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Abstract 

 

We report an ultrasensitive electrochemical immunosensor designed for the 

detection of protein biomarkers using horseradish peroxidase (HRP)-loaded 

silica-poly(acrylic acid) brushes (SiO2-SPAABs) as labels. HRP could be efficiently 

and stably accommodated in the three-dimensional architecture of the SiO2-SPAABs 

and the SiO2-SPAABs-HRP exhibited high catalytic performance towards 

o-phenylenediamine (OPD) oxidation in the presence of H2O2, which resulted in 

significant differential pulse voltammetric (DPV) response change and color change. 

Using human IgG (HIgG) as a model analyte, a sandwich-type immunosensor was 

constructed. In particular, graphene oxide (GO) and SiO2-SPAABs-HRP were used to 

immobilize capture antibody (Ab1) and bind a layer of detection antibody (Ab2), 

respectively. The current biosensor exhibited a good linear response of HIgG from 

100 pg/mL to 100 μg/mL with a detection limit of 50 pg/mL (S/N = 5). The sensitivity 
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was 6.70-fold higher than the conventional enzyme-linked immunosorbent assays. 

The immunosensor results were validated through the detection of HIgG in serum 

samples. 

 

Key words: Enzyme catalysis; electrochemical immunoassay; protein biomarker; 

silica-poly(acrylic acid) brushes; horseradish peroxidase 

Introduction 

During the past decades, the detection of protein biomarkers has been of great 

importance to the diagnosis and treatment of proteomics diseases (Addona et al. 2011), 

and the detection of drug discovery (Schirle et al. 2012), infectious agents (Giri et al. 

2011), and warning against bio-warfare agents (Haynes et al. 2005). Due to the 

advantages in specificity and stability, various immunoassays based on hybridization 

or antibody-antigen interaction have been reported, including fluorescence 

immunoassay (Li et al. 2014), surface plasmon resonance (SPR) immunoassay (Yu et 

al. 2013), quartz crystal microbalance (QCM) immunoassay (Akter et al. 2015), and 

electrochemistry immunoassay (Chikkaveeraiah et al. 2012; Raj kumar et al. 2015; 

Ranjani et al. 2015). Among these options, the electrochemical technique becomes 

attractive for the immunoassay of protein biomarkers, owing to its high sensitivity, 

inherent simplicity, miniaturization, and low cost. For typical electrochemical 

immunoassays, detection probes are usually included to monitor the signal change as 

induced by protein biomarkers. The ultrasensitive detection of protein biomarkers 

often requires signal amplification strategies on immunosensor tags. For different 

kinds of signal amplification methods, many electrochemical tags have been studied 

and developed, including enzymes (Hou et al. 2014; Lai et al. 2011), metal ions 

(Ranjani et al. 2015; Salamon et al. 2015; Wang 2012), electron mediator (Gnana 

kumar et al. 2014; Li et al. 2011; Senthilkumar et al. 2014) and quantum dots (Lin et 

al. 2011).  

Compared to other counterparts, enzymes, such as horseradish peroxidase (HRP), 

possess remarkable advantages such as high substrate specificities and high efficiency 



3 

 

under mild conditions (Martin and Ames 1961). To this end, HRP-loaded 

immunosensors have been widely used for laboratorial and clinical analysis owing to 

their simplicity, low cost, easy operation and instrumentation (Su et al. 2012). 

However, conventional HRP-antibody conjugated immunoassay has been plagued 

with low-abundant capacity (Yang et al. 2010). Worse still, HRP can be easily 

denatured by environment changes since their catalytic activity depends on their 

integrity protein conformation (Liu et al. 2013). So it has become quite essential to 

enhance the stability and persistence of HRP-loaded immunoassays.  

