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Abstract 

Poly(acrylic acid) (PAA) brushes coated onto silica nanoparticles have been 

widely utilized in bioassays due to their abilities of providing favorable 

microenvironments and ensuring good biological activities for biomolecules. 

However, traditional PAA brushes are synthesized by reversible addition–

fragmentation chain transfer polymerization. Hence, it is generally difficult to control 

and characterize the molecular weight of the PAA brushes, which may depress the 

reproducibility and bring more uncertain results. Herein, atom transfer radical 

polymerization method is employed to synthesize β-cyclodextrin-cored PAA with 

uniform and controllable molecular weight. After loading on the surfaces of 

adamantane-functionalized silica nanoparticles via host-guest interactions, glucose 

oxidase and probe single strand DNA (ssDNA) are further immobilized on the 

as-prepared nanoparticles. Meanwhile, capture ssDNA is functionalized on amino 

modified magnetic beads. In the presence of ssDNA sequence of Hepatitis B Virus 

(HBV) containing completely matched sequence of both probe and capture ssDNA, a 
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bioconjugate is formed and can be separated by an external magnet. The isolated 

glucose oxidase can further catalyze glucose into gluconic acid and H2O2, and then 

reduce HAuCl4 on Au seeds. By monitoring the absorption intensity change of the Au 

NPs at 530 nm, the proposed biosensor with novel signal amplification probes can be 

used to detect DNA sequence of HBV with high sensitivity and selectivity in both 

buffer and serum samples. This developed strategy has presented a new way to 

construct silica nanoparticles coated by PAA brushes for the fields of clinical 

diagnosis and other life sciences. 
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1. Introduction 

Infection with virus is one of the major health problems worldwide. Hepatitis B 

virus (HBV), which is highly infectious, can transmit through percutaneous route (i.e., 

puncture through the skin) or mucosal (i.e., direct contact with mucous membranes) 

exposure to infected blood or body fluids [1]. Meanwhile, HBV is one of the 

unambiguous human oncogenic viruses which may induce hepatocirrhosis, liver 

cancer, liver failure, and death [2-4]. Although the introduction of an effective vaccine 

against HBV has reduced its prevalence, the World Health Organization estimates that 

more than 2 billion people are HBV-infected and 350 million people are chronic 

carriers [5]. Therefore, the detection and quantification of HBV have become 

increasingly important in clinical medical practice. Hepatitis B surface antigen 

(HBsAg) and Hepatitis B e antigen (HBeAg) are mainly used to identify HBV [6-9]. 

However, in early phase of infection, both HBsAg and HBeAg are negative inside 

patient systems [10]. Consequently, the establishment of ultrasensitive methods is 

necessary for the early detection. The analysis of HBV nucleic acid sequence is more 

reliable than HBsAg and HBeAg for identification of HBV [11,12]. Recently, various 

biosensors have been developed to detect the DNA sequence of HBV, including 

electrochemistry assay [11,13], fluorescence assay [15,16], and enzyme-linked 

immunosorbent assay [17]. However, the sensitivity in some reported system is 

limited. Therefore, construction of highly sensitive biosensor for HBV detection is 

still a challenge work in this field. 

To build highly sensitive bioassays, signal amplification strategies often require 

preprocessed probes. Different kinds of signal amplification methods have been used 

including entrapping method [18,19], physical adsorption [20,21],
 
and covalently 

binding [22]. Polymers, containing large amounts of constitutional repeating units, are 

generally considered to be ideal signal amplification probe in bioassays. Among the 

various water-soluble polymers, poly(acrylic acid) (PAA) is always used to covalently 

bind bioenzymes due to its abundant content of carboxyl groups which can 

immobilize the biomolecules, control drug release, and so on [23-30]. Additionally, 
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PAA may provide favorable microenvironment and ensure good biological activity of 

the biomolecules [22,31]. In practical applications, PAA brushes are always loaded on 

biocompatible silica nanoparticles (NPs). However, such loaded PAA brushes are 

usually synthesized by reversible addition–fragmentation chain transfer (RAFT) 

polymerization on silica NPs [29], which makes it difficult to control and characterize 

the molecular weight of PAA. Moreover, a wide range of polydispersity index (PDI) 

leads to different contents of carboxyl groups, depressing the reproducibility of the 

bioassays. 

