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A B S T R A C T   

SPR is a mature optical biosensor technology for detecting biomolecular interactions without fluorescence or 
enzyme labeling. In this paper, we acquire a sensitive SPR biosensor based on ZnO@Au nanomaterial, and the 
classical sandwich strategy using biotin-streptavidin for secondary signal amplification system was used to detect 
human IgG (hIgG). Nano-zinc oxide (ZnO) has the dual characteristics of nanocomposite and traditional zinc 
oxide, with large specific surface area and high chemical activity. Besides, the gold-coated ZnO nanocrystals 
improve the optical properties of ZnO and enlarge the loading capacity with better biocompatibility. Therefore, a 
sensing platform based on PDA-ZnO@Au nanomaterial was constructed on gold film modified with mercaptan. 
Meanwhile, the biotin-avidin system in SPR sensor field has been rapidly developed and applied. Due to the 
highly selection of streptavidin (SA) and biotin interact with each other, GNRs-SA-biotin-Ab2 (GSAB-Ab2) were 
constructed to obtain the secondary enhancement of SPR signal. The influences of experimental conditions were 
also discussed. With optimal experimental conditions, introducing GSAB-Ab2 conjugate combined with a sand
wich format, the resulting SPR biosensor provides a favourable range for hIgG determination of 0.0375–40 μg 
mL− 1. The minimum detection concentration of hIgG that can be obtained by this method is approximately 67- 
fold lower than the conventional SPR sensor based on gold film. The sensitivity of SPR biosensor is significantly 
improved in a certain range.   

1. Introduction 

Nanohybrid materials have always played an important role in sur
face plasmon resonance sensing technology [1]. Nanohybrid materials 
have many general categories such as noble metal nanoparticles, mag
netic nanoparticles, zinc oxide, molybdenum disulfide, graphene and 
multi-walled carbon nanotubes [2]. These nanohybrid materials have 
good biocompatibility [3], catalysis [4]and adsorption [5], which could 
catalyse, conduct electrons and amplify response signals. The sensing 
film of the conventional SPR sensor is pure thin metal film, which leads 
to its low specific surface area, low load and weak sensitivity [6]. Thus, 
the introduction of nanohybrid materials can produce electromagnetic 
coupling effect with the gold film of SPR sensor so as to amplify SPR 
response signal and improve detection sensitivity significantly. 
Nano-zinc oxide has large specific surface area and high chemical ac
tivity, but it is arduous to stably exist in aqueous solution [7]. Generally, 
metal nanoparticles are coated on the surface of nano-zinc oxide parti
cles to modify their surface so that they can be uniformly dispersed into 

the aqueous solution for biological detection [8,9]. In this paper, we 
synthesized ZnO@Au nanocomposite particles. ZnO nanocrystals were 
used as seed crystals and Au was gradually deposited on the surface to 
form ZnO@Au nanocomposite particles. ZnO@Au nanocomposite par
ticles are immobilized to the SPR sensor chip by molecular self-assembly 
to increase the response signal of SPR biosensor. 

Biotin act as a coenzyme for carboxylase enzymes with a molar mass 
of 66 kDa and is found in small amounts in tissues and blood [10]. 
Avidin is a tetrameric protein with an approximate molar mass of 60 kDa 
[11]. In the field of immunoassay, not much different from avidin is SA, 
but the SA produced by Streptomyces is also tetrameric protein (not 
glycosylated) with stronger inertness and weaker non-specific binding 
[12], resulting in better specific binding and higher sensitivity. The 
interaction between biotin and SA has a very high affinity independent 
of the covalent bond between molecules, and the affinity constant is 
1015 L mol− 1 [13], which is one of the strongest reported affinity sys
tems, about dozens or hundreds of times compared to the antigen 
(Ag)-antibody interaction [14]. The biotin-SA system can be used as a 
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molecular connector for the connection between antibody and signal 
molecules due to the excellent binding strength and speed [15]. The 
antibody binds to the biotin in a mild way that does not reduce the 
bioactivity of the antibody, and then a signal molecule functionalized by 
SA is added [16]. The synthesized GNRs-SA-biotin-Ab2 composite ma
terial can accommodate more signaling molecules, and the larger mo
lecular weight increase the refractive index, thus greatly improving the 
SPR signal strength. 

