
Vol.:(0123456789)1 3

https://doi.org/10.1007/s00604-023-05666-6

REVIEW ARTICLE

Signaling strategies of silver nanoparticles in optical 
and electrochemical biosensors: considering their potential 
for the point‑of‑care

Franziska Beck1   · Michael Loessl1   · Antje J. Baeumner1 

Received: 21 September 2022 / Accepted: 25 January 2023 
© The Author(s) 2023

Abstract
Silver nanoparticles (AgNPs) have long been overshadowed by gold NPs’ success in sensor and point-of-care (POC) appli-
cations. However, their unique physical, (electro)chemical, and optical properties make them excellently suited for such 
use, as long as their inherent higher instability toward oxidation is controlled. Recent advances in this field provide novel 
strategies that demonstrate that the AgNPs’ inherent capabilities improve sensor performance and enable the specific detec-
tion of analytes at low concentrations. We provide an overview of these advances by focusing on the nanosized Ag (in the 
range of 1-100 nm) properties with emphasis on optical and electrochemical biosensors. Furthermore, we critically assess 
their potential for point-of-care sensors discussing advantages as well as limitations for each detection technique. We can 
conclude that, indeed, strategies using AgNP are ready for sensitive POC applications; however, research focusing on the 
simplification of assay procedures is direly needed for AgNPs to make the successful jump into actual applications.

Keywords  Silver nanoparticles · Optical biosensors · Electrochemical biosensors · Point-of-care · Clinical analysis · 
Localized surface plasmon resonance

During the last 20  years, silver nanoparticles (AgNPs) 
gained increasing attention among the scientific commu-
nity due to their unique physicochemical properties. How-
ever, biomedical properties of silver colloids were already 
exploited by the ancient Greeks and Romans, for example, 
in lotions or unguents [1]. Also, the antimicrobial effect of 
silver was used to protect vessels from bacterial growth and 
the food and drinks stored within from spoilage, long before 
the existence of microbes was found [2]. This effect is based 
on the interaction of silver ions with thiol type compounds 
in the vital enzymes and proteins of bacteria. With decreas-
ing size of AgNPs, the surface contact area increases and 
with this the antimicrobial effect. In contrast to macro-sized 
silver, the nanoparticles are able to interact additionally with 
the cell membrane, which leads to its disruption and subse-
quent cell death [3]. Nowadays, with a production of 320 
t per year AgNPs are the most abundant commercialized 

nano-compounds [4, 5]. They are widely used, for exam-
ple, in cosmetics, textiles, medicinal products, or water 
decontamination [6]. In socks, for example, they inhibit the 
development of bad odors [7], while in bandages, they can 
improve soft tissue healing, preventing a bacterial infection 
[3]. More medical applications include anti-cancer therapy, 
dentistry [8], and the use as antidiabetic agent or vaccine 
adjuvant [9]. Only a minor part of the produced AgNPs is 
used in biosensors and serves as the signal generation and 
amplification system instead of enzymes, gold nanoparticles 
(AuNPs), and other nanocontainers. They are efficiently used 
in combination with optical and electrochemical transduc-
tions methods. Aside from their ubiquitous usage, toxicity 
concerns arose during the last years. It was found that silver 
nanoparticles play a major role in the generation of reac-
tive oxygen species and oxidative stress in cells. Moreover, 
they are able to interact with different organs [4]. The toxic 
effect of AgNPs depends on various factors, e.g., size, shape, 
surface modification, dispersion, concentration, and cellular 
environment [10]. Also, the complex mode of action is not 
fully known and understood, yet. Therefore, the assessment 
of the grade of toxicity is a big challenge and has to be done 
very carefully.
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Due to their general importance, AgNP synthesis (Fig. 1), 
surface modification, and characterization methods were 
extensively reviewed before. Therefore, it is shortly sum-
marized in the following, but for further details, more spe-
cialized reviews are recommended, e.g., [9, 11–16].

AgNPs are generated either through “top-down” or “bot-
tom-up” approaches. In the case of top-down strategies, also 
referred to as physical methods since no (bio)chemical reac-
tions are used in their generation, the bulk material is bro-
ken down into fine nanoparticles, which are subsequently 
stabilized using colloidal protecting agents. The most com-
mon approaches are evaporation–condensation methods, in 
which the silver bulk material is evaporated and the gener-
ated supersaturated metal vapor condensates in the form of 
nanoparticles [17] and laser ablation of metal bulk material in 
organic or aqueous solvents [18]. Further physical top-down 
approaches include ball milling [19] or arc discharge [20, 21]. 
These methods are usually fast and easy to scale up, and the 
resulting nanoparticles are mostly free of hazardous chemi-
cals. However, high energy consumption, solvent contamina-
tion, low yield, and especially a varying size distribution of 
the nanoparticles and their dispersion without aggregation can 
be challenging [22]. In the case of “bottom-up” approaches, 
the reduction of silver ions derived from precursor salts, e.g., 
AgNO3, forms nuclei via self-assembly followed by growth 
into nanoparticles. Methods to generate the energy needed for 
this reduction are photochemical [23], electrochemical [24], 
microwave-assisted [25], sonochemical [26], sol–gel processes 
[27], or reduction in a microemulsion. A frequently employed 
synthesis method is based on Brust and Schiffrin’s original 
work on the synthesis of gold nanoparticles [28]. The method 