Herein, PAA brushes with low PDI value are controllably polymerized via atom 

transfer radical polymerization method [32,33]. After loading on the surfaces of 

adamantane-functionalized silica NPs via host-guest interactions, glucose oxidase 

(GOx) and probe single strand DNA (ssDNA) of HBV are successively functionalized 

onto the as-prepared nanoparticles. Synchronously, capture ssDNA of HBV was 

immobilized on amino modified magnetic beads. Only in the presence of HBV 

ssDNA containing completely matched sequences of both probe and capture ssDNA 

of HBV, double strand DNA was formed, which connected the magnetic beads and 

the silica NPs. Therefore, when the formed bioconjugate was separated by an external 

magnet, the isolated GOx could catalyze glucose into gluconic acid and H2O2 [34,35], 

and then reduce HAuCl4 on Au seeds [36,37]. Consequently, by monitoring the 

absorption intensity change of the Au NPs at 530 nm [38], the amount of the detected 

HBV ssDNA could be quantified.  

 

2. Experimental section 

2.1 Materials and reagents 

Glucose oxidase, β-cyclodextrin hydrate (β-CD), 2-bromoisobutyryl bromide, 

1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC), and 

1-hydroxy-2,5-pyrrolidinedione (NHS) were purchased from J&K Scientific Ltd. 

Glutaric dialdehyde was obtained from Aladdin Industrial Inc. Chloroauric acid was 

purchased from Shanghai Sinopharm chemical reagent company. Adamantanamine 
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was obtained from Acros Organics. Tetraethyl orthosilicate and 

3-glycidoxypropyltrimethoxysilane were purchased from Energy Chemical Inc. 

Aminated magnetic beads (MBs) were obtained from XFNANO Ltd. All chemicals in 

this study were obtained from the manufactures without purification unless 

specifically noted. Cross-linking buffer was 2-(N-morpholino)ethanesulfonic acid 

buffer (MES buffer, 10 mM, pH = 5.0) containing 0.05 wt% Tween-20, which was 

used to immobilized GOx. Hybridization buffer was Tris/HCl buffer (TBS buffer, 10 

mM, pH = 8.0) containing 150 mM NaCl and 5mM MgCl2. Test buffer was 

citrate-Na2HPO4 buffer (10 mM, pH = 5.0). The pH measurement was carried out on 

a Mettler-Toledo Delta FiveGo pH meter. Deionized water (MillQ, 18.2 MΩ) was 

used throughout the study. The serum samples were kindly provided by Shanghai 

General Hospital and stored at 4 °C. DNA oligonucleotide and bovine serum albumin 

(BSA) used in this work were synthesized and purified by Sangon Biotech Co., Ltd., 

and the sequence is shown as follows: 

Target ssDNA sequence related to HBV: 

HBV-T: 5ʹ-ATA CCA CAT CAT CCA TAT AAC TGA AAG CCA-3ʹ 

Capture ssDNA sequence: 

HBV-C: 5ʹ-TGG ATG ATG TGG TAT-C6-NH2-3ʹ 

Probe ssDNA sequence: 

HBV-P: 5ʹ-NH2-C6-TGG CTT TCA GTT ATA-3ʹ 

Mismatched ssDNA sequences for HBV: 

HBV-MT1: 5ʹ-ATA CCA CAT CAT CCA AAT AAC TGA AAG CCA-3ʹ 

HBV-MT3: 5ʹ-ATA CGA CAT CAA CCA TAT AAC AGA AAG CCA-3ʹ 

Random ssDNA sequences: 

R1: 5ʹ- TCC GAA TAG GGC CCC -3ʹ 

R2: 5ʹ- GGG GCC CTA TTC GGA GTG AGC AGG GGA GAG -3ʹ 

 

2.2 Characterizations 

1
H NMR (400 MHz) spectra were measured on a Varian Mercury Plus-400 

spectrometer. Gel permeation chromatography was operated using an Agilent 1100 
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system equipped with both G1362A refractive-index and G1314A UV detectors 

(eluent: THF; calibration: polystyrene standards). Fourier transform infrared (FTIR) 

spectra were recorded from IRAffinity spectrometer (Shimadzu, Japan). The scan 

number was 32 throughout the study. Transmission electron microscopy (TEM) 

images were obtained from JEM-2100F electron microscope (JEOL, Japan, 200 kV). 

Ultraviolet−visible (UV-vis) absorption spectra were obtained from UV-2550PC 

spectrometer (Shimadzu, Japan). The UV-vis measurements were performed in a 1 

mm quartz cuvette with the slit of 1.0 under fast scan speed. The solution volume for 

each measurement was 200 µL. Dynamic light scattering (DLS) and Zeta potentials 

were measured by Zetasizer Nano ZS (Malvern, UK) particle size analyzer. DLS and 

Zeta potentials were measured at 25 °C with 15 scans. 