HIgG is the main antibody component in human serum [17]. HIgG 
levels in humans are commonly associated with diseases such as hu
moral immune diseases [18], infectious diseases [19], liver diseases [20] 
and rheumatoid arthritis [21]. Therefore, detection of hIgG is of great 
significance for early diagnosis of related diseases. Many analytical 
methods have been used to detect hIgG in human serum, such as 
chemical luminescence analysis [22], fluorescence analysis [23] and 
enzyme-linked immunosorbent assay [24]. Compared to the above 
methods, SPR technique measures the refractive index change in 
response to the interaction of biomolecules on the gold film and is 
suitable for hIgG detection due to its advantages of no labeling, no pu
rification and real-time detection [25,26]. 

In this work, a self-assemble SPR biosensor was embellished using 
ZnO@Au nanocomposite particles as the support platform to attain the 
rapid detection of hIgG. The ZnO@Au were modified on the gold film 
surface, forming a sensing interface. With the increase of hIgG concen
tration, the wavelength shift value of SPR gradually increase. Further, to 
improve the sensitivity detection of hIgG, GSAB-Ab2 was introduced to 
realize the secondary amplification of SPR signal. Combining with the 
above complex, a novel sandwich-type SPR biosensor was fabricated 
(Fig. 1). The resulting ZnO@Au based biosensor with GSAB-Ab2 used as 
the signal molecules of secondary amplification shows ultrasensitive 
response to hIgG with good selectivity, good reproducibility and high 
recoveries in human serum samples. 

2. Materials and methods 

2.1. Materials 

Biotinamidohexanoyl-6-aminohexanoic acid N-hydroxysuccinimide 
ester (biotin-XX-NHS), N-hydroxysuccinimide (NHS), 3-mercaptopro
pionic acid (MPA) and bovine serum albumin (BSA) were purchased 
from Aladdin Industrial Corporation. Streptavidin (SA) was purchased 
from Shanghai Macklin Biochemical Co., Ltd. Zinc nitrate hexahydrate 
(Zn(NO3)2⋅6H2O) was purchased from Xilong Chemical Co., Ltd. Sodium 

hydroxide (NaOH) was purchased from Beijing Chemical Works. 1,6- 
hexanedithiol (HDT) was purchased from Jkchemical. 1-ethyl-3-(3- 
dimethylaminopropyl)carbodiimide (EDC), Hydrogen tetrachloroaurate 
hydrate (HAuCl4⋅3H2O) and Dopamine hydrochloride (DA) were pur
chased from Saen Chemical Technology (Shanghai) Co., Ltd. Sodium 
borohydride (NaBH4), Hexadecyl trimethyl ammonium Bromide (CTAB) 
and ascorbic acid (AA) were purchased from Sinopharm Chemical Re
agent Co. Ltd. Silver nitrate was purchased from Thermo Fisher Scien
tific Co., Ltd. Rabbit anti-hIgG, hIgG, rabbit IgG and bovine IgG were 
purchased from Beijing Biosynthesis Biotechnology Company and were 
stored at − 20 ◦C. Chicken serum sample were obtained from the Life 
Sciences College of Jilin University (Changchun, China). All animal 
experiments were conducted in accordance with the guidelines of the 
Regional Ethics Committee for Animal Experiments established by the 
Jilin University Institutional Animal Care and Use. 0.01 mol L− 1 sodium 
phosphate buffered saline (PBS, pH 7.4) and 10 mmol L− 1 tris-buffer (pH 
8.5) were freshly prepared. 

All deionized (DI) water used in the experiment was prepared by a 
Millipore purification device. Rabbit anti-hIgG, hIgG, mouse IgG and 
bovine IgG were preserved at − 20 ◦C and some reagents were preserved 
at 4 ◦C. 