involves a two-phase liquid–liquid phase system (water-
toluene), and sodium borohydride is used as reducing agent 
[29]. Most of these chemical processes have the advantage 
of high yield, low cost, ease of production, and flexibility in 
nanoparticle (NP) shapes and sizes. However, the use of toxic 
chemicals for reduction leads to inadequate purity of the NPs 
and is untenable from an environmental point of view. Also, 
stabilization of the NPs against aggregation and control over 
their size are challenging and require the use of proper stabiliz-
ers. Green or “biological” synthesis of AgNP overcomes these 
disadvantages. Here, the natural plants, bacteria, fungi, algae, 
or yeast are used for the reduction of a precursor salt. These 
methods are environmentally friendly and pollution-free and 
avoid harsh conditions like high temperatures, pH, or strong 
reducing agents. Moreover, decreased time-demand, control 
over shape and size, simple scale-up and high stability, water-
solubility, and density make these methods attractive in aca-
demia and industry [15, 16, 30, 31]. Post synthesis, AgNPs are 
characterized employing different methods, e.g., DLS, TEM, 
SEM, UV/Vis spectroscopy, EDX, FTIR, XRD, and XPS. A 
detailed insight into these methods is outside the scope of this 
review but can be found for example in [11].

In addition to fast, cost-efficient, and well controllable 
synthesis possibilities, metal nanoparticles offer a flexible, 
relatively inexpensive platform for signal amplification. 
They enable real-time detection of biomarkers in small sam-
ple volumes with a low limit of detection (LOD) and fairly 
simple procedures [32, 33], in comparison to enzyme-based 
or PCR-based signal amplification systems, and are there-
fore ideally suited for the point-of-care testing (POCT) [34]. 
Tests used by medical personnel can be observed increas-
ingly on the market [35], and the Covid-19 pandemic has 
demonstrated that there is an enormous need also for POCT 
used by patients themselves. In addition to low LODs, other 
important features need to be addressed including low sam-
ple volume demand (especially for blood testing), no addi-
tional pipetting, fast response time, low cost and small size 
of the detection device, and storage of all chemicals in dry 
format on chip. Based on the high surface-to-volume ratio 
of AgNPs, they exhibit special optical and electrochemical 
properties, which render them ideal for the use in biosensors 
in combination with different transduction methods [11]. 
This review will focus on the progress of the use of silver 
nanoparticles in optical and electrochemical biosensors for 
clinical diagnostic in the last 4 years, especially assessing 
critically their potential for the use at the point-of-care.

Silver nanoparticles in optical biosensors

AgNPs exhibit various special optical properties that can be 
harnessed for detection by transducers commonly used in 
biosensors (Fig. 2). (i) Their freely moving electrons when 

Fig. 1   Summary of some possible synthesis methods for AgNPs with 
physical, chemical, or biological methods
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excited by visible light cause surface plasmon resonance 
(SPR) [36] which in turn leads to a strong absorption which 
depends on shape, size, and dispersion of the AgNPs [14]. 
Therefore, biosensors detect either the plasmon band shift 
upon aggregation or changes in the local dielectric constant/
refractive index (RI) due to mere binding to the analyte. 
(ii) Their inherent ability to enhance the Raman-scattering 
of molecules in spatial proximity of their surface can be 
employed resulting in SERS-based sensors [37]. (iii) AgNPs 
provoke metal-enhanced fluorescence (MEF) when in a short 
distance (5–90 nm) to a fluorophore. As they increase the 
rate of excitation and emission, and enable additional elec-
tronic configurations of the fluorophore, quantum yield, 
photostability, and overall sensitivity of the fluorescence 
sensor are increased [38]. (iv) With a high molar extinction 
coefficient and absorbance in the visible range, AgNPs are 
considered optimal fluorescence quencher [39]. This enables 
assay strategies based on Foerster resonance energy transfer 
(FRET). (v) Also, the intrinsic fluorescence of Ag nanoclus-
ters (AgNCs) can be used for transduction.

SPR‑based biosensors

Surface plasmon resonance (SPR) is the collective oscilla-
tion of conductive electrons, which origins from the accel-
eration of the electrons by the incident light in combination 
with restoring forces due to the polarization of particle and 
environment and confinement of electrons to dimensions 
smaller than the wavelength of light [40]. The dependence 
of the SPR band on size, shape, interparticle space, surface 
charge, and nature of the surrounding medium [2] can be 
exploited as transduction principle. Biosensors based on Ag 
nanoarchitectured surfaces (e.g., nanospheres, nanoholes, 
nanoarrays) measure analyte-dependent RI changes [37] 
whereas those using AgNPs based on the SPR-band change 
upon analyte-induced de-/aggregation of the silver nanopar-
ticles (Fig. 2, a). Thus, all molecules that induce aggregation 
via interaction of functional groups with the AgNP surface 
ligand or that change the dielectric environment of the AgNP 
can be target analytes [41].

Here, silver is superior to other NPs due to its high 
molar extinction coefficient and narrow SPR-band in the 
visible region [2]. With decreasing interparticle distance, 
the plasmonic fields of the individual particles over-
lap, and the absorption shifts to a higher wavelength or 
decreases. This principle has been employed for years 
for the detection of various analytes and was reviewed 
extensively before [2]. It lends itself very well for clini-
cal diagnostics and the POC due to the simple, visual, or 
colorimetric read-out. It has recently been adopted toward 
the specific detection of biothiols [42, 43], DNA [44], or 

small molecules like adenosine [45] where quantifica-
tion is obtainable through a change of absorption or even 
absorption ratio on two different wavelengths.