 

2.3 Synthesis 

2.3.1 Synthesis of SiO2 nanoparticles 

SiO2 nanoparticles were prepared by a slightly modified Stöber process [39]. In a 

typical synthesis of 120 nm SiO2 nanoparticles, 4.5 mL of tetraethyl orthosilicate was 

rapidly added into a mixture of 62 mL of anhydrous ethanol, 25 mL of deionized 

water and 9 mL of NH3•H2O (28%). The mixture was vigorously stirred for 2 h. 

Finally, the monodisperse SiO2 NPs were separated by centrifugation and washed 

with ethanol for several times to remove impurities. Dry SiO2 NPs were obtained by 

drying the residue at 45 °C in vacuum. 

2.3.2 Synthesis of adamantane-based silane coupling agent (Ad-Si) 

The Ad-Si was prepared by previous literature [40]. Adamantanamine (6.61 mM) 

was dissolved in 30 mL dry methanol. The mixture was stirred until all solids 

disappeared, then 6.35 mM 3-glycidoxypropyltrimethoxysilane was added at room 

temperature. The reaction mixture was refluxed overnight at the nitrogen atmosphere. 

The product was used for the next step without further purification. 

2.3.3 Synthesis of Ad-Si modified SiO2 nanoparticles (Ad-SiO2 NPs) 

SiO2 NPs (0.05 g), Ad-Si (0.5 mL), and dry toluene (25 mL) were placed in a 

dried flask. The resultant mixture was allowed to be warmed up to 110 °C and 
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vigorously stirred for 24 h under N2 atmosphere. The modified Ad-SiO2 NPs were 

separated by centrifugation and washed with anhydrous toluene and ethanol for 

several times to remove impurities. The product was dried under vacuum overnight.  

2.3.4 Synthesis of heptakis[2,3,6-tri-o-(2-bromo-2-methyl-propionyl]- 

β-cyclodextrin (Br-β-CD) 

The Br-β-CD was prepared according to previous published literatures [33,41]. 

β-CD (3 mM) was dissolved in anhydrous 1-methyl-2-pyrrolidione (NMP) and was 

cooled to 0 °C. Then 126 mM 2-bromoisobutyryl bromide was added dropwise to the 

mixture with magnetic stirring. The reaction temperature was maintained at 0 °C for 2 

h. Subsequently, it was allowed to be warmed up to room temperature and stirred for 

another 22 h under the nitrogen atmosphere. The brown reaction solution was 

concentrated under vacuum overnight. The reaction product was diluted with 

dichloromethane, and then washed sequentially with saturated NaHCO3 aqueous 

solution and deionized water for several times to remove excess 2-bromoisobutyryl 

bromide. The organic layer obtained was concentrated in a vacuum oven, and then 

crystallized in cold n-hexane to produce a white precipitate.
 1

H NMR (400 MHz, 

CDCl3, δ ppm): 1.2-2.4 (m), 3.5-4.9 (m), 5.25 (m). 

2.3.5 Synthesis of β-cyclodextrin-PtBA (β-CD-PtBA) 

Polymerization of tert-butylacrylate (tBA) was performed using Br-β-CD as a 

macroinitiator possessing ATRP initiation sites [42]. All polymerizations were 

performed in an ampoule. The reaction mixtures with CuBr (0.1414g), PMDETA 

(0.0341 g), Br-β-CD (0.025 g), tBA (8.58 mL), and 8.6 mL methylethylketone was 

vacuumed by three freeze-thaw-cycles in liquid N2, as the typical polymerization 

procedure. The resultant mixture was stirred under N2 atmosphere at 60 °C. The 

mixture was then diluted with acetone and passed through a column of neutral 

alumina to remove the catalyst. The product was precipitated in the mixed solvents of 

methanol/water (v/v = 1/1), filtered, and dried at 40 °C in vacuum [32]. 
1
H NMR (400 

MHz, CDCl3, δ ppm):1.39 (s), 1.48-2.17 (m). Mn = 4.95×10
5
, PDI = 1.16. 

2.3.6 Synthesis of β-cyclodextrin-PAA (β-CD-PAA) 

In a typical process, star-like β-CD-PtBA (0.3 g) was dissolved in 30 mL CH2Cl2, 
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and then 10 mL trifluoroacetic acid was added. The reaction mixture was stirred at 

room temperature for 24 h. After the hydrolysis, the product β-CD-PAA was dissolved 

in methanol and then precipitated in CH2Cl2, filtered, and dried at 40 °C in vacuum. 