2.2. Instruments 

UV–Vis were recorded using a Cary-60 spectrometer (Agilent Tech
nologies Inc., USA). All pH measurements were taken with a PHS-3C pH- 
Meter (INESA Scientific Inc., China). Transmission electron microscopy 
(TEM) images of GNRs, GNRs-SA, AuNPs and ZnO@Au were obtained 
using a H-8100 transmission electron microscope (TEM, Hitachi High- 
Tech Co., Japan) operating at 200 kV. The main equipment used in 
this experiment is the wavelength - modulation SPR sensor assembled by 
our research group. A 50 nm gold layer was deposited on the surface of 
K9 glass cover glass. Cedar oil with the same refractive index as K9 glass 
is used to adhere on the surface of prism made of K9 glass. With the 
iodine tungsten lamp as the light source, the white light emitted by the 
light source passes through the lens and the polarized plate to form 
parallel polarized light, and then enters the optical prism system of the 
SPR. Firstly, the parallel polarized light is irradiated on the side surface 
of the prism, and then refracted to the bottom of the prism to excite the 
surface plasmon at the interface between the coating metal and the 
sample solution. The light that goes through total internal reflection is 
refracted out by the other side of the prism and focused into the micro 
fiber optic spectrometer (HR2000+, Ocean Inc., USA). 

Fig. 1. A schematic diagram of experimental procedure.  
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2.3. Procedures 

2.3.1. Synthesis of gold nanorods (GNRs) 
The seed growth method was used to synthesize GNRs [27]. First, the 

seed solution was prepared: The frozen 0.6 mL NaBH4 (0.01 mol L− 1) 
solution was added to a mixture of 5 mL HAuCl4 (0.5 mmol L− 1) and 5 
mL CTAB (0.2 mol L− 1). The mixture was stirred strongly for 2 min and 
then stood at 25 ◦C for 2 h to obtain a tawny solution. The second step 
was to prepare growth solutions: 50 mL CTAB (0.2 mol L− 1) solution, 50 
mL HAuCl4 (1 mmol L− 1) solution and 3 mL AgNO3 (0.004 mol L− 1) 
solution was mixed at room temperature, and then 0.7 mL of 0.1 mol 
L− 1 AA was added. The solution changed from dark yellow to colorless. 
Finally, 0.24 mL of seed solution was added to the growth solution, 
which was incubated at 28 ◦C for 24 h, washed for three times by 
high-speed centrifugation (rotating speed 14,000 rpm), and re-dispersed 
in deionized water to obtain fully grown GNRs solution. 

2.3.2. Streptavidin functionalization of GNRs 
Briefly, 130 μL of aqueous solutions of streptavidin (50 μg μL− 1) were 

added 1 mL of colloidal solutions of AuNPs [28]. The mixtures were 
gentle oscillated at room temperature for overnight. The mixtures were 
centrifuged to remove the excess streptavidin. Finally, SA-functionalized 
GNRs (SA-GNRs) were obtained the mixtures and then restored in 
deionized (DI) water. 

2.3.3. Preparation of Ab2-biotin-XX-NHS and ZnO@Au 
50 μL of rabbit anti-human lgG antibody (50 μg μL− 1) were mixed 

with 2 μL of biotin-XX-NHS (i.e. NHS-activated biotin with a 14 atom 
spacer arm) which was dissolved in DMSO at 1 mg mL− 1 [29]. The 
mixture was incubated at room temperature with gentle shaking for 3 h. 
The resulting mixture was referred to as Ab2-biotin solution and stored 
at 4 ◦C. 

4 mL ethanol solution of Zn(NO3)2⋅6H2O (0.05 mol L− 1) was mixed 
with 3–4 mL of the above prepared AuNPs, and 4 mL ethanol solution of 
sodium hydroxide (0.25 mol L− 1) was added to stir vigorously for 1 h to 
obtain white purple precipitation under the action of coprecipitation 
[30]. Finally, the ZnO@Au is obtained by centrifugation (8000 rpm, 20 
min). 

2.3.4. Modification of sensing platform 
The Au film layer was immersed into a 10 mmol L− 1 HDT solution for 

24 h. Then, the Au film was rinsed repeatedly with ethanol and deion
ized water, followed by drying under N2. The modified film was 
immersed into the ZnO@Au solution for 12 h. Then, the HDT- ZnO@Au 
modified Au film was removed from the solution and washed with 
ethanol and ultrapure water, followed by drying under N2. Next, the 
ZnO@Au -HDT Au film was immersed into a 0.5 mg mL− 1 PDA solution 
for 0.5 h, then washed with ultrapure water and dried under gaseous N2. 