Wang et  al.[46]. also introduced the possibility of 
in situ generation of AgNPs as SPR-label. In the presence 
of the target miRNA, single strands of DNA could unfold 
and form dsDNA via hybridization chain reactions. Silver 
ions are then inserted into the DNA double strand, and, 
upon introduction of a reducing agent, silver nanoparticles 
are formed which in turn led to a change in SPR angle. 
Benefits of this technique include not time-consuming and 
costly modification of the nanoparticle with biomolecules.

The major drawbacks of SPR-based sensors include the 
typically large reagent volume needed for this format, e.g., 
150 µL [44] in microtiter plate (MTP) assays and up to 
5 mL [42] in cuvettes. Aside from cost and environmen-
tal drawbacks related to large volumes, such formats also 
often require large sample volumes to promote effective 
aggregation. MTP assays require 50 µL of sample making 
it impossible to handle finger prick samples, which usually 
express blood volumes ≤ 10 µL, without further dilution 
[47]. Other biofluids are better suited for these kinds of 
aggregation assays, such as urine or saliva, because they 
are readily available in big volumes. Recently, Shariati 
and Khayatian transferred these aggregation assays into 
a small paper-based device [48], negating sample volume 
challenges. This paves the way towards a new generation 
of AgNP aggregation assays, making them applicable even 
to finger prick samples. Secondly, finely tuned surface 
modification adapted to not only the analyte, but also the 
desirable matrix is typically challenging. In fact, aggre-
gation of not well-adjusted AgNPs is mostly influenced 
by electrolyte concentration or pH, while the presence 
of biomolecules can inhibit aggregation altogether [49]. 
Finally, detection in turbid samples is not possible, which 
is a common problem with absorbance measurements, and 
showcases a common need for careful sample preparation 
strategies.

While using a photometer for the read-out might be 
easy in a lab, it adds additional cost, size, and complex-
ity to such a self-testing approach. Smartphone read-out 
can be a solution, but was known to be problematic due 
to variations in lighting, in handling by the patient or in 
the smartphones themselves. However, recent advances 
in smartphone read-out by Choi et al. [50] demonstrated 
that with sophisticated mathematical corrections such as 
RGB analysis or internal standards these problems can be 
overcome. For patient handling, a combination of smart-
phone read-out with paper microfluidics is advantageous 
for the optical aggregation assay and suggesting that AgNP 
aggregation assays will be highly useful at the POC in the 
future.
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Biosensors based on surface‑enhanced Raman 
scattering (SERS)

Surface-enhanced Raman scattering (SERS) is the chemi-
cal and electromagnetic enhancement of Raman signal of 
a molecule in close proximity or adsorbed to a SERS sub-
strate. It has been identified as a unique signal generation 
strategy in biosensors as it offers high anti-interference sta-
bility due to highly specific fingerprint regions with nar-
row peaks [51], high multiplexing capabilities, rapidity, 
low sample volume requirements, nondestructivity, and 
low background noise [52, 53]. AgNPs and combinations 
thereof with other materials such as with silicon chips or 
carbon materials are an ideal SERS-active substrate due to 
their high optical reflectivity onto which a sample is depos-
ited (referred to as intrinsic SERS). Their composition, size, 
shape, and surface roughness influence the SPR band and 
with it its SERS efficiency [37]. This was employed for the 
detection of glutathione [54], miRNA [53], ATP, and bac-
teria [55]. These approaches enable easy implementation, 
label-free procedures, and little sample preparation [56], but 
suffer from slow kinetics due to diffusion limitations [51] 
and hence overall slow sensor responses. Furthermore, data 
analysis of the directly measured sample is usually complex 
and requires advanced statistical methods such as principal 
component analysis (PCA) or other machine learning tech-
niques, so that much software engineering is needed to make 
it applicable for use with health care professionals [56]. Also 
the preparation of a suitable SERS substrate is challenging 
as not well-defined structures can account for insufficient 
enhancement factors and poor stability of the SERS signal, 
while complicated fabrication procedures and expensive 
chemicals lead to higher time and money consumption and 
lower reproducibility [54, 57]. Here, recent research by Bu 
et al. [54] demonstrated advances in nanoengineering and 
synthesis procedures that provide a solution to these chal-
lenges by simplifying production of SERS substrates.

Alternatively, researchers employed modified nanopar-
ticles (SERS-tags) as labels [56] in extrinsic SERS sens-
ing (Fig. 2, b). For example, AgNPs with Raman reporter 
probe on their surface were recently used for the detection 
of proteins [51], micro RNA (miRNA) [52], and DNA [58]. 
These publications demonstrate highly sensitive, reliable, 
and simple quantification of biomolecules utilizing SERS 
as transduction principle. Quarin et al. summarized various 
recent SERS sensing principles, such as aggregation-based, 
paper-based, magnetic-capture, and homogeneous assays, 
with their respective special advantages and disadvantages 
for POCT in their review [56]. In general, the extrinsic SERS 

sensing demonstrates a higher potential to be used for POC, 
as it is simply implemented in already established assays as 
an alternative, superior detection method [56].