Currently, the most typical way to prepare HRP-loaded labels is covalent 

immobilization of enzyme on nanoparticles via well-established conjugation methods 

(Deng et al. 2012; Merola et al. 2014). In particular, nanoparticles, composed of gold 

(He et al. 2013), polymers (Darain et al. 2003), magnetite (Weizmann et al. 2003), 

silica (SiO2) (Qian et al. 2010), or mesoporous silica (Wang et al. 2013), etc., are often 

chosen as a supporting matrix to increase the loading amount of HRP to enhance the 

detection sensitivity. However, these materials are plagued with the problems of a 

relatively low enzyme loading capacity and a significant loss of enzyme activity 

during the immobilized process, which limited their further applications and uses. For 

instance, HRP could only be immobilized on the surface of mesoporous silica 

nanoparticles due to the space steric hindrance. The larger specific surface area could 

not guarantee the capacity and activity of enzymes (Chen et al. 2011; Shen et al. 

2015). 

Herein, we describe a facile method to enhance the stability and persistence of 

HRP-loaded immunoassays. The success of this work relies on the use of poly(acrylic 

acid) brushes (SPAABs) to modify the surface of SiO2 nanoparticles and the resultant 

SiO2-SPAABs serves as an ideal scaffold for stable and large-quantity enzyme loading 

with good biological activities. In this structure, the SiO2 nanoparticles serve as a 

robust and versatile core for surface modification (Ghosh Chaudhuri and Paria 2011; 

Guerrero ‐ Mart í nez et al. 2010) and surface-initiated reversible 

addition-fragmentation chain transfer (RAFT) polymerization process of SPAABs 

provided a good control of molecular weights, rich content of carboxyl groups and 
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thickness of the poly(acrylic acid) (PAA) brushes (Qu et al. 2013). As a result, 

SiO2-SPAABs nanoparticles exhibit many superior properties over conventional 

nanoparticles: the three-dimensional structure, flexibility and high-abundant capacity 

of enzyme. 

After HRP was loaded on SiO2-SPAABs, an ultrasensitive electrochemical 

immunosensor was designed for the detection of protein biomarkers. HIgG was used 

as a model detection target to develop a SiO2-SPAABs-HRP-based electrochemical 

immunoassay. SiO2-SPAABs-HRP was employed as a catalytically label to bind a 

layer of immosensing antibody (Ab2) and GO was used as a capture probe to 

immobilize capture antibody (Ab1). The sandwich-type immunocomplex had 

insignificant DPV signal, while it could catalyze the oxidation of o-phenylenediamine 

(OPD), along with a significant color change from colorless to red and a differential 

pulse voltammetric (DPV) response change at -0.514 V. Due to the presence of 

high-abundant capacity of HRP in the SiO2-SPAABs, a signal amplification strategy 

for ultrasensitive detection of HIgG was successfully developed. In addition, the use 

of GO could increase the antibody loading and accelerated the electron transfer. The 

dynamic range of the developed electrochemical immunoassay could reach 100 

pg/mL to 100 μg/mL toward HIgG with a detection limit of 50 pg/mL (S/N = 5) and a 

correlation coefficient of 0.995 with good stability and selectivity. 

1 Experimental section 

1.1  Reagents and apparatus 

Human IgG (HIgG) and anti-human IgG (Ab) were obtained from Shanghai 

Linc-Bio Science Co. LTD. HRP (250 U/mg), Graphite and H2O2 were purchased 

from Sinopharm Chemical Reagent Co. LTD. (Shanghai, China). 

N-(3-dimethylaminopropyl)-N′-ethyl-carbodiimidehydrochloride (EDC), 

N-hydroxysuccinimide (NHS) and o-phenylenediamine (OPD) were purchased from 

Aladdin Industrial Inc. (Shanghai, China). All chemicals in this study were obtained 

from the manufactures without purification unless specifically noted. All solutions 

were prepared with deionized water (resistivity > 18 MΩ•cm) produced using a 
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Millipore system. Buffer was used for all the assays and dilutions.  