2.3.5. Antibody immobilization 
The PDA-ZnO@Au modified gold film is installed at the bottom of 

the reactor to form a flow cell. PBS was injected into the flow cell as 
baseline solution. When the resonant wavelength was maintained con
stant, 100 μg mL− 1 rabbit anti-hIgG (Ab1) was directly injected into flow 
cell. The unbound antibodies were removed by PBS injection, 10 mg 
mL− 1 BSA solution was injected to seal the non-specific binding sites on 
the surface of the sensing membrane. 

2.3.6. Immunoassay 
After attaching the Ab1 to the surface of the sensing membrane, a 

sequence of different concentrations hIgG diluted with PBS was sepa
rately injected into the flow cell. After 1 h, the specific binding of Ab1 
and hIgG was completed. PBS was injected to remove the unbound hIgG. 
After the resonant wavelength was stable, the prepared 500 μL of 500 μg 
mL− 1 GSAB-Ab2 was injected in the flow cell for 50 min to form a 
sandwich structure (Ab1/Ag/GNRs-SA-biotin-Ab2) on the sensor 

substrate. Finally, PBS was used to remove unbound GSAB-Ab2 in the 
reactor. The SPR sensor responses were determined as the shifts of 
resonant wavelength before sample injection and after rinsing with PBS. 
All experiments were conducted in triplicate. 

3. Results and discussion 

3.1. Characterization 

The morphology and size of the prepared GNRs, GNRs-SA, AuNPs 
and ZnO@Au were investigated by transmission electron microscopy 
(TEM). According to the normal distribution curve, the as-prepared 
GNRs have average diameter and length of 13 ± 3 nm and 47 ± 3 nm, 
respectively (Fig. S1 and Fig. S2). TEM of GNRs synthesized by CTAB 
seed-mediated method is shown in Fig. 2a. The seed liquid is usually 
nanocrystalline isotropic growth nuclei, and the yellow Au3+ in the 
growth liquid is reduced to colorless Au + under the action of weak 
reducing agent ascorbic acid. During seed growth, the Ag surface 
coverage was higher at the beginning of the reaction. Ag+ in AgNO3 and 
Br− in CTAB will form silver bromide solid, leading to the reduction of 
charge density of Br− and repulsion between CTAB head group, which is 
conducive to the formation of long rod template. Besides, when gold 
interacts with CTAB, silver bromide deposits on the {110} surface of 
GNR and promotes the growth of GNR on other specific crystal planes. 
Meanwhile, Ag+ was reduced by ascorbic acid to form pentagonal Ag 
twin nanostructures. CTAB surfactants are preferentially connected to 
the surface of Ag twin nanostructures [31]. With the passage of time, the 
deposition rate of Ag slowed down and Ag diffused into the GNRs. By the 
first 45 min of the reaction, the Ag surface coverage was close to zero 
until the end of the reaction. Finally, Ag reduces Au + to Au0 to obtain 
unidirectional growth. And the aspect ratio is about 3.62 with calcula
tion. After the introduction of SA, the two are assembled to form 
nanocomplexes GNRs-SA under the action of electrostatic force. As 
shown in Fig. 2b, the modification of SA enables the edge of GNRs to 
become obscure, indicating the triumphant modification of the SA on 
the transverse terminal of the GNRs. TEM of AuNPs and ZnO@Au 
nanocomposite particles are exhibited in Fig. 2c and d, respectively. 

UV–vis absorption spectra of the GNRs, GNRs-SA, and ZnO@Au 
synthesized in this task are illustrated in Fig. 3a. GNRs has two ultra
violet absorption peaks, which are transverse absorption peak at 520 nm 
and longitudinal absorption peak at 754 nm. The longitudinal absorp
tion peak of GNRs-SA was red-shifted about 21 nm compared to the 
GNRs, which was induced by the change of the refractive index near the 
GNRs surface. As shown in Fig. 3b, the UV–vis absorption peaks of 
AuNPs and ZnO@Au nanomaterials are located at 530 nm and 520 nm. 
UV–vis absorption spectra of the Ab2 and Ab2-biotin are illustrated in 
Fig. 3c, with peaks 280 nm and 265 nm, respectively. 