Recently, the effect of photoinduced-enhanced Raman 
spectroscopy (PIERS) gained attention due to its potential 
to greatly increase sensitivity beyond the SERS effect [59]. 
PIERS is based on the photoexcitation of a semiconductor 
material, namely, TiO2, which enhances Raman scattering 
at the site of silver or gold nanoparticles [59]. The photo-
excited material can charge the respective nanoparticle and, 
in presence of a sample, charge-transfer between the sample 
and the NP lead to the PIERS effect. This effect has already 
been exploited in first biosensors to sensitively detect ATP, 
thrombin, or cocaine [60]. As the PIERS effect was found 
rather recently, implementation in biosensors is still scarce; 
however, considering the great enhancement in sensitivity 
compared to the normal SERS effect, this effect has great 
potential for future sensing applications.

In general, SERS analyses often suffer from poor repeat-
ability and stability of the signal, which can cause inac-
curate quantification of the analyte [55, 57]. This makes 
quantitative SERS difficult, calling for internal standards, 
a highly ordered substrate, and/or shielding from exter-
nal influences [55], as demonstrated through ratiometric 
sensing [53]. Interestingly, Chen et al. also substituted the 
Raman microscope with a portable spectrometer, acknowl-
edging that it in combination with multistep detection leads 
to worse sensitivity and longer times. Unfortunately, this 
common, truly important challenge that hinders SERS 
advance into the POC is seldomly picked up in new publi-
cations. Instead, most focus on developing new, ultrasensi-
tive SERS substrates or tags as proof of principle rather 
than simplifying the method towards the use at the POC. 
Therefore, while the majority of the publications shown 
here were already applied for clinical samples, none go the 
next step, i.e., validation of the method and integration into 
end user devices [56].

Metal‑enhanced fluorescence‑based biosensors

Fluorescence is a commonly used transduction technique in 
biosensors due to its versatility, simplicity, sensitivity, and 
multiplexing capability [38]. Aside from the high demands 
of a fluorescence detector, autofluorescence of the samples, 
low quantum yield, and photobleaching of traditional fluo-
rescent labels hinder ultra-sensitive fluorescent detection in 
a POC application [2]. Enhancing the fluorescence via close 
proximity (5–90 nm) of the fluorescent dye to a colloidal 
metal surface, which increases the rate of excitation and 
emission and enables additional electronic configurations 
of the fluorophore, is therefore one of the research strate-
gies pursued. It increases quantum yield and photostability 
of the fluorophore and after all sensitivity of the sensor. The 

Fig. 2   Schematic representation of the working principle of various 
optical biosensors using AgNPs based on a SPR, b SERS, c MEF, d 
FRET, or e the inherent fluorescent properties of AgNCs

◂

Page 5 of 19    91Microchim Acta (2023) 190:91



1 3

exact metal-enhanced fluorescence (MEF) mechanism based 
on localized surface plasmon resonance was discussed pre-
viously [38]. AgNPs are frequently employed for this pur-
pose and indeed offer better performance than AuNPs due 
to their strong SPR, which spans over a broad region of the 
visible spectrum [61]. Analogous to the SERS sensors, sil-
ver nanoparticles can be used as 2D substrate, for example, 
in combination with a quartz matrix [62]. However, if no 
sophisticated patterning techniques are used, the random dis-
tribution of nanoparticles and nanostructures often hinders 
the reproducibility of such sensors. Further limiting factors 
are analogous to the 2D SERS substrates and include slow 
diffusion to a rigid surface [38] and the comparatively low 
surface area [63], which hinders the immobilization of large 
amounts of biorecognition elements and with that lowers the 
performance. Researchers try to solve these problems, for 
example, by using AgNPs in combination with electrospun 
nanofibers as 3D substrate [63]. On the other hand, AgNPs 
can also be used as colloidal label with an inert organic or 
inorganic shell [61, 64]. This core–shell structure ensures the 
exact distance between metal surface and fluorescent dye and 
simultaneously improves stability, biocompatibility, and dis-
persability [38]. Aggregation assays are often used (Fig. 2, 
c), such as for the detection of DNA [61], polysaccharides, 
or enzymes, like heparin and heparinase [64]. They afford 
ultrasensitive and low-background fluorescent detection [38]; 
however, absorption and light scattering of other nanoparticles 
in the dispersion reduces the effectivity of the colloidal MEF 
in comparison to 2D approaches [38].

Manufacturing of MEF tags and substrates is rather com-
plicated as an exact distance between metal, and fluorophore 
is crucial. If the parties are too close together, the AgNPs 
quench the emission, while the effect does not appear for too 
long distances. At first glance, this hinders AgNP-induced 
MEF application to the POC, yet, with well-designed sys-
tems providing signal amplification of a factor of multiple 
hundreds [38], these efforts should be worthwhile. This 
leads to the common final challenge, i.e., matrix effects on 
the MEF signal. Typically, extensive sample preparation is 
required which cannot be implemented in the POC. Li et al. 
[64] suggested dilution of serum as a solution to this chal-
lenge and did their analyses in 1% human serum. However, 
Kim et al. [65] successfully used MEF-enhanced detection 
in a microfluidic device. As the implementation in such min-
iaturized devices is an important step in the development of 
POC sensors, it can be assumed that the first fully function-
ing MEF POC devices emerge in the near future.