Electrochemical measurements were performed on a CHI 760D electrochemical 

workstation (Shanghai CH Instruments Co., China). A conventional three-electrode 

system was used for all electrochemical measurements, a glassy carbon electrode (GC, 

4 mm in diameter) as the working station, an Ag/AgCl electrode as the reference 

electrode, and a platinum wire electrode as the counter electrode. Transmission 

electron microscope (TEM) images were obtained using a JEM-2100 microscope 

operated at 200 kV. UV/vis measurements were performed using a Varian Cary-300 

bio UV/vis spectrophotometer (USA). Thermo gravimetric analysis (TGA) 

measurements were performed using a Hitachi (DMA7100) TGA at a heating rate of 

10 °C/min. Gel permeation chromatography (GPC) results were obtained by using a 

Polymer-GPC220. 

1.2  Preparation of SiO2-SPAABs 

SiO2-SPAABs were synthesized via surface-initiated reversible 

addition–fragmentation chain transfer (RAFT) polymerization on SiO2 NPs (Qu et al. 

2013). SiO2 NPs with a diameter of 40 nm were prepared via the Stöber method 

(Stöber et al. 1968). Table S1 listed the main parameters for the synthesis of 

SiO2-SPAABs. 

1.3  Preparation of SiO2-SPAABs-HRP-Ab2 

SiO2-SPAABs-HRP was synthesized by covalently immobilizing HRP in 

SiO2-SPAABs using the “chemical conjugation after electrostatic entrapment” (CCEE) 

process (Qu et al. 2014). In particular, 0.03 g of SiO2-SPAABs were suspended in 5 

mL of 2-(N-morpholino) ethanesulfonic acid buffer (10 mmol/L) containing 0.05 wt% 

Tween-20 (MES buffer, pH = 5.0) and mixed with HRP for 20 min at room 

temperature. After removing the excessive HRP via centrifugation, 1 mL of EDC (0.5 

mmol/L) was added for the electro statically absorption of HRP, and this conjugation 

process was conducted for 2 h at room temperature. After centrifugation and 

discarding the supernatant, the SiO2-SPAABs-HRP was obtained and stored at 4 °C 

with a concentration of 30 mg/mL (in terms of SiO2-SPAABs).  

The mouse anti-human IgG antibody (Ab2) was conjugated to the periphery of 



6 

 

the brushes via NHS/EDC process. 1 mL of the as-prepared SiO2-SPAABs-HRP 

complex was activated by 0.1 mol/L NHS and EDC for 20 min at room temperature 

and centrifuged with MES three times to remove excess reagents. Then 50 μL of Ab2 

(5 μg/mL) was added and the conjugation was completed after 2 h at 37 °C. After the 

conjugation and centrifugation, the obtained SiO2-SPAABS-HRP-Ab2 was blocked by 

1 wt% BSA and stored in phosphate buffer saline containing 0.05 wt% Tween-20 

(PBS buffer, pH = 7.2) at 4 °C with a final concentration of 3 mg/mL. 

1.4  Sandwich-type electrochemical immunosensing 

Graphene oxide (GO) was prepared using Hummer’s method (McAllister et al. 

2007) and used to immobilize the goat anti-Human IgG antibody (Ab1) for the 

fabrication of the electrochemical immunosensor. 100 mmol/L of EDC and 100 

mmol/L of NHS were added into 1 mL of GO solution (2 mg/mL). After being stirred 

for 4 h and centrifugation, 50 μL of Ab1 (5 μg/mL) was added into the mixture. 2 

hours later, the GO-Ab1 was centrifuged and stored in 4 °C before use with a final 

concentration of 2 mg/mL. 10 μL of GO-Ab1 buffer solution was dropped onto the 

GC electrode, the electrode was washed with PBS buffer (pH =7.2) after drying 

naturally and incubated in 1 wt% BSA solution for 1 h to prevent nonspecific 

adsorption between the antigen and the electrode surface. Thereafter, various 

concentrations of HIgG were added onto the electrode and incubated for 0.5 h at 

37 °C, respectively. The electrode was washed extensively to remove unbounded 

HIgG. Subsequently, 10 μL of as-prepared SiO2-SPAABs-HRP-Ab2 was dropped onto 

the electrode and incubated for another 1 h at 37 °C. After rinsed thoroughly with 

PBS buffer solution, the electrode was ready for measurement. DPV measurements 

were performed in the PBS buffer solution containing 2.0 mmol/L OPD and 4.0 

mmol/L H2O2 using a conventional three-electrode system.  

