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A non-enzyme cascade amplification strategy, based on the 
dissolution of Ag nanoparticles and Pt nanocubes-catalyzed 
reaction, for colorimetric assay of disease biomarkers was 
developed. This strategy overcomes the intrinsic limitations of 
enzymes involved in conventional enzymatic amplification 
techniques, thanks to the utilization of noble-metal nanostructures 
with superior properties. 

Diagnostic technologies for disease biomarker detection have 
become a critical component in biomedical research and clinical 
care.1-4 Over the past several decades, a variety of technologies 
based on different signal-transducer principles have been 
actively explored, with notable examples including 
fluorescent,5-7 chemiluminescent,8,9 colorimetric,10-12 
electrochemical,13,14 Raman,15-17 and plasmonic18,19 assays. 
Among them, enzyme-based colorimetric assays (in which 
enzymes are pre-conjugated to bioreceptors and specifically 
generate color signal by catalyzing chromogenic substrates) 
continue to receive increasing interest because of their 
simplicity and cost effectiveness.20-22 In particular, they could be 
performed by less-trained personnel with low-cost devices, 
making them extremely desirable for diagnostics in resource-
limited settings. 

Nevertheless, extensive application of colorimetric assays in 
clinical diagnosis is largely limited by their relatively low detection 
sensitivity. A general strategy to enhance the sensitivity is to amplify 
color signal by assembling as many enzymes as possible on carriers 
(e.g., polymers and nanoparticles).23,24 However, this strategy is 
ultimately confined by the loading amount of enzymes on a carrier 

with limited space and the steric hindrance.25 Recently, enzyme 
cascade amplification has emerged to be a novel and efficient signal 
amplification strategy for sensitivity enhancement.26-32 A typical 
mechanism involves sequential cascade reactions catalyzed by 
enzymes – the products generated from a primary enzyme 
associated with bioreceptors catalyze the activation of a secondary 
enzyme, which in turn yields another product with drastically 
increased amount. While this amplification technique is highly 
efficient, it is subjected to a number of variables such as enzymatic 
activity, stability, and activation conditions. Particularly, the 
relatively poor stability of enzymes makes the enzyme cascade 
amplification system hardly survive harsh environments, which is 
oftentimes the case for field work and point-of-care tests.33 

In this work, we report a non-enzyme cascade amplification 
(NECA) strategy for enhancing the sensitivity of colorimetric 
assay. This strategy lies in the dense atom packing in silver (Ag) 
nanoparticles and the ultrahigh catalytic activity of platinum 
(Pt) nanocatalysts. The NECA assay adopts the classic enzyme-
linked immunosorbent assay (ELISA) platform,20 ensuring the 
simplicity of the assay without the involvement of additional 
equipment. Specifically, as shown in Fig. 1, after antibodies-
conjugated Ag nanoparticles are captured by biomarkers in a 
96-well microtiter plate and uncaptured ones removed, the 
nanoparticles are dissolved into individual Ag+ ions through 
chemical etching by H2O2.34 The Ag+ ions could then effectively 
inhibit the catalytic activity of Pt nanocubes as artificial 
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Fig. 1 Schematics showing the non-enzyme cascade amplification 
(NECA) strategy for disease biomarker detection. 
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peroxidases, thereby largely eliminating the generation of blue 
colored products, oxidized TMB, catalyzed from 3,3′,5,5′-
tetramethylbenzidine (TMB, a typical peroxidase substrate).35,36 
Despite miniature in size, Ag nanoparticles consist of thousands 
to millions of Ag atoms that can be conveniently released in the 
form of Ag+ ions. For example, the Ag nanosphere of 20 nm we 
used in this study (will be specified later) contains ~2.5 × 105 Ag 
atoms. On the other hand, as demonstrated in our recent 
study,36 a single Ag+ ion could inhibit the generation of ~104 
oxidized TMB within several minutes owing to the superior 
catalytic activity of Pt nanocubes and the efficient inhibition of 
Ag+ towards the catalytic reaction. Notably, the oxidized TMB 
possesses a large molar extinction coefficient (ε) at the level of 
104 M–1·cm–1,37 ensuring a distinct change in color signal. Taken 
these two cascade processes together, the detection signal 
(refers to as the diminished color signal relative to a control) in 
the NECA system could be amplified by orders of magnitudes. 
Significantly, both Ag nanoparticles and Pt nanocubes are made 
of inert noble metals with good stabilities, making the NECA 
system less vulnerable to the environment. 