Other fluorescent sensors

Ag nanospheres with their broad SPR band, high absorp-
tion coefficients, and anisotropic shape are ideal fluores-
cence quenchers [39]. Due to their shape, they do not have 

a defined dipole moment, which enables energy transfer in 
any orientation, and the efficiency of FRET increases [39]. 
This “superquenching,” exhibiting Stern–Volmer quench-
ing constants several orders of magnitude larger than 
those of normal quenching processes, has been exploited 
to develop sensitive, rapid, and homogeneous biosensors 
[39]. In the last years, AgNPs were employed as quencher 
in combination with various other fluorescent nanoma-
terials like metal–organic frameworks [66], carbon dots 
[67], or silica nanoparticles [68]. These FRET sensors can 
either be employed for analytes which are able to cross-
link donor and acceptor (Fig. 2, d), such as miRNA [66], 
or analytes which are able to reduce Ag+ and form the 
quenching AgNPs in situ, e.g., ascorbic acid [67] or dopa-
mine [68]. These sensors can be developed in “turn-on” 
or “turn-off” mode. However, the AgNPs as quenchers are 
rarely employed for clinical analytes and rather for envi-
ronmental mercury monitoring. In fact, most published 
work is still in the proof-of-principle stage, trying to fully 
understand mechanisms and influencing factors, rather 
than adapting specific assays to the POC [39]. Yet, this 
method has true potential for future POC developments 
due to its simplicity, sensitivity, rapidity [67], and the vari-
ous combination possibilities of materials and methods 
and is only limited by the properties of the fluorescent dye 
such as photostability, quantum yield, and photobleaching.

Recently, silver nanoclusters (AgNCs), made of sev-
eral to tens of atoms resulting in a size in the range of 
the Fermi wavelength of electrons, have been shown to 
overcome many of these limitations [69]. They possess an 
emission varying between blue and the near-IR depend-
ing on the size of the cluster, which makes them ideal for 
multiplexing [37]. They have a high quantum yield, narrow 
photoluminescence bands, and excellent biocompatibility 
[70]. Also, their simple synthesis protocol is usually per-
formed by reduction of a silver salt in presence of a DNA 
template, and their emission can be tuned by changing 
the sequence and length of the oligonucleotide [71]. Most 
recent sensing examples include RNA or miRNA detection 
[69, 72], ELISAs [71], or dopamine [73] or even combine 
the DNA-templated synthesis with aptamers (Fig. 2, e) 
[70]. The applicability of AgNCs in biological matrices 
was only tested by Jiang et al. [69], while the other publi-
cations can be seen more as a proof of principle. Thus, the 
overall stability of AgNCs in biological fluids still has to 
be evaluated thoroughly. Moreover, many assays rely on 
the in situ synthesis of the AgNCs, which is not possible 
considering a POC, self-testing approach due to multistep 
addition of chemicals. However, if AgNC long-term sta-
bility can be confirmed, they will have a great potential of 
replacing traditional, organic fluorescent markers.
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Silver nanoparticles in electrochemical 
biosensors

Electrochemical biosensors tend to be preferred over optical 
ones in current POC research, since they show high sensitiv-
ity, cost-effectiveness, simplicity, anti-interference ability, 
and the potential for real-time analysis, which is particularly 
interesting for clinical analysis of biological fluids [74–76]. 
Simultaneously, they have a higher potential for miniaturi-
zation, because no optical components or minimum path 
lengths are needed [77, 78]. Therefore, sensors with elec-
trochemical detection are frequently used in food quality 
monitoring, biomedical research, clinical diagnostic, and 
environmental monitoring [33]. Although less investigated 
in the electrochemical field than for optical sensing, AgNPs 
are of special interest as they have the highest conductivity 
of all metals; high electrochemical activity, i.e., low oxida-
tion potential and high electron transfer rates; and catalytic 
activity towards certain analytes [79, 80].

Silver nanoparticles as labels

The characteristic Ag/AgCl solid-state reaction of AgNPs 
is used for their quantification as labels. Oxidation of Ag 
is directly monitored via voltammetric methods, like linear 
sweep voltammetry (LSV), square wave voltammetry, or 
differential pulse voltammetry. AgNPs are also dissolved 
for sensitive detection via anodic stripping voltammetry 
(ASV) [79]. Due to their high electrochemical activity, the 
oxidation and reduction are possible using a low potential 
and without the use of additional hazardous chemicals. This 
minimizes the potential interferences and ensures a reaction 
outside of the potential region, where the electrochemical 
reaction of dissolved oxygen occurs [81], much in contrast to 
the 1.25 V needed in the presence of HCl [82] for the oxida-
tive dissolution of AuNPs. Moreover, their relatively sharp 
peaks enable precise and sensitive detection [83]. Thus, 
AgNPs are highly advantageous as label in electrochemical 
sensors in comparison to, for example, gold nanoparticles or 
quantum dots and are used employing four overall strategies.

Individual AgNPs

Since one individual AgNP consists of thousands of silver 
atoms, considerable signal-amplification compared to the 
use of single electrochemical labels is achieved (Fig. 3, a). 
Traditionally, AgNPs were dissolved using strong acids 
like HNO3, preconcentrated on the transducer by reduc-
tion and then oxidatively stripped off the surface [74, 78]. 
This method is very sensitive, since the chemical treatment 
dissolves the whole particle, and can potentially clean the 
electrode, and anodic stripping voltammetry is known to be 

used for trace analysis. Still, as the chemical dissolution uses 
harsh chemicals, is time-consuming, and can be the origin 
of mistakes, its application especially in the POC is rather 
problematic [84]. To overcome these limitations, a num-
ber of researchers monitor directly the oxidation of the Ag 
in KCl electrolyte via linear sweep voltammetry, applying 
it to clinical analytes, e.g., prostate-specific antigen (PSA) 
[77], enzyme activity [76], or DNA [85]. Further improve-
ments employ various electrochemical dissolution strategies 
[86, 87] resulting in a combined preconcentration and LSV 
stripping analysis offering fast and simple procedures, one-
step assays, and even chip-based approaches [88]. Thus, this 
technology is ready for the POC. Yet, challenges occur when 
the AgNPs need to be modified with biorecognition elements 
or stabilizing shells as these may hinder the electrochemical 
conversion for electrochemical dissolution or direct detec-
tion through the formation of a electrically insulating layer 
around the particle. This increases the distance between 
electrode and AgNP and with it the necessary potential until 
no conversion is possible at all [89].