1
H NMR (400 MHz, D2O, δ ppm): 1.47-1.78 (m), 2.26 (s) 

2.3.7 Synthesis of SiO2@PAA NPs 

Amount of the synthesized β-CD-PAA and Ad-SiO2 NPs were dispersed in 

deionized water, respectively. Then the excess β-CD-PAA solution was added into the 

Ad-SiO2 NPs and reacted for 1 h. The resulting mixture was centrifuged and washed 

with ethanol and deionized water for several times. After removing the excessive 

star-like β-CD-PAA, the obtained SiO2@PAA NPs were dried at 40 °C in vacuum. 

2.3.8 Synthesis of Au seeds 

1 mL of 0.1 mM HAuCl4 was added to 1 mL of 0.5mM sodium citrate at room 

temperature. After 1 min of stirring, 60 μL of fresh 0.1 M NaBH4 was added. The 

colloidal solution was stirred for an additional 30 min and stored at 4 °C [43]. 

 

2.4 Fabrication of the biosensor probe (SiO2@PAA/GOx/HBV-P NPs) 

The SiO2@PAA/GOx NPs were synthesized by covalently immobilizing GOx in 

SiO2@PAA NPs using the “chemical conjugation after electrostatic entrapment” 

(CCEE) process [44]. SiO2@PAA NPs (30 mg) were dispersed into 5 mL of MES 

buffer and mixed with GOx for 20 min at room temperature. After removing the 

excessive GOx by centrifugation, 1 mL of EDC (0.5 mM) was added to the mixture, 

and shaken for 2 h at room temperature. The above bioconjugate was washed with 

MES buffer and dispersed with a concentration of 30 mg/mL for further use. 

The amino modified probe (HBV-P) was conjugated to the edge of the brushes 

via NHS/EDC process. In accordance with conventional experiment, EDC and NHS 

(100 mM) were added into 1 mL of the as-prepared SiO2@PAA/GOx NPs. After 

centrifugation three times with MES buffer, 50 μL of HBV-P (5 μg/mL) was added 

and stirred for 2 h at 37 °C. The above bioconjugate was washed and blocked with 1 

wt% BSA then stored at 4 °C with a final concentration of 3 mg/mL. 
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2.5 Fabrication of the capture probe (MB/HBV-C) 

The amino modified magnetic beads (MBs) were used to fabricate capture 

oligonucleotide. In a typical process, 1 mL of MBs solution (1 mg/mL) was mixed 

with 1 mL of HBV-C (20 µg/mL), then 2.5% glutaric dialdehyde solution was added 

into the above mixture and shaken for 1 h at room temperature. The resultant 

MB/HBV-C was separated using magnet and re-dispersed in TBS buffer (1 mg/mL) 

after being washed. The obtained capture probe was incubated in 1 wt% BSA for 2 h 

at room temperature and stored in TBS buffer (0.1 M) at 4 °C for further use. 

 

2.6 Preparation of the biosensor 

The capture DNA (HBV-C) was firstly immobilized on amino modified 

magnetic beads (MBs), and then incubated with BSA to block nonspecific binding 

site. Then various amounts of HBV-T were added into the capture probe MB/HBV-C 

and incubated at 37 °C in TBS buffer for 30 min. After being washed and separated 

by magnet with TBS buffer, the synthesized SiO2@PAA/GOx/HBV-P NPs probe 

were added and incubated for 30 min under the same condition. In the presence of 

target ssDNA (HBV-T) containing completely matched sequences of both probe 

ssDNA (HBV-P) and capture ssDNA (HBV-C), double strand DNA (dsDNA) was 

formed. The bioconjugate was washed with citrate-Na2HPO4 buffer and separated by 

magnet. Future 5 mM glucose mixed with 5 nm Au seeds and HAuCl4 were added in 

the bioconjugate and incubated at 37 °C in Citrate-Na2HPO4 buffer for 10 min. Based 

on the change of the increased extinction coefficient at 530 nm of Au NPs, the 

resulted solution was measurement in UV-vis absorption spectrum. 