2 Results and discussion 

2.1 Sensing mechanism and the characterization of the SiO2-SPAABs-based 

electrochemical immunosensor 

Scheme 1 showed the sensing mechanism of our immunoassay. GO was utilized 
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to immobilize the capture antibody (Ab1) covalently, which increased the antibody 

loading and accelerated the electron transfer. As shown in Scheme 1A, the 

SiO2-SPAABs used in this study are monodispersed colloidal particles with a 40-nm 

SiO2 core and densely grafted PAA chains formed via surface RAFT polymerization. 

The PAA brushes, with abundant carboxyl groups, were particularly suitable for the 

CCEE process. Key structural parameters of SiO2-SPAABs were listed in Table S1. 

SiO2−COOH was used for comparison. In aqueous solution, the SiO2-SPAABs feature 

long-stretching PAA chains with high grafting density, abundant carboxyl groups, 

uniform distribution and excellent monodispersion. SiO2-SPAABs nanoparticle 

exhibits many superior properties over conventional nanoparticles, including the 

three-dimensional construction, flexibility, biocompatibility and high-abundant 

capacity of enzyme. After the immobilization with HRP, the SiO2-SPAABs-HRP was 

decorated with a corona of mouse anti-human IgG antibody (Ab2) via the NHS/EDC 

process to obtain SiO2-SPAABs-HRP-Ab2. DPV detection was achieved by a 

sandwich assay using GO-Ab1 to capture antigen (Scheme 1B). Accompanied with the 

oxidation of OPD by HRP/H2O2, a color change from colorless to redness and a DPV 

response change at -0.514 V can be observed. 

Figure 1 showed TEM images of GO (Fig. 1A), SiO2 NPs (Fig. 1B), and 

SiO2-SPAABs (Fig. 1, C and D). These materials were dispersed in MES buffer (pH = 

5). The morphological character of GO exhibited as an ultrathin transparent nanosheet, 

which was highly beneficial in accelerating the electron transfer. The SiO2 NPs were 

quasi-spherical with an average diameter of around 40 nm. Figure 1, C and D 

exhibited core-shell structure of SiO2-SPAABs. It clearly showed that the SiO2 core 

was capped by the spherical PAA brushes with an average thickness of 20 nm. 

Successful immobilization of HRP on SiO2-SPAABs could be visually observed 

(Fig. 2A). To validate the contribution of the unique structure of SiO2-SPAABs-HRP, 

conventional carboxylated SiO2 nanoparticles (SiO2−COOH) with the size of 40 nm 

were also prepared and conjugated with HRP via the NHS/EDC process at optimized 

conditions. After the immobilization, SiO2-SPAABs-HRP exhibited a characteristic 

brownish color of HRP while the SiO2−COOH-HRP showed a more light brownish 
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color. This is because free HRP could not be separated by centrifugation while 

immobilized HRP (SiO2-SPAABs-HRP and SiO2−COOH-HRP) could be separated by 

centrifugation, leaving the supernatant colorless. The color change of nanoparticles 

and their response to centrifugation indicated the success of HRP immobilization. As 

shown in Figure 2B, SiO2-SPAABs-HRP complex was measured using UV/vis 

spectrometry, the characteristic absorbance of HRP was clearly observed in 

SiO2-SPAABs-HRP, demonstrating its successful immobilization on SiO2-SPAABs. 