AgNP modification can easily be achieved via physi-
cal adsorption based on the interactions between the silver 
atoms and thiol or amine residues of proteins. Problems tend 
to occur during long-term storage, where additives such as 
BSA or other biologicals are competing for the AgNPs and 
can replace the biorecognition molecules [87]. Pollok et al. 
[87] solved this issue by employing a heterobifunctional 
cross-linker. Other important aspects related to long-term 
storage are the prevention of Ag oxidation by air oxygen 
and the colloidal stability of the labels in a biological envi-
ronment. Strategies have been suggested most recently such 
as drying in stabilizing matrices [90] or stabilizing shells 
around the AgNP [84]. Without paying attention to these 
long-term effects of AgNP as electrochemical label, no 
application to POC is possible.

AgNP aggregates and nanocomposites

A simple approach used to increase AgNP signaling effi-
ciency is suggested through the creation of AgNP aggregates 
(Fig. 3, b). Aggregates were specifically manufactured, for 
example, by reaction with CB[8] [91], DNA [92], or pep-
tide [93] templated synthesis. However, analogous to the 
SPR aggregation sensor, finely tuned surfaces and methods 
are of immense importance as the signals vary greatly upon 
unspecific or uncontrolled aggregation, which typically 
occur in biological matrices. Considering a POC applica-
tion, this makes any one-step procedure impossible [49]. 
Nonetheless, the advantages with respect to limits of detec-
tion obtainable are obvious, e.g., comparing AgNP [77] with 
AgNP aggregates [92] for PSA detection (0.11 pg·mL−1 vs. 
33 fg·mL−1), and warrant further research efforts toward 
their controlled use. A somewhat more complex approach is 

Page 7 of 19    91Microchim Acta (2023) 190:91



1 3

suggested through the generation of nanocomposites (Fig. 3, 
c), where AgNPs are combined with other nanomaterials 
such as nanofibers [94], carbon nanotubes [95], graphene 
oxide [96], C60-AuNPs [97], or cubes [81]. While in some 
instances the second nanomaterial may only be a physical 
support, special attention deserve carbon nanocomposites 
as these are easy to synthesize due to the natural affinity 
of Ag+ ions to carboxyl and carbonyl groups [95], serving 

as effective nucleation site for AgNP synthesis. The advan-
tages of both materials can thus be combined, and various 
analytes can be detected ranging from whole cells [94] to 
small molecules like miRNA [95]. For POC applications, 
there are no specific limitations to the use of nanocompos-
ites as long as the synthesis and assay can be performed in a 
fast and cost-effective way and the nanocomposites exhibit 
sufficient stability. Furthermore, nanocomposites consisting 

Fig. 3   Schematic representation of a bioassay using a individual AgNPs with chemical dissolution, direct LSV, and electrochemical dissolution, 
b AgNP aggregates or c nanocomposites as electrochemical label, or d in situ synthesis of AgNPs on graphene oxide
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of more than two materials are emerging, to finetune bio-
compatibility, reactivity, and stability of the material. Wang 
et al. [98] developed a nanocomposite consisting of reduced 
graphene oxide (rGO), polydopamine (PDA), AgNPs, and 
Ti4+-cations. The rGO-PDA composite ensured environmen-
tal stability and biocompatibility, and AgNPs are used to 
generate the voltammetric response, while the Ti4+-cations 
are designed for specifically recognize phosphopeptides 
as a marker for protein kinease activity. Due to the large 
flexibility of nanocomposites, which are able to overcome 
some of the challenges when working with AgNPs, they are 
a promising approach for a future generation of sensitive 
biosensors.

Promoted reduction of Ag+ and silver deposition

The aforementioned carbonaceous nanocomposite can also 
be synthesized in situ during the assay (Fig. 3 d). In addi-
tion, other strategies exist for the in situ synthesis of AgNPs 
such as hydrazine-modified AuNPs [99], DNA [100, 101], or 
alkaline phosphatase [102]. While the reaction times can be 
shortened considerably by choice of a proper catalyzing sys-
tem (e.g., with C60-AuNPs to only 11 min [97]), most often 
long reaction times of 1 h are needed for the AgNP synthesis 
as the last step of the assay [96, 101]. Together with the 
need of a further addition of solutions in the experimental 
procedure, these methods can only be considered difficult for 
a POC self-testing procedure, and the publications shown so 
far do not convince with lower limits of detection or sensitiv-
ities in comparison to the standard AgNP nanocomposites.