3.2. Immobilization of rabbit anti-hIgG 

Dopamine (DA), a crucial neurotransmitter, can self-polymerize 
under very mild response conditions [32]. In a slightly alkaline solu
tion with oxygen as an oxidant, dopamine monomers spontaneously 
polymerize to form polydopamine (PDA), which has strong adhesion to 
the substrate surface [33]. PDA coating can increase the hydrophilicity, 
biocompatibility and chemical stability of nanomaterials. PDA can be 
used as a reducing agent to reduce Au+, Ag+, Pt+ and other precious 
metal ions in alkaline environment [34]. In the process of PDA forma
tion, two electrons were released when DA was oxidized to DA-quinone, 
which reduced the metal salts to their corresponding metals and pro
duced metal nanoparticles that deposited on the surface of the PDA [35]. 
Besides, the PDA could directly immobilize the antibody without further 
processing due to Schiff base reaction between the two [36]. 
PDA-ZnO@Au modified SPR sensor chip based on the 
self-polymerization of dopamine and the in-situ reduction ability of gold 
ions was used to detect hIgG in this work. 
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Different amounts of antibodies were injected into the flow cell and 
the concentrations of antibodies were optimized by monitoring the 
changes of SPR wavelength (Δλ). The resonant wavelengths were 
differently red-shifted with the increase of the concentration of Ab1. To 
achieve optimal experimental parameters and good analytical perfor
mance of the SPR biosensor, we optimized the immobilized concentra
tion and reaction time of Ab1. Different concentrations of Ab1 were 
injected into the flow cell. Fig. 4a shows the dynamic adsorption curve of 
fixed Ab1, redshift of the resonant wavelength was observed with the 
reaction time. After 80 min, the resonance wavelength remained basi
cally unchanged, indicating that the Ab1 fixed on the surface of the 
biosensor approached saturation, and 80 min was selected as the 
optimal Ab1 immobilization time. At concentration of 100 μg mL− 1, the 
maximum wavelength shifts were observed. We increased the antibody 

concentration to 125 μg mL− 1 and found no significant shift in wave
length compared to the concentration of 100 μg mL− 1, indicating that 
Ab1 attached on PDA-ZnO@Au had reached saturation. Therefore, 100 
μg mL− 1 was selected as the optimal concentration for antibody fixation 
in this experiment and the maximum resonance wavelength shift within 
80 min was 10.5 nm. 

3.3. Optimum binding amount of GNRs-SA 

Coomassie bright blue method [37] was used to quantitatively 
analyze the optimal binding amount of SA on GNRs. In a nutshell, 
different amounts of SA were added into 1 mL of GNRs, so that the 
concentrations of SA were 45 μg mL− 1, 55 μg mL− 1, 65 μg mL− 1, 75 μg 
mL− 1, 85 μg mL− 1, 95 μg mL− 1, 110 μg mL− 1, 130 μg mL− 1 and 150 μg 

Fig. 2. TEM images of (a) GNRs, (b) GNRs-SA, (c) AuNPs, and (d) ZnO@Au.  

Fig. 3. UV–vis absorption pectrum of (a) GNRs-SA and GNRs, (b) ZnO@Au and AuNPs, (c) Ab-biotin and Ab.  
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mL− 1, respectively. The reaction was oscillated overnight, and the free 
SA in the supernatant was obtained by centrifugation. The reaction ratio 
of Coomassie Brilliant Blue and the supernatant was 5:1 (v/v). The 
absorbance at 595 nm was recorded with a UV–Vis spectrophotometer, 
and the amount of SA bound on GNRs was calculated by the absorbance. 
As seen from the Fig. 4b, the binding amount of the two increased 
continuously with the increasing amount of SA, and reached the 
maximum when the reaction concentration of SA reached 110 μg mL− 1 

and remained unchanged with the increasing concentration of SA, 
indicating that the binding amount of the two reached saturation. 
Therefore, 110 μg mL− 1 of SA was determined as the optimal reaction 
concentration for the combination of GNRs-SA. 