With the same concentration, the characteristic absorbance of SiO2-HRP was weaker 

than that of SiO2-SPAABs-HRP, indicating that more HRP was immobilized on 

SiO2-SPAABs. 

The enzyme binding capacity was also estimated to be about 397 μg/mL by 

subtracting the background absorption of SiO2-SPAABs (which was fitted by an 

exponential function (Duan et al. 2014)) and comparing with the absorbance peak 

intensity of free HRP located at 403 nm. Furthermore, no leaking of HRP was 

observed after SiO2-SPAABs-HRP was re-dispersed in PBS for weeks without 

noticeable precipitation. The binding capacity of SiO2−COOH was estimated to be 8.2 

μg/mL by the depletion method, much less than achieved using SiO2-SPAABs. 

Electrochemical impedance spectroscopy (EIS) is an effective method for 

monitoring the electrode assembly process. Different modified electrodes were 

conducted in 0.1 mol/L KNO3 containing 5 mmol/L K3[Fe(CN)6]/ K4[Fe(CN)6] 

solution with frequency varied from 100 kHz to 0.1 Hz at a potential of 0.241 V. As 

shown in Figure S2, a semicircle at higher frequencies and a linear curve at lower 

frequencies were obtained at each electrode. After the modification of the electrode 

with GO-Ab1, the electrode showed a higher resistance (curve b) than the bare GC 

(curve a). When the electrode was incubated in BSA solution and HIgG buffer 

solution, the resistance further increased (curve c and curve d). Subsequently, after the 

capture of SiO2-SPAABs-HRP-Ab2, the resistance increased again (curve e). The 

main reason could be attributed to the insulating ability of proteins. These results 

proved that the electrode was fabricated as expected. 

2.2 Optimization of the immunoassay conditions 
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The electrochemical catalytic property of SiO2-SPAABs-HRP was measured 

using OPD/H2O2 as the substrate. An appropriate concentration of OPD and H2O2 was 

necessary for the optimal response. As shown in Figure S3A, increasing the 

concentration of OPD and H2O2 in the solution could increase the signal for the 

sandwich immunosensor. Therefore, 2.0 mmol/L OPD and 4.0 mmol/L H2O2 were 

selected for the detection. 

The concentration of SiO2-SPAABs was another important factor for the signal 

response. The effect of the concentration of SiO2-SPAABs on the DPV response was 

investigated (Figure S3B). At room temperature, under the detection 10 μg/mL of 

HIgG, the DPV response increased with the increasing concentration of SiO2-SPAABs 

and then stabilized, which indicated the achievement of saturated binding in the 

immunoreactions. Thus, 3.0 mg/mL SiO2-SPAABs was chosen for the following 

experiments. 

Temperature and incubation time could also influence the detection sensitivity of 

the developed immunoassay. Considering the practical application of the proposed 

system in clinical testing, the incubation temperature was set at 37 °C. The effect of 

incubation time was investigated with the detection of 10 μg/mL of HIgG. The DPV 

response intensity increased with the increased incubation time and tended to level off 

after 60 min (Fig. S3C). Therefore, incubation time of 60 min was used for the 

detection of HIgG in this study. 

2.3 Analytical performance of the immunosensor 

The analytical performance of this immunosensor was evaluated by applying 10 

μL of various concentrations of HIgG under the above-mentioned optimized 

conditions. The DPV signal intensity increased as HIgG concentration increased (Fig. 

3). The DPV responses and the corresponding calibration curves were shown in 

Figure 4A (line a). As concentration of HIgG increased, good correlation between the 

HIgG concentration logarithm and the DPV response was observed with a wide 

dynamic range (from 100 pg/mL to 100 μg/mL), which corresponded to the levels that 

occur naturally in human blood plasma or serum. The linear regression equation was 

ISiO2-SPAABs-HRP = 50.87 + 4.53 lg (CHIgG) (R
2
 = 0.994), where I (μA) was the DPV 
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response and C (g/mL) was the concentration of the protein biomarker. The limit of 

detectable concentration was 50 pg/mL at S/N = 5. 