We first conducted a set of experiments to demonstrate the 
feasibility and optimize the conditions of the NECA system, in 
which the response of Ag nanoparticles with various amounts 
was investigated. Specifically, 50 µL aqueous suspensions of 
citrate-capped Ag nanospheres with an average diameter of ~20 
nm (Sigma Aldrich, Fig. 2a) were etched with 50 µL of H2O2 to 
form Ag+ solution. Then, to the etching solution, 20 µL of Pt 
nanocubes with an average edge length of 7.3 nm (100 pM in 
particle concentration, Fig. 2b) and 100 µL of TMB substrate 
solution were sequentially added. Here, the Pt nanocubes were 

synthesized according to our recently published procedure.35 
The catalytic reaction was finally quenched by H2SO4, in which 
oxidized TMB was converted to yellow-colored diimine with λmax 
≈ 450 nm and ε = 5.9 × 104 M–1·cm–1 (see the ESI† for 
experimental details).38 We chose these Ag nanospheres for 
demonstration because: i) they could be easily functionalized 
with antibodies through electrostatic interactions;39 ii) they 
could be prepared with good uniformities in terms of both 
shape and size, ensuring good reproducibility of the assay; and 
iii) they are commercially available, making it convenient to 
assemble the assay system for practical use. After systematic 
examination of various parameters (see Fig. S1 in the ESI†), the 
optimal conditions for etching of Ag nanospheres was found to 
be 0.1 M H2O2, 37 °C, and 20-minute incubation, at which Ag 
atoms in the nanospheres were almost completely converted to 
Ag+ ions. It should be emphasized that, while we adopted 
etching at 37 °C as a standard condition in this study, the etching 
efficiency at 22 °C was similar to the case of 37 °C (see Fig. S1c), 
indicating potential use of the present system at room 
temperature. As shown in Fig. 2c, the intensity of color signal 
from the system decreased as the concentration of Ag 
nanospheres increased. A linear relationship was found 
between the decrease of absorbance at 450 nm relative to the 
control (A0-Ax) and the concentration of Ag nanospheres with a 
range of 0.5-8.0 fM (Fig. 2d). It is worth noting that the decrease 
of color signal was even evident when the concentration of Ag 
nanospheres was as low as 0.5 fM (corresponding to only ~1.5 
× 104 particles in a 50 µL suspension). In other words, a small 
amount of Ag nanospheres could induce a detectable color 
change, implying a high sensitivity of the system. These results 
clearly demonstrated the capabilities of signal amplification and 
quantification for the proposed NECA strategy.  

We then applied the NECA system to the detection of 
human prostate-specific antigen (PSA) according to the 
principle shown in Fig. 1 (experimental details in the ESI†). PSA 
is the key biomarker that indicates the recurrence of prostate 
cancer after treatment.40 It is pivotal to detect minute 
concentrations of PSA at early stages to improve survival rates 
of patients who have undergone radical prostatectomy.41,42 For 
comparison, we benchmarked the NECA assay against 
conventional horseradish peroxidase (HRP) based ELISA by 
using the same set of antibodies and materials. Herein, 
antibodies were conveniently functionalized on Ag nanospheres 

Fig. 2 Demonstration of the NECA system by varying the amount of 
Ag nanospheres in aqueous suspension. (a) Scanning electron 
microscopy (SEM) image of the 20 nm Ag nanospheres; (b) 
Transmission electron microscopy (TEM) image of the 7.3 nm Pt 
nanocubes; (c) UV-vis spectra taken from reaction solutions 
containing Pt cubes, TMB substrate, and Ag nanospheres of various 
concentrations after they had been etched by H2O2. The group of "0 
fM Ag nanospheres" is referred to as "control". The inset shows a 
typical photograph of corresponding samples in cuvettes; (d) 
Calibration curve of (c) that was generated by plotting the decrease 
of absorbance at 450 nm relative to the control (A0 – Ax) as a 
function of the Ag nanosphere concentration. 

Fig. 3 Calibration curves of the NECA assay and HRP ELISA for PSA 
detection. Error bars indicate the standard deviations of six 
independent measurements. 
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through a simple incubation process (see the ESI†), ensuring the 
simplicity of the NECA assay. 

PSA standards of various concentrations were tested by 
both assays and quantified using a microtiter plate reader. For 
the NECA assay (Fig. 3, blue), a quality linear relationship 
(R2=0.999) in the range of 2-64 pg/mL PSA was found by plotting 
the decrease of absorbance relative to the control (A0-Ax) 
against PSA concentration. The coefficient of variations (n = 6) 
across the entire concentration range were determined to be 
<10%, indicating a good reproducibility of the assay. The limit of 
detection (LOD),43,44 defined as the concentration 
corresponding to a siganl that is three times the standard 
deviation of zero calibrator, was calculated to be 0.165 pg/mL. 
In comparison, a linear range of 200-6,400 pg/mL and a LOD of 
16.0 pg/mL PSA were determined for the conventional HRP 
ELISA based on its calibration curve (Fig. 3, black). These results 
suggest that the NECA system could enhance detection 
sensitivity by approximately 2 orders of magnitude as compared 
to conventional ELISA. Significantly, this substantial 
enhancement of sensitivity does not compromise the simplicity 
of colorimetric assay since the NECA system shares the same 
platform and similar procedure with conventional ELISA. It is 
worth mentioning that the utilized amounts of Ag nanospheres 
and Pt nanocubes were tiny based on the detection procedure 
(i.e., ~2.0×10-6 and ~1.0×10-8 gram per test,  respectively. See 
ESI†). Therefore, even though precious noble metals are used in 
the NECA system, their costs in individual tests are negligible. 