 

3. Results and discussion 

3.1 Synthesis and Characterization of the Probe Based on SiO2@PAA NPs 

The synthetic strategy of the probe is illustrated in Scheme 1. Initially, SiO2 

nanospheres were prepared from tetraethyl orthosilicate via a slightly modified Stöber 

process [39]. Then adamantane-based silane coupling agent Ad-Si (Scheme 2) [40,45] 
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was covalently linked onto the surface of the as-prepared SiO2 NPs. Synchronously, 

according to Lin’s method [32], β-CD with 21 hydroxyl groups was esterified by 

end-capping the hydroxyl groups with 2-bromoisobutyryl bromide, which produces 

the star-like macroinitiator (Scheme 3). Subsequently, β-CD-PtBA was prepared by  

 

Scheme 1. Schematic illustration of the preparation of the probe based on 

SiO2@PAA/GOx/HBV-P NPs. 

 

ATRP method with the assistance of the initiator [32,33]. The numeric molecular 

weight was determined to be 4.95×10
5 

Da and PDI to be 1.16 by gel permeation 

chromatography (GPC) measurement (Figure S1). Then, β-CD-PAA was produced by 

hydrolyzing β-CD-PtBA in the presence of trifluoroacetic acid (Scheme 3). The 

successful hydrolyzation of β-CD-PtBA to β-CD-PAA was validated by the complete 

disappearance of the singlet signal at δ = 1.29 ppm [32], corresponding to the protons 

in the tert-butyl groups. The prepared β-CD-PAA consists of a β-CD core and PAA 

brushes surrounding it. Therefore, it can be well dispersed in aqueous solution. It is 

well known that β-CD, a macrocyclic cavitand consisting of seven glucopyranose 

units, has a hydrophobic cavity that can serve as a perfect receptor for an adamantane 

group [46-48]. Consequently, the SiO2@PAA NPs were provided via host-guest 

interactions between adamantane-functionalized silica nanospheres and β-CD-cored 
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PAA micelles. The as-prepared SiO2@PAA NPs were abundant in carboxyl groups in 

the PAA shell, which made it possible to immobilize GOx for further bioassays. After 

loading GOx via CCEE process [49], the SiO2@PAA/GOx NPs were functionalized 

with probe ssDNA (HBV-P) via the NHS/EDC process and thus the probe based on 

SiO2@PAA/GOx/HBV-P NPs is obtained (Scheme 1). 

 

 

Scheme 2. Synthetic route of silane coupling agent Ad-Si. 

 

 

Scheme 3. Synthetic route of β-CD-PAA. 

 

To prove the successful loading of PAA micelles on the surface of SiO2 

nanospheres, FTIR spectra of SiO2, Ad-SiO2, β-CD-PAA, and SiO2@PAA NPs were 

recorded. As shown in Figure 1, the as-prepared SiO2 NPs displays a sharp peak at 

1102 cm
-1

 and a rather broad peak at 3425 cm
-1

, attributed to the stretching vibration 

of Si-O and O-H bond, respectively [40]. When the adamantane-functionalized silane 



 12 

coupling agent is covalently linked onto the surface of SiO2 nanospheres, the Ad-SiO2 

NPs exhibit a rather broad peak at 3425 cm
-1

, which indicates that the O-H groups 

located on the SiO2 NPs have reacted with the silane coupling agent. For β-CD-PAA 

micelles, a weak band peaked at 1727 cm
-1

 is assigned to the stretching vibration of 

C=O bond [49,50]. Upon the formation of SiO2@PAA NPs via host-guest interactions, 

both characteristic vibration bands of β-CD-PAA and Ad-SiO2 NPs can be found in 

the FTIR spectrum, which suggests the successful combination of β-CD-PAA and 

Ad-SiO2 NPs.  
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Figure 1. FTIR spectra of SiO2, Ad-SiO2, β-CD-PAA, and SiO2@PAA NPs. 

 

The morphology of the synthesized SiO2 and SiO2@PAA NPs were characterized 

by TEM. As shown in Figure 2a, the monodispersed SiO2 NPs exhibited a good 

spherical shape and uniform size with an average diameter of 120 nm. When 

β-CD-PAA was attached onto the surfaces of adamantane-functionalized SiO2 NPs, a 

core-shell structure can be observed for SiO2@PAA NPs, as shown in Figure 2b. The 