2.4 Estimation of signal amplification function  

As shown in Figure S4, the SiO2-SPAABs-HRP-based nanobioprobes detected 

on the electrode surface led to a much higher response (curve a) than the nonspecific 

adsorption of the nanobioprobes without antigen (curve d). To verify the 

SiO2-SPAABs-HRP-assisted signal amplification, SiO2-HRP labeled antibody and 

HRP directly labeled antibody were used to complete the sandwich immunoreactions 

(curve c and curve d), and comparatively lower responses were obtained, which 

indicated that the presence of SiO2-SPAABs-HRP efficiently enhanced the overall 

signal detected. As indicated in Figure 4A (line b and line c), both controlled systems 

exhibited excellent linearity for the analyte concentration ranges tested. The linear 

regression equation is ISiO2-HRP = 22.23 + 1.77 lg (CHIgG) (R
2
 = 0.995), IHRP = 13.95 + 

0.97 lg (CHIgG) (R
2
 = 0.990), respectively. By comparing the slope values of these 

linear curves, the DPV response of SiO2-SPAABs based label exhibited a response 

rate nearly 2.56-fold higher than SiO2 nanoparticle labels and 6.70-fold higher than 

HRP labeled antibodies, the dramatic amplification of signal was intuitive visually in 

Figure 4B, which indicated that the presence of SiO2-SPAABs based labels efficiently 

accelerated the electron transfer and further enhanced the overall signal detected.  

The high sensitivity indicated the success of this signal amplification strategy for 

the detection of HIgG. Moreover, these facile synthesized SiO2-SPAABs-based labels 

and time-saving electrochemical method exhibited a wide linear dynamic range than 

those for HIgG detection documented in literatures (Tab. S2). Due to the designed 

signal amplification, the proposed immunoassay not only avoided the spilling of 

enzyme substrate in the detected electrode and exhibited high enzyme activities for a 

long time, but also proposed an appropriate detection range with a low detection limit.  

2.5  Specificity, reproducibility, and stability 

Good specificity for target analysis is necessary for a new designed sensing 

system with potential applications for real samples. To evaluate the specificity of the 

developed signal amplified immunoassay for HIgG, several potential interfering 
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compounds were investigated under the same conditions. The 10 μg/mL of HIgG 

containing 100 μg/mL interference substances were measured by the immunoassay. 

As shown in Figure 5, only HIgG caused a dramatic DPV signal increase. Glucose, 

Human serum albumin (HSA), prostate-specific antigen (PSA), and carbohydrate 

antigen 125 (CA125) triggered negligible signal change. The inset graph showed this 

result intuitively, indicating that the selectivity of the immunoassay was quite 

acceptable and the common component existed in the human serum did not interfere 

the detection of HIgG. 

To evaluate the reproducibility of the immunosensor, three working electrodes 

were prepared for the detection of 10 μg/mL HIgG. The relative standard deviation 

(RSD) of the measurement for the three electrodes was 1.9%, suggesting the precision 

and reproducibility of the proposed immunosensor was quite good.  

The stability of the immunoassay is also a key factor in the practical application. 

In this work, the stability of the immunoassay was tested using 10 μg/mL of HIgG as 

a model analyte. The DPV response of the immunoassay decreased only 2.4% after 7 

days and 8.5% after 1 month storage in a refrigerator at 4 °C in a PBS buffer solution. 

2.6  Analysis of complex biological samples 

To evaluate the clinical application potential of the proposed immunosensor, a 

recovery test of HIgG in human serum was performed. Three diluted human serum 

samples (1%) were performed for the detection of HIgG using standard addition 

method. The recovery percentage of HIgG detected by the immunosensor in serum 

samples ranged from 92.89% to 105.37%, and the RSD was ranged from 0.49% to 

8.61%, which were satisfactory for quantitative assays performed in biological 

samples (Tab. S3). 