Silver nanoparticles for the modification 
of the electrode material

AgNPs are used just like other metal NPs to increase the 
active electrode area and also to provide additional reactiv-
ity to simplify or enhance the oxidation or reduction of an 
analyte (Fig. 4). The advantages are numerous and simi-
lar to those found for other metal NPs, and it is not always 

clear whether silver is the optimal material indeed or can be 
replaced by other metal NPs. For example, a glassy-carbon 
electrode was modified using eco-friendly synthesized muci-
lage-AgNPs to enable the detection of glucose in human 
blood samples [103]. By covering the electrode with AgNPs, 
the mass transport to the surface increases due to conver-
gent rather than linear diffusion [104]. Moreover, more 
exposed crystal planes in comparison to the bulk material 
can lead to current improvement, and covering a low-cost 
electrode, like screen-printed carbon electrode, with only 
a fraction of the expensive metal is highly cost efficient in 
comparison to using a silver electrode [104]. These effects 
are also exploited in inkjet-printed electrodes. AgNP-based 
ink is already commercially available and can thereby easily 
be used to form electrodes [105]. Such electrodes can, for 
example, be used to monitor bacteriophage contaminations 
in food samples [105]. Silver also possesses electrocatalytic 
properties which can be exploited for the direct detection 
of hydrogen peroxide [106] or ascorbic acid [75] on AgNP-
modified electrodes. The sensitivity of these sensors ben-
efited simultaneously from better electron transfer and larger 
active surface area.

Similarly, AgNP-coated electrodes were found to inter-
act with the redox active center of enzymes enabling direct 
electron transfer. Moreover, they form a microenvironment 
that is similar to the native one for redox enzymes, which 
prevents denaturation of the proteins on the plain electrode 
surface and thus, facilitate enzyme immobilization [80]. 
The modification of electrodes with AgNPs is usually done 
via electrodeposition, which is low-cost, highly produc-
tive, and readily adaptable to mass-production [80]. How-
ever, the building of such composite electrodes increases 
the complexity of redox reactions happening on the surface 
which gives rise to measuring artifacts and selectivity and 
specificity issues [73]. To avoid false results due to measur-
ing artifacts, a fundamental theoretical knowledge of the 
processes on the electrode is needed, as already Campbell 
and Compton [104] discussed in their review 2010. Mean-
while, researchers, such as Khalifa et al. [103], focus more 

Fig. 4   Schematic representation of an electrode modification designed to facilitate the oxidation of an analyte molecule
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on a fundamental understanding of the processes rather than 
merely empirical studies. If specificity and stability of the 
sensor can be guaranteed, for example, by careful surface 
modification, and the detection works also in biological 
media, this method would indeed be good for a POC self-
testing approach due to the ease of electrode production and 
handling, high-cost efficiency, and sensitivity.

Challenges in the use of AgNPs

Addressing stability issues of AgNPs

AgNPs were disregarded as appropriate material for biosen-
sors for a long time due to stability and toxicity concerns. 
Effective ways to enhance the colloidal stability of AgNPs 
have been known for many years, although the surface modi-
fication has to be adjusted to the respective detection tech-
nique and biological matrix [84, 107]. In fact, in the case 
of biosensor applications, with AgNPs typically modified 
with biomolecules, prevention of aggregation is unprob-
lematic. Nonetheless, the stabilization of the AgNP colloid 
against aggregation is reached by electrostatic (e.g., H2, cit-
rate), steric (e.g. PVP), or electrosteric (e.g., BPEI) surface 
modifiers. Sterically and electrosterically stabilized particles 
demonstrated highest resistance to aggregation even at high 
ionic strengths, electrostatically stabilized AgNP aggrega-
tion kinetics followed the DLVO theory [107]. A more domi-
nant issue results from the highly active nature of Ag as it 
is easily oxidized by air oxygen, which changes the amount 
of Ag through storage and is thus highly unfavorable for any 
POC application. This occurs in liquid and in dried formula-
tions, which makes it difficult to implement in self-testing 
tests. Two strategies have been employed recently for the 
protection from oxidation: drying in a protective matrix with 
oxygen scavenger [90] or surface modifications [14] of the 
AgNPs themselves. In the case of the latter, AgNP properties 
are altered depending on coating material and layer thick-
ness [14] and therefore must be very carefully designed. For 
example, inert polymer coatings can stabilize optically used 
AgNPs, while the shell potentially hinders electrochemical 
conversion. In the case of protective drying matrices, these 
can be useful in electrochemical transduction methods but 
have a possibly negative effect on optical detection strategies, 
for example, via hindrance of aggregation (for SPR-based 
techniques) or increased turbidity and scattering (for the opti-
cal detection itself). Thus, not surprising, no universal solu-
tion exists, and stabilization processes of the AgNPs must not 
only be carefully chosen with respect to the application but 
also early on in the development of the POC system. Some 
publications start addressing this issue, but more attention 
needs to be put forward to find long-term and smart solutions.