3.4. Secondary signal amplifier-enhanced immunoassay 

For SPR sensing film, large surface area, high chemical activity and 
high loading capacity are the most effective way to conjugate more 
antibodies based on ZnO@Au sensing substrates and enhance SPR 
biosensor sensitivity. For biotin and SA systems, each antibody can 
connect multiple biotin small molecules, and each SA has four biotin 
binding sites, which makes the complex of GSAB-Ab2 accommodate 
more signal molecules, thus amplifying the terminal signal. To further 
elevate the sensitivity for detecting hIgG, the classical sandwich strategy 
was applied. Compared to AuNPs with only one plasma absorption band, 

GNRs have two plasma absorption bands due to different transverse and 
longitudinal surface charge densities, which are located at 520 nm on 
the short axis and tunable near infrared band on the long axis respec
tively [38]. The longitudinal plasma absorption band is very sensitive to 
the change of refractive index of the surrounding medium, which in
creases the sensitivity. The longitudinal absorption peak of GNRs varies 
continuously from visible to near infrared region with different aspect 
ratio [39]. In addition, GNRs have a larger specific surface area, which 
can fix more biomolecules and amplify the response signal, further 
improving the sensitivity. GNRs-SA-biotin composites decorated with 
Ab2 as signal enhancers were employed into the sensing system to 
combine with hIgG captured on the surface of the sensing chip. The 
collective oscillation and local surface plasmon resonance of conducting 
electrons in the GNRs enhance the local electric field near GSAB-Ab2 
composites. Meanwhile, the interaction between the local surface 
plasma of GNRs and the plasma on the surface of ZnO@Au-based gold 
film amplifies the SPR response signal. Besides, the GSAB-Ab2 compos
ites markedly enlarge the thickness of the sensing chip and increase the 
refractive index of the sensing chip thereby amplifying the response 
signal. As the amount of GSAB-Ab2 composites is linked to sensitivity 
enhancement, we optimized the amount of GSAB-Ab2 composites to be 
used in final assay. The resonant wavelength displayed increasing red
shifts with the injection of increasing amounts of GSAB-Ab2 composites 
up to a final concentration of 500 μg mL− 1, and saturation had been 

Fig. 4. Kinetic adsorption curves of gradient concentrations of rabbit anti-human antibody on PDA-ZnO@Au-based sensing platform (a), and effect of streptavidin 
concentration on amount of streptavidin attached to GNRs (b). 

Fig. 5. Optimization of concentrations of GSAB-Ab2 solutions (a), and relationships between concentrations of hIgG and the resulting resonant wavelength shifts in 
the three detection formats: biosensor based on ZnO@Au with the GSAB-Ab2 sandwich assay; biosensor based on ZnO@Au and biosensor based on Au film (b). 
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reached (Fig. 5a). This result indicates that 500 μg mL− 1 is the optimal 
concentration of GSAB-Ab2 composites. 

Next, the SPR biosensor was designed to test its performance by 
detecting different concentrations of hIgG. Fig. 5b shows the relation
ship between the shift of resonance wavelength and the change of hIgG 
concentration in SPR sensors with different assay (biosensor based on 
ZnO@Au with the GSAB-Ab2 sandwich assay; biosensor based on 
ZnO@Au and biosensor based on Au film). The ZnO@Au-based SPR 
biosensor with the GSAB-Ab2 sandwich assay exhibited the best 
response to hIgG at concentrations ranging from 0.0375 to 40.00 μg 
mL− 1, and the maximum resonance wavelength shift is 13.54 nm. The 
ZnO@Au-based SPR biosensor exhibited a good response to hIgG at 
concentrations ranging from 0.35 to 40.00 μg mL− 1, and the maximum 
resonance wavelength shift is 7.40 nm. The SPR biosensor based on gold 
film exhibited a response to hIgG at concentrations ranging from 2.50 to 
40.00 μg mL− 1, and the maximum resonant wavelength shift was 3.25 
nm. As can be seen from the above data, the detection limit determined 
by the present method based on the ZnO@Au substrate with the GSAB- 
Ab2 sandwich assay was about 67-fold and 9-fold lower than that of 
ZnO@Au-based and Au film-based sensing platform respectively, which 
evidently enhanced the sensitivity of the SPR biosensor. Comparison of 
performance for the detection of IgG obtained by those reported in the 
literature and current work by SPR sensor are listed in Table 1. 