We also investigated the effect of Ag nanosphere size on the 
detection sensitivity of NECA for PSA. Specifically, we have 
examined the performance of two additional batches of Ag 
nanosphere from Sigma Aldrich (with average diameters of 10 
nm and 40 nm, see Fig. S2a, b) in detecting PSA standards. The 
detection procedures were kept the same as the standard 
procedure used for 20 nm Ag sphere, except for the substitution 
of 20 nm Ag spheres with the same amount of 10 nm or 40 nm 
Ag sphere. As shown by Fig. S2c, d, the detection sensitivities of 
10 nm and 40 nm Ag spheres were determined to be 0.195 
pg/mL and 0.549 pg/mL, respectively (versus 0.165 pg/mL for 20 
nm Ag spheres). It can be concluded that: i) decreasing the size 
of Ag sphere from 20 to 10 did not cause apparent change in 
detection sensitivity. This observation might be explained by 
the argument that 10 nm Ag sphere were more efficient in 
binding to analytes, which compensated their relatively smaller 

amount of Ag element caused by size reduction; and ii) 
increasing the size of Ag sphere from 20 to 40 nm decreased the 
detection sensitivity by approximately 3.3 times. This decrease 
of sensitivity may be ascribed to the enhanced steric hindrances 
of antibodies labeled on Ag spheres.45,46 

To evaluate the stability of the NECA system, we heated the two 
critical components – Ag nanospheres and Pt nanocubes – at high 
temperatures (up to 90 °C) for 6 hours prior to the assay of a 10 
pg/mL PSA standard. As shown by Fig. S3 (see ESI†), no significant 
change in both detection sensitivity and reproducibility was 
observed for the NECA assay after the Ag and Pt particles had been 
treated with heat. This superior stability might be ascribed to the 
inherent inertness of noble metals.25 In this regard, the NECA system 
is expected to be more reliable for detection at extreme conditions 
compared to enzyme-based signal amplification techniques. 

It is worthy to emphasize that sensitivity of the NECA system 
could be further enhanced by coupling with other cascade 
mechanisms. For example, we have demonstrated that the 
sensitivity could be improved by the "silver enhancement" 
technique (Fig. 4a), which is widely used in bioanalysis.47,48 
Herein, Ag nanospheres act as catalysts to reduce Ag+ ions (from 
AgNO3) to metallic Ag at room temperature in the presence of 
hydroquinone as a reducing agent. As shown by the SEM images 
in Fig. 4b, the 20 nm Ag nanospheres were enlarged to ~50 nm 
during the silver enhancement process, with which Ag element 
was greatly enriched. By integrating this technique to the NECA 
system (see the ESI† for details), the LOD of PSA assay was 
lowered to 0.031 pg/mL as calculated on the basis of its 
calibration curve (Fig. 4c). It can be concluded that, although the 
system has not yet been optimized for maximum Ag 
enrichment, an additional 5-fold enhancement in sensitivity 
relative to the standard NECA assay could be achieved. 

Finally, in order to demonstrate the potential use of the 
NECA assay in clinical scenarios, we applied it to detecting 
human serum samples spiked with PSA standard at different 
concentrations in range of 5–50 pg/mL. As shown in Table S1 
(see ESI†), the analytical recoveries (defined as the amount 
measured as a percentage of the amount of PSA originally 
added to a sample25) for the five PSA spiked human serum 
samples were determined to be in the range of 92.46-104.31 %. 
The coefficient of variation (n = 6) for all samples was below 
10.91 %. We also benchmarked the detection against a 
commercial ELISA kit (Abcam plc., United Kingdom). As shown 
in Fig. 5, the detection results from the NECA assay and ELISA 
kit correlated very well with a correlation coefficient R2 = 0.993. 
These results indicated that the performance of the NECA 
system was essentially not compromised by the complex 
matrices in human serum, suggesting the potential application 
of this technique in clinical diagnostics. 

In conclusion, we have demonstrated a non-enzyme 
cascade signal amplification strategy for colorimetric assay of 
disease biomarkers with substantially enhanced sensitivity. This 
strategy was built by integrating two cascade processes – 
dissolution of nanoscale Ag particles to individual Ag+ ions and 
generation of colored molecules catalyzed by Pt nanocubes as 
artificial peroxidases. To our knowledge, such a non-enzyme 
cascade amplification strategy has never been demonstrated 

Fig. 4 Silver enhancement technique-coupled NECA assay. (a) 
Schematics showing the treatment of Ag nanospheres with silver 
enhancement; (b) SEM images of the 20 nm Ag nanospheres 
before and after silver enhancement; (c) Calibration curve of 
silver enhancement technique-coupled NECA assay for PSA 
detection. 
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before. Significantly, this technique is compatible with the 
instrument and procedures of exiting biosensing technologies, 
making it straightforward to employ it for clinical diagnostics. 

The concept of non-enzyme cascade signal amplification 
presented here may open up a new avenue for the 
development of more sensitive and reliable diagnostic 
technologies. 
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