PAA shell capped on the SiO2 core exhibits an average thickness of 30 nm. The size 

distributions of these NPs were further analyzed by DLS measurements. As revealed 

in Figure 2c, uniform morphologies can be found for SiO2, β-CD-PAA, and 

SiO2@PAA NPs. The as-prepared SiO2 NPs demonstrate a particle size of 120 ± 30 

nm in MES buffer, while the size distribution of β-CD-PAA is 58 ± 20 nm. As 
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expected, when the SiO2 NPs are packed by β-CD-PAA, the SiO2@PAA NPs display 

a particle size of 190 ± 30 nm. This indicates the successful coverage of PAA layer on 

the surface of SiO2 NPs. It should be noted that the particle sizes were slightly 

different from those measured by TEM and probably caused by the shrinkage and 

accumulation of micelle during the drying process [51]. To further prove the 

combination between Ad-SiO2 and β-CD-PAA, the zeta potentials of these NPs were 

measured in anhydrous ethanol. The SiO2 NPs showed in a zeta potential of -9 mV 

due to the surrounded hydroxyl group on the particle surfaces [52]. Upon the 

attachment of adamantine units onto the surfaces of SiO2 NPs, the zeta potential of 

Ad-SiO2 NPs evidently changed to 36 mV owing to the introduction of amino groups. 

Under the same condition, the β-CD-PAA micelles exhibited a zeta potential of -14 

mV due to the large amount of carboxylic acid groups. When the β-CD-PAA micelles 

interacted with Ad-SiO2 NPs via host-guest interactions, a negatively shifted zeta 

potential of -48 mV was obtained, which proved the encapsulation of the hydrophobic 

adamantine units into the cavity of β-CD. 

 

Figure 2. TEM images of (a) SiO2 and (b) SiO2@PAA NPs, and (c) size distribution 

of β-CD-PAA, SiO2, and SiO2@PAA NPs. 

 

The further immobilization of enzymes into SiO2@PAA NPs was verified by 

UV-vis absorption spectra. As shown in Figure S2, GOx display two characteristic 
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absorption bands at 367 and 454 nm, respectively, which can be clearly observed as 

absorption shoulders in the absorption spectrum of SiO2@PAA/GOx NPs as 

compared with that for SiO2@PAA NPs. This suggests the successful loading of GOx 

into SiO2@PAA NPs. 

 

3.2 Sensing Mechanism 

 

Scheme 4. Schematic illustration of the sensing mechanism for the nucleic acid 

sequence of HBV (HBV-T). 

 

The sensing strategy of the biosensor for HBV is illustrated in Scheme 4. The 

capture DNA (HBV-C) was firstly immobilized on amino modified magnetic beads 

(MBs), and then incubated with BSA to block nonspecific binding site. In the 

presence of target ssDNA (HBV-T) containing completely matched sequences of both 

probe ssDNA (HBV-P) and capture ssDNA (HBV-C), double strand DNA (dsDNA) 

was formed, which connected the MBs and the SiO2@PAA/GOx NPs. Therefore, 
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when the formed bioconjugate was separated by an external magnet, the amount of 

the detected target ssDNA was proportional to the separated GOx, which could be 

determined by additionally incorporated Au seeds. It is well known that glucose can 

be converted into gluconic acid and H2O2 with the assistance of GOx and oxygen. The 

produced H2O2 can reduce HAuCl4 to Au
0
 which may deposit around the Au seed and 

cause the growth of Au NPs [36,37]. Herein, uniform and monodispersed Au NPs 

with diameter of around 5 nm (TEM image shown in Figure S3a) were synthesized 

and served as Au seeds in this bioassay. When the separated GOx generated H2O2, the 

added HAuCl4 was reduced and large size Au NPs were obtained (TEM image shown 

in Figure S3b). Meanwhile, the colorless solution changed to red because of the 

increased extinction coefficient at 530 nm of Au NPs (Figure S3d) [38], which could 

be used to quantify the target analytes. On the contrary, when mismatched DNA 

sequence was analyzed, no related bioconjugate could be formed between the MBs 

and the probe. Therefore, at the absent of GOx, the HAuCl4 could not be reduced, 

which means that no obvious change of the UV-vis absorption spectrum can be 

detected for the Au NPs.  

 

3.3 Optimization of Sensing Conditions 

To achieve the highest sensitivity for the biocatalytic reaction, several sensing 

parameters were optimized. As a starting point, the pH value of the buffer and the 

incubation time were firstly optimized. Figure 3a displays the absorption intensity 

change of the Au NPs at 530 nm in citrate-Na2HPO4 buffer with different pH values. 