Toxicity of silver nanoparticles

Silver nanoparticles employ well-documented antimicrobial 
and antiviral properties. While these properties are exploited 
in a multitude of different applications, ranging from odor-
inhibiting socks to antiviral face masks, they also raise con-
cern for their application in biosensors. Concerns are raised 
regarding the toxic effect AgNPs and dissolved Ag+ ions 
can have on biomolecules [108] which would result in a 
destruction of the important, adjacent biorecognition ele-
ment. Moreover, while in most POC devices no direct con-
tact between the respective test subject and AgNPs should 
be occurring, nontoxic materials are obviously favored 
to reduce the risk of accidents and potential environmen-
tal harm upon discarding of the test systems. Overall, the 
toxicity of silver nanoparticles is not fully understood, and 
ongoing research is carried out studying AgNPs of vary-
ing shapes, sizes, and surface modifications. Based on such 
studies, it is known that high concentrations of Ag ions lead 
to decreased cell viability [109–111] which suggests that 
more stable nanoparticles are less toxic due to decreased 
in situ oxidation of the particles. However, Pakrashi et al. 
showed that bioaccumulated nanoparticles had a weaker, 
but longer negative effect on living organisms compared 
to silver ions [111]. Furthermore, it is found that AgNPs 
of different sizes and with different surface modifications 
have different toxicity mechanisms [112]. Similar to AgNP, 
the toxicity of nanocomposites including silver also varies 
depending on the exact composition, shape, and size. Titov 
et al. found a low toxicity in silver-selenide nanoparticles 
encapsulated in a polymer matrix [113]. On the other hand, 
however, the frequently used nanocomposite consisting of 
graphene oxide and AgNPs was reportedly even more toxic 
compared to its pristine counterparts [114]. Therefore, the 
toxicity of specific AgNPs has to be monitored carefully 
prior to their implementation into commercial POC tests. 
For further information on toxicity, more detailed informa-
tion can be found in several reviews, such as [115–118].

Future perspective for AgNPs in biosensors

As evident from the previous chapters, the challenge to fully 
incorporate AgNPs in biosensors remains which needs to be 
addressed (also summarized in Table 1), foremost of which 
are stability and toxicity of the nanoparticles before they 
would be routinely incorporated into POC sensors. Yet, it 
has also been shown that not all AgNPs behave the same 
and result in rather varying degree of toxicity, for exam-
ple. Thus, considering the multitude of well-established 
synthesis techniques and a variety of surface modifications, 
it would appear as if these properties are controllable and 
tailorable so that their employment in commercial diagnostic 
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tests can be appropriate already considering their in-part 
superior analytical performance.

To date, AuNPs, while overall occupying a smaller mar-
ket share compared to AgNPs, are more frequently employed 
in commercially available biosensors [119]. Consequently, 
with a larger database and more available research experi-
ence, AuNPs keep being favored also in new research devel-
opment. However, changes are on the horizon since AgNPs 
exhibit several properties preferable to their gold or other 
noble metal counterparts, such as the highest conductiv-
ity of all metals and high electrochemical activity, i.e., low 
oxidation potential and high electron transfer rates. Espe-
cially after the recent global COVID-19 pandemic, demand 
for POC devices is rising steadily [120]. AgNPs have the 
potential of reaching the required high standards of low 
LODs, high stability, and easy handling. These properties 
are further highlighted by the literature discussed in Table 2, 
which gives further examples of recent promising biosens-
ing strategies including AgNPs. Furthermore, considering 
the practical necessity of scaling up nanoparticle synthesis, 
AgNPs currently are the most produced metallic nanomate-
rial [119]. Synthesis of specialized nanoparticles for novel 
biosensors in large batches can therefore be achieved quickly 
and inexpensively, simplifying the transfer of POC devices 
developed in laboratories into commercially available 
devices in contrast to the challenges of scale-up observed for 
many other nanomaterials. Considering the well-established 
detection principles based on AgNPs and AgNP composite 
materials for biosensors, their integration into existing or 
to-be-developed POC devices should be a likely and is a 
foreseeable next step that needs attention in the scientific 
community. AgNPs certainly have the potential of becom-
ing a key material in this growing market in the near future.

Conclusion

Long overlooked, AgNPs find increasing interest in optical 
and electrochemical biosensors. In comparison to AuNPs, 
AgNPs have a stronger surface plasmon resonance rendering 
them superior in optical sensing based on SPR, FRET, MEF, 
and SERS. Moreover, the less noble silver is oxidized using 
less toxic and aggressive chemicals (chemical dissolution) or 
at a considerably lower potential (electrochemical dissolution) 
minimizing matrix interferences in electrochemical sensing. 
Its higher electrical conductivity is highly beneficial for elec-
trode modification strategies. Green synthesis strategies of 
AgNPs are well documented by now, and processes available 
to provide long-term storage and stability are available. Thus, 
for certainty, AgNPs are ready for their application in the POC 
field. Advantages as well as limitations for all of the detection 
technique used are summarized in Table 1. Moreover, solu-
tions for these limitations, either already done by researchers Ta
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or possible future developments, are listed together with 
recent literature examples for each detection technique. It can 
be deduced that overall, electrochemical detection through 
AgNPs shows many advantages over optical methods. How-
ever, it also becomes obvious that most formats proposed use 
experimental procedures that are too complicated to adapt for 
POC testing and more innovation is direly needed to over-
come multistep processes. Also, long incubation times and 
the need for elevated assay temperatures hinder AgNP’s use 
in self-testing. We therefore propose that significant efforts are 
needed to develop actual POC-ready formats to use the highly 
beneficial properties of AgNPs to their full extend. In contrast, 
so much nanoparticle-related research is undertaken toward 
the invention and identification of new compositions or com-
binations of materials to develop ultrasensitive sensors rather 
than facilitating the experimental procedures and finding a 
real application for the existing materials and developing this 
further. Considering the exciting examples described here, we 
conclude though that AgNPs are more than ready and have 
a great potential as signal generator and signal amplification 
system and may serve as game changers in developing POCTs 
to be sensitive and quantitative enough for many of the chal-
lenging biomarkers.
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