coagulation Factor XIII activity. Chem Commun. 2014; 50: 
5431–5434. 

(64). I-sense, the EPSRC IRC in early warning sensing systems for infectious diseases. https://www.i-
sense.org.uk/ 

(65). Jumeaux C, Wahlsten O, Block S, Kim E, Chandrawati R, Howes PD, Höök F, Stevens MM. 
MicroRNA detection by DNA-mediated liposome fusion. ChemBioChem. 2018; 19: 434–438. 
[PubMed: 29333674] 

Geng et al. Page 17

Acc Chem Res. Author manuscript; available in PMC 2024 January 06.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts

https://www.i-sense.org.uk/
https://www.i-sense.org.uk/


(66). Jumeaux C, Kim E, Howes PD, Kim H, Chandrawati R, Stevens MM. Detection of microRNA 
biomarkers via inhibition of DNA-mediated liposome fusion. Nanoscale Adv. 2019; 1: 532–536. 
[PubMed: 36132259] 

(67). Wang Y, Howes PD, Kim E, Spicer CD, Thomas MR, Lin Y, Crowder SW, Pence IJ, Stevens 
MM. Duplex-specific nuclease-amplified detection of microRNA using compact quantum dot-
DNA conjugates. ACS Appl Mater Interfaces. 2018; 10: 28290–28300. [PubMed: 30113161] 

(68). Herpoldt K-L, Artzy-Schnirman A, Christofferson AJ, Makarucha AJ, de la Rica R, Yarovsky I, 
Stevens MM. Designing Fluorescent Peptide Sensors with Dual Specificity for the Detection of 
HIV-1 Protease. Chem Mater. 2015; 27: 7187–7195. [PubMed: 28479671] 

(69). Gliddon HD, Howes PD, Kaforou M, Levin M, Stevens MM. A nucleic acid strand displacement 
system for the multiplexed detection of tuberculosis-specific mRNA using quantum dots. 
Nanoscale. 2016; 8: 10087–10095. [PubMed: 27088427] 

(70). Kozel TR, Burnham-Marusich AR. Point-of-care testing for infectious diseases: past, present, and 
future. J Clin Microbiol. 2017; 55: 2313–2320. [PubMed: 28539345] 

(71). Zhang J, Mou L, Jiang X. Surface chemistry of gold nanoparticles for health-related applications. 
Chem Sci. 2020; 11: 923–936. [PubMed: 34084347] 

(72). Parolo C, Sena-Torralba A, Bergua JF, Calucho E, Fuentes-Chust C, Hu L, Rivas L, Alvarez-
Diduk R, Nguyen EP, Cinti S, Quesada-González D, et al. Tutorial: design and fabrication 
of nanoparticle-based lateral-flow immunoassays. Nat Protoc. 2020; 15: 3788–3816. [PubMed: 
33097926] 

(73). O’Farrell B. Lateral Flow Technology for Field-Based Applications-Basics and Advanced 
Developments. Top Companion Anim Med. 2015; 30: 139–147. [PubMed: 27154597] 

(74). Yang M, Zhang W, Yang J, Hu B, Cao F, Zheng W, Chen Y, Jiang X. Skiving stacked sheets 
of paper into test paper for rapid and multiplexed assay. Sci Adv. 2017; 3 eaao4862 [PubMed: 
29214218] 

(75). Yang M, Liu Y, Jiang X. Barcoded point-of-care bioassays. Chem Soc Rev. 2019; 48: 850–884. 
[PubMed: 30565609] 

(76). Xu K, Zhou R, Takei K, Hong M. Toward flexible surface-enhanced Raman scattering (SERS) 
sensors for point-of-care diagnostics. Adv Sci. 2019; 6 1900925 

(77). Høgset H, Horgan CC, Armstrong JPK, Bergholt MS, Torraca V, Chen Q, Keane TJ, Bugeon L, 
Dallman MJ, Mostowy S, Stevens MM. In vivo biomolecular imaging of zebrafish embryos using 
confocal Raman spectroscopy. Nat Commun. 2020; 11 6172 [PubMed: 33268772] 

(78). Movasaghi Z, Rehman S, Rehman IU. Raman spectroscopy of biological tissues. Appl Spectrosc 
Rev. 2007; 42: 493–541. 