3 Conclusion 

In summary, the SiO2-SPAABs-HRP-based ultrasensitive enzymatic 

immunosensor for protein biomarkers detection has been successfully developed. The 

high capacity and high activity for covalent immobilization of HRP in SiO2-SPAABs 

endowed SiO2-SPAABs-HRP with remarkable signal amplification capability. Using 
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HIgG as a model analyte, the immunosensor was simply prepared based on a 

sandwich-type protocol with the primary antibody immobilized onto the surface of 

GO. After the fabrication of the immunosensor, the electrode was dipped into the 

buffer solution containing OPD and H2O2. In the presence of HRP, the catalytic 

oxidation provided DPV response change. The dynamic range of the developed 

amplified immunoassay for HIgG could achieve 100 pg/mL to 100 μg/mL with a 

detection limit of 50 pg/mL (S/N = 5). This method was also applied for the analysis 

of clinical serum samples with satisfactory results, which confirmed its promising 

practical application.  
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Figure Captions 

Scheme 1. Schematic illustration of the electrochemical immunoassay protocol: (A) Covalent 

immobilization of HRP into SiO2-SPAABs by CCEE process and conjugation of antibody onto 
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SiO2-SPAABs-HRP via NHS/EDC process (B) SiO2-SPAABs amplified sandwich-type 

immunosensing strategy and signal amplification method.  

Figure 1. TEM images of (A) GO (B) SiO2 NPs and (C, D) SiO2-SPAABs. 

Figure 2. (A) Pictures of aqueous suspensions of SiO2-SPAABs and SiO2−COOH before and after 

immobilizing with HRP. (B) UV/vis spectra of aqueous suspensions of free HRP, 

SiO2-SPAABs-HRP, SiO2-HRP and SiO2-SPAABs. 

Figure 3. The DPV response of OPD oxidation toward different concentration of HIgG. 

Figure 4. (A) Calibration curves toward different concentrations of HIgG using various elements 

of (a) SiO2-SPAABs-HRP, (b) SiO2-HRP, and (c) free HRP and (B) the corresponding color 

variations. Error bar = SD (n = 5). 

Figure 5. The specificity of the immunoassay. The inset is the corresponding photographs of color 

change for the specificity. 
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Scheme 1. Schematic illustration of the electrochemical immunoassay protocol: (A) Covalent 

immobilization of HRP into SiO2-SPAABs by CCEE process and conjugation of antibody onto 

SiO2-SPAABs-HRP via NHS/EDC process (B) SiO2-SPAABs amplified sandwich-type 

immunosensing strategy and signal amplification method. 

 

 

 

 

 

 

Figure 1. TEM images of (A) GO, (B) SiO2 NPs and (C, D) SiO2-SPAABs. 

 



16 

 

 

 

Figure 2. (A) Pictures of aqueous suspensions of SiO2-SPAABs and SiO2−COOH before and after 

immobilizing with HRP. (B) UV/vis spectra of aqueous suspensions of free HRP, 

SiO2-SPAABs-HRP, SiO2-HRP and SiO2-SPAABs. 

 

 

 

 

 

 

Figure 3. The DPV responses of OPD oxidation toward different concentrations of HIgG. 
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Figure 4. (A) Calibration curves toward different concentrations of HIgG using various elements 

of (a) SiO2-SPAABs-HRP, (b) SiO2-HRP, and (c) free HRP and (B) the corresponding color 

variations. Error bar = SD (n = 5). 

 

 

   

 

Figure 5. The specificity of the immunoassay. The inset is the corresponding photographs of color 
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change for the specificity. 

 

Research Highlights 

Colorimetric immunoassay was designed for the ultrasensitive detection of HIgG.  

Signal amplification was achieved using HRP-loaded SiO2-SPAABs. 

Good performance was obtained with a detection limit of 50 pg/mL. 

Favorable results were achieved for detecting HIgG in complex biological samples. 

 

 