When the separated bioconjugate was mixed with glucose (5 mM), Au seeds (~5 nm 

size, 10 nM), and HAuCl4 (0.2 mM), and incubated at 37 °C in citrate-Na2HPO4 

buffer, the absorption intensity of the Au NPs at 530 nm gradually increases with the 

elevating pH value from 3 to 5 and then decreases at a lower speed with the pH value 

continuously elevating to 7. Moreover, the sensitivity of the bioassay was influenced 

by the incubation time. As shown in Figure 3b, the absorption intensity of the Au 

NPs at 530 nm reaches a plateau after incubation for 10 min. Therefore, the sensing 

properties of the bioassays were investigated in citrate-Na2HPO4 buffer with pH value 
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of 5 and incubation time of 10 min. Furthermore, the concentrations of Au seed and 

HAuCl4 were optimized to realize the best performance of the bioassay. As shown in 

Figure 4, when the concentration of Au seed and HAuCl4 is 9 nM and 0.2 mM, 

respectively, the most notable absorption intensity change is achieved in the sensing 

system. Consequently, the bioassays were conducted with the concentration of Au 

seed and HAuCl4 equal to 9 nM and 0.2 mM, respectively, in citrate-Na2HPO4 buffer 

(pH = 5). 

 

 

Figure 3. Absorption intensity of the Au NPs at 530 nm in citrate-Na2HPO4 buffer 

with different (a) pH values and (b) incubated time. The optimal conditions is pH = 5 

and incubated time = 10 min. Error bars are estimated from six replicate 

measurements. 
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Figure 4. Absorption intensity changes of the Au NPs at 530 nm in the bioassays with 

different concentrations of Au seed and HAuCl4. The optimal conditions is CAu seed = 

9 nM and CHAuCl4  = 0.2 mM 

 

3.4 Analytical Performance of the Biosensor for HBV-T 

 

Figure 5. UV-vis absorption spectra of the Au NPs with different concentrations of 

HBV-T in citrate-Na2HPO4 buffer. Inset illustrates the absorbance at 530 nm versus 

HBV-T concentration. Error bars are estimated from six replicate measurements. 
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Under the optimized conditions, high sensitivity of the as-prepared probe 

towards HBV-T detection was achieved. The results were conducted by sextuplicate 

tests for each measurement, and the standard deviations were shown as error bars. As 

shown in Figure 5, the UV-vis signal at 530 nm is enhanced as the concentration of 

HBV-T increases. A good linear relationship between the absorption intensity and the 

HBV-T concentration can be found in the range of 10 – 100 fM (HBV-T liner 

concertration). The detection limit at a signal-to-noise ratio (S/N) of 3/1 is determined 

to be 3 fM. The linear regression equation is Y = 0.00495X + 0.0264 with a 

correlation coefficient (R
2
) of 0.995 (black line in Figure 6). The high sensitivity can 

be attributed to signal amplification effect. The synthesized silica nanoparticles are 

covered by PAA brushes with high molecular weight. The rich content of carboxyl 

groups is utilized to immobilize GOx. When one ssDNA of HBV is detected, a 

bioconjugate containing a silica nanoparticle covered by numerous GOx molecules is 

formed. More GOx can produce more H2O2 and reduce more HAuCl4 on Au seeds 

[36,37]. By monitoring the absorption change of the Au nanoparticles, the DNA 

sequence of HBV can be thus detected with high sensitivity. 

 

Figure 6. Calibration curves of the absorbance (λ = 530 nm) at varied concentrations 

of HBV-T using the probe based on PAA with different molecular weights. The black 

and red lines represent two PAA samples hydrolyzed from the precursors PtBA with 
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molecular weight of 4.95×10
5
 and 9.76×10

4
, respectively. Error bars are estimated 

from six replicate measurements. 

 

To take advantage the preparation of PAA brush via ATRP method, a controlled 

β-CD-PAA with lower molecular weight was synthesized as reference and utilized in 

this bioassay. Comparatively lower response was obtained, as indicated in Figure 6 

(red line), the lower molecular weight probe exhibited linearity for HBV-T 

concentration. The linear regression equation is Y = 0.00118X + 0.0169 with a 

correlation coefficient (R
2
) of 0.993. By comparing the slope values of the linear 

curves, the higher molecular weight probe exhibited an approximate 4.1-fold higher 

response rate than that of the lower molecular weight probe, which leads to the 

conclusion that the signal amplification increases with polymer molecular weight. For 

the PAA-based system with higher molecular weight, more GOx are immobilized in 

the SiO2@PAA NPs due to the enhanced amount of carboxylic groups. In the presence 

of the biomaterial containing completely matched DNA sequences of both HBV-P and 

HBV-C, more HAuCl4 can be reduced and higher absorption intensity of the Au NPs 

can be observed. Consequently, the probe based on PAA with higher molecular weight 

exhibit amplified sensitivity in comparison to that with lower molecular weight.  