(79). Kim N, Thomas MR, Bergholt MS, Pence IJ, Seong H, Charchar P, Todorova N, Nagelkerke A, 
Belessiotis-Richards A, Payne DJ, Gelmi A, et al. Surface enhanced Raman scattering artificial 
nose for high dimensionality fingerprinting. Nat Commun. 2020; 11: 207. [PubMed: 31924755] 

(80). Lander ES. The Heroes of CRISPR. Cell. 2016; 164: 18–28. [PubMed: 26771483] 

(81). Aman R, Mahas A, Mahfouz M. Nucleic Acid Detection Using CRISPR/Cas Biosensing 
Technologies. ACS Synth Biol. 2020; 9: 1226–1233. [PubMed: 32159950] 

Geng et al. Page 18

Acc Chem Res. Author manuscript; available in PMC 2024 January 06.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 1. Deploying noble metal nanoparticles with integrated digital technologies drives early 
infectious disease detection and diagnosis.
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Figure 2. 
(a) Bioconjugation of ligands providing colloidal stability and functional groups targeting 

biomolecules. Adapted with permission from ref 5. Copyright 2014 American Association 

for the Advancement of Science. (b, c) Typical TEM images showing the self-assembly of 

peptide coated AuNPs. Reproduced with permission from ref 24. Copyright 2004 WILEY-

VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 3. 
(a) Schematic illustration of the concentration-dependent effects of AP and APP on the 

aspect ratio of AuNRs. Adapted with permission from ref 35. Copyright 2017 WILEY-VCH 

Verlag GmbH & Co. KGaA, Weinheim. (b) Illustration of a sandwich immunoassay based 

on the surface etching of the Au nanostars. Reproduced with permission from ref 37. 

Copyright 2021 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 4. 
(a) Schematic illustration of an assay design that utilizes polymerization-based signal 

amplification. (b) Absorbance spectra of dispersed AuNPsand aggregated AuNPs due to the 

presence of pAPMA. Reproduced with permission from ref 49. Copyright 2014 American 

Chemical Society.
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Figure 5. 
(a) Mechanism of PLA2 detection based on the release of JR2KC2 from a liposome. 

Reproduced with permission from ref51. Copyright 2011 American Chemical Society. (b) 

Formation of AuNP assemblies based on heteroassociation between JR2KC and glutamate-

rich helix–loop–helix polypeptide. Reproduced with permission from ref52. Copyright 2011 

American Chemical Society. (c) Exploring specificity for an SMase liposome-based assay in 

reaction buffer containing SMase, or denatured SMase, Triton X100, PLA2, phospholipase 

D (PLD), phospholipase C (PLC), lysozyme (Lys), and bovine serum albumin (BSA). 

Reproduced with permission from ref53. Copyright 2018 American Chemical Society. (d) 

LFA device schematic based on a modified liposome-triggered assay. Reproduced with 

permission from ref54. Copyright 2015 American Chemical Society.
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Figure 6. 
(a) Detection of virus particles on a microchip by bubble formation in the presence of PtNPs 

and H2O2. Reproduced from ref 61. Copyright 2020 The Authors. (b) Design of a renally 

clearable sensing system based on nanocatalyst signal amplification. Photograph shows the 

colorimetric assay of urine from tumor-bearing (top) and healthy mice (bottom). Reproduced 

from ref 2. Copyright 2019 The Authors.
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Figure 7. 
(a) Lateral flow test for Ebola virus IgG detection (diamonds symbolize recombinant 

proteins, yellow spheres AuNPs, and the Ys antibodies). (b) Integration of a smartphone 

application for recording patient details. Reproduced from ref 4. Copyright 2018 American 

Chemical Society. (c) Schematic illustration of catalytic NMNP amplified LFA. (d) Test 

line intensity illustrating the broad linear dynamic range in spiked sera across 4 orders 

of magnitude (from <1 pg mL—1 to 104 pg mL—1) of the protein target before and after 

amplification. R2 = 0.9813. Reproduced from ref 3. Copyright 2018 American Chemical 

Society.
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