3.5. Specificity of the assay 

The specificity of the designed SPR biosensor was examined by 
testing rabbit IgG, bovine IgG and hIgG. After the immobilization of the 
rabbit anti-hIgG on the biosensor surface, rabbit IgG, bovine IgG and 
hIgG at a concentration of 10 μg mL− 1 were separately injected into the 
flow cell. The results indicated that other antigens exhibit no response 
SPR signals compared to hIgG (Fig. 6). Furthermore, the present SPR 
biosensor offers high specificity toward hIgG. The prepared sensing chip 
can be reused by impulse injection of massive PBS into the flow cell to 
dissociate antigen from antibody immobilized on the sensing platform. 
As showed in Fig. S3, the prepared biosensor exhibits about 76% of the 
initial activities after reusing for the fourth time, which indicated the 
sensor had good reusability in 7 days. 

3.6. Recoveries of method in serum 

Selectivity and sensitivity are important performance parameters of 
biosensors especially for analyzing complex samples. The application of 
the biosensor in real samples was verified by the spiked recovery 
experiment. Adding different concentrations of hIgG (2.5, 5 and 10 μg 
mL− 1) to blank chicken serum samples. In addition, PBS samples con
taining the same standard level were used as controlled experiment. The 
recovery of the experiment was defined as the ratio of resonant wave
length shifts from injecting chicken serum and PBS containing the same 
spiked level of hIgG (Δλserum/ΔλPBS). As reported in Table 2, the 
resulting recoveries were 105.0–117.8%, suggesting that the accuracy 
and reproducibility of GSAB-Ab2 based immunoprobe and ZnO@Au SPR 
biosensor are acceptable. 

4. Conclusion 

In summary, an original SPR sensing platform based on ZnO@Au 
nanomaterial, and the classical sandwich strategy using biotin- 
streptavidin for secondary signal amplification system was used to 
detect hIgG. The prepared ZnO@Au based on sensing platform is 
convenient to be prepared, enlarge the loading capacity and has good 
biocompatibility. The introduction of GSAB-Ab2 signal enhancers pro
vides noteworthy sensitivity enhancement through abundant enrich
ment of hIgG, fast mass transfer and increase the refractive index. The 
result with low detection limit of hIgG achieved by the proposed sensing 
platform has been lowered to 0.0375 μg mL− 1, which is approximately 

67-fold lower and 9-fold lower than the ZnO@Au-based sensing plat
form and the conventional SPR sensor based on gold film, respectively. 
The obtained recoveries of spiked human serum samples suggest good 
selectivity and sensitivity in practical applications. The strategy pre
sented for detecting hIgG can be easily expanded to the clinical deter
mination of other diagnostic markers which have available 
corresponding epitopes. 
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Table 1 
Comparison of performance obtained by current work and those reported in the 
literature.  

Method Detection limit Reference 

cGO/SNCs-antigen conjugate-based biosensor 0.075 μg mL− 1 [40] 
AIgG anchored 5CB LC microdroplets assay 0.016 μg mL− 1 [41] 
PDA-Au conjugate-based optical fiber biosensor 2.00 μg mL− 1 [42] 
OFET based on biosensor 0.62 μg mL− 1 [43] 
rGO-based SPR assay 0.15 μg mL− 1 [44] 
ZnO@Au based GSAB-Ab2 sandwich assay 0.0375 μg mL− 1 This work  

Fig. 6. The shifts of the resonant wavelength measured with different antigens 
(rabbit IgG, bovine IgG and hIgG) in different assays: (A) Au film; (B) ZnO@Au 
and (C) ZnO@Au with the GSAB-Ab2 sandwich assay. 

Table 2 
Analytical results of hIgG in human serum (n = 3).  

Content of HIgG Spiked Shifts in PBS Shifts in serum Recovery 

(μg mL− 1) (μg mL− 1) (nm) (nm) (%) 

None 2.5 4.5 5.3 117.8 
None 5.0 6.7 7.4 110.4 
None 10.0 10.1 10.6 105.0  
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