A high selectivity for the target analyte is an important requirement for a 

biosensor concerning their further practical applications. To investigate the specificity 

of the proposed biosensor, a single–mismatch sequence (HBV–MT1), a three–

mismatch sequence (HBV–MT3), and random ssDNA sequences (R1 and R2) of 

HBV-T ssDNA were investigated by comparing the absorption intensity of the Au 

NPs at 530 nm under the same conditions. In these experiments, the solution was 

incubated with HBV-T (50 fM) or the above control sequences (500 fM), and then the 

signal changes of the UV-vis absorption spectra for the system were monitored. As 

shown in Figure 7, the intensity is slightly affected by the above control substances. 
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Figure 7. Selectivity of the biosensor for HBV-T detection. The concentration of 

other interfering substance was 500 fM and the HBV-T was 50 fM. Error bars are 

estimated from six replicate measurements. 

 

In order to test the repeatability of the proposed biosensor, two different 

concentrations of HBV-T, 20 and 90 fM, were tested by twenty independently 

prepared biosensors. As shown in Figure S4, the value of relative standard deviation 

(RSD) was calculated and determined to be 1.9% and 3.9% respectively, which 

illustrates the acceptable precision and reproducibility for the biosensor. Furthermore, 

the stability of the biosensor is also a key factor in the practical application. A stability 

check was performed on the SiO2@PAA/GOx/HBV-P NPs which were stored in 

buffer at 4 °C for 30 days. The experimental results showed that around 91% of the 

initial sensitivity was remained after 30 days. The excellent stability of the 

nanoparticles was due to the PAA brushes incorporated enzymes, which could prevent 

enzymes denaturation and leakage. 

 

3.5 Application Analysis in Serum Samples 

In order to evaluate the feasibility of the sensing system in complex biological 

samples, the assay of HBV-T was conducted in serum samples, a real complex media 
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prepared by adding HBV-T with a certain concentration into the diluted human serum 

samples (1%). As indicated in Table S1, 20, 50, and 100 fM of HBV-T were added 

into the serum samples, respectively. The recovery of HBV-T was ranged from 93.9 ± 

0.95% to 97.8 ± 1.92%, and the relative standard deviation (RSD) from 1.93% to 

3.9%. These results indicated that the proposed biosensor possesses the promising 

applications in real biological matrices for detecting HBV. 

 

4. Conclusion 

In summary, β-CD-cored star-like PAA with uniform molecular weight was 

straightforward synthesized by ATRP method and successfully loaded on the 

adamantane-functionalized SiO2 surface via host-guest interactions. After 

immobilizing GOx and further functionalizing HBV-P on the prepared SiO2@PAA 

NPs, the resultant probe SiO2@PAA/GOx/HBV-P NPs could be utilized as highly 

sensitive and selective biosensor for detecting DNA sequence of HBV (HBV-T). Only 

in the presence of target ssDNA (HBV-T) containing completely matched ssDNA 

sequences of both HBV-P and HBV-C, a bioconjugate was formed and separated by 

an external magnet. The isolated GOx could catalyze glucose into gluconic acid and 

H2O2, and indirectly reduce HAuCl4 on Au seeds. By comparing the absorption 

intensity of the Au NPs at 530 nm, the amount of target ssDNA could be thus 

quantified. The detection limit at an S/N of 3/1 is determined to be 3 fM. Moreover, 

under the same condition, no obvious or slight absorption change could be observed 

for the ssDNA with random or mismatched sequences. Since the developed biosensor 

exhibited satisfactory reproducibility and stability, the proposed strategy could be 

further applied to detecting HBV-T in serum, which was of great importance in 

diagnosis and therapy of HBV infection. Overall, this work will facilitate the 

preparation of silica nanoparticles coated by PAA brushes with uniform and 

controllable molecular weight for the fields of clinical diagnosis and other life 

sciences. 
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Research Highlights 

 

Controllable molecular weight poly(acrylic acid) brushes. 

Host-Guest Interactions of β-CD-PAA and Ad-SiO2. 

Signal amplification was achieved using SiO2@PAA/GOx. 

Colorimetric bioassay was designed for the ultrasensitive detection of Hepatitis B 

Virus DNA sequence 

 




