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In the current work, a one-step, washing-free, homogeneous nanosensor assay has been constructed to
sensitively detect hepatitis B surface antigen (HBsAg) based on the light scattering property of gold nano-
particles (GNPs) through a sandwich model. The two nanoprobes in this study were designed by conju-
gating monoclonal and polyclonal hepatitis B surface antibody (HBsAb) onto the GNPs of different
diameters. First, the detection behavior of the combinations of different sizes of GNPs was evaluated
and the optimized combination was determined. In analyzing HBsAg in Tris—HCI buffer, such bioassay
composed of GNPs of approximately 50 and 100 nm has a limit of detection (LOD) as high as 0.005
[U/ml and a dose-dependent response ranging from 0.005 to 1 [U/ml, which indicates its good diagnostic
capability and provides a useful means to analyze protein biomarkers with low virus loads. Observation
with transmission electron microscopy (TEM) provides direct evidence that the increase of hydrodynamic
diameters resulted from the aggregation induced by immunological reactions. The bioassay also exhibits
satisfactory specificity in analyzing HBsAg in serum media. Therefore, with its simple preparation, easy
readout, and good stability, this bioassay has the potential to be developed into an automated and widely
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used biosensor assay.
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Gold nanoparticles (GNPs)? are currently used for a growing
number of applications because of their unique optical properties,
including biomedical diagnostics [1-8], molecular and cell imaging
[9-11], and thermal ablation and radiotherapy [12-15]. Nanoparti-
cles exist in the same size domain of protein and DNA structure,
which allows researchers to apply them as biomarkers in tagging
or labeling in diagnostics. The GNPs modified by a biological coating
or layer construct the nanosensors or nanoprobes. The principle
underlying the assay is based on GNPs’ ability to convert signals of
interactions between probe molecules and targets into easily moni-
toring optical signals, such as colorimetric detection [16-18], surface
plasmon resonance (SPR) [2,3,19,20], and fluorescent quenching and
enhancement [21-23].

Among them, colorimetric detection provides a simple, cheap,
and portable way of detecting the protein and DNA of interest.
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Especially, gold colloid-based lateral flow immunoassay has been
widely used as an effective field diagnosis method and point-
of-care technology. The aggregation and network formation
generated by biological reactions results in color change, which
constitutes the basis of colorimetric detection methods. However,
the limit of detection (LOD) of these bioassays can hardly be
upgraded due to the absence of amplification except for some
exploration studies in bio-barcode assays with fine design
[24-29]. Whereas the SPR property-based bioassays are nearly
sensitive enough, such a nanoprobe is particular about the external
environment for the homogeneous assays. Moreover, the prepara-
tion of solid SPR nanoprobe chips needs multiple steps for the het-
erogeneous ones [30]. Besides, fluorescent technology has been
studied extensively due to its high sensitivity, broad dynamic
range, and multiplexing capabilities. However, the fluorophores
often blink or bleach, which affects their signal collections and
observations and limits its wide applications.

The dynamic light scattering (DLS) technique is routinely used
as a conventional method to measure the hydrodynamic size and
size distribution of nanoparticles. Since the 1970s, it has been em-
ployed as an analysis method for immunological diagnosis [31].
Recently, a homogeneous DLS-based bioassay was reported to ex-
hibit superior performance on the detection of protein and DNA
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targets [32-36]. Actually, the previous studies offered great prom-
ise that optical cross sections of gold-based nanomaterials are or-
ders of magnitude higher than those of the conventional
fluorescing dyes, polystyrene nanospheres, or quantum dots [37].
Therefore, it stands to reason to use gold nanomaterials as the light
scattering enhancer, which would allow researchers to examine
the microscopic changes of the dispersion state caused by interac-
tions between the probes labeled.

Here, we report an ultrasensitive, one-step, homogeneous GNP
probe-based immunoassay to detect the target protein through a
sandwich assay format. Two possible sensing combinations were
evaluated, and a more appropriate one is demonstrated. As a
proof-of-concept example, the most important marker for the lab-
oratory diagnosis of hepatitis B virus (HBV), namely hepatitis B
surface antigen (HBsAg), was chosen as a target. HBsAg indicates
potential infectivity of HBV, and its quantity detection may be con-
tributed to the follow-up of treatment of HBV with antiviral drugs.
In general, it is qualitatively detected by enzyme-linked immuno-
sorbent assay (ELISA) and quantitatively analyzed through chemi-
luminescence detection clinically. Thus, our approach not only
provides a novel method of ultrasensitive detection of HBV, even
in serum, but also overcomes some of the drawbacks of ELISA, such
as the long testing time and the multiple washing steps.

Materials and methods
Materials

Chloroauric acid and citrate sodium were purchased from Sig-
ma-Aldrich Chemical. Bovine serum albumin (BSA) was purchased
from Roche. Monoclonal and polyclonal hepatitis B surface anti-
body (HBsAb) and HBsAg were provided by Beijing Polaris Biotech-
nology. The HBV, hepatitis C virus (HCV), and syphilis-positive sera
were obtained from the commercial diagnostic kits of InTec Prod-
ucts (Xiamen, China), in which positive controls are the purified
serum spiked with the antigen protein. The standard reference
material for HBsAg was provided by the National Center of Clinical
Laboratory (NCCL) of China. In addition, all of the chemical re-
agents were of analytical grade, and ultrapure water with a mini-
mum resistance of 18.2 MQ cm™! produced by a Milli-Q system
was used in all experiments.

Apparatus

Absorption spectra of the GNPs and GNP-based probes were re-
corded with a SpectraMax M5 microtiter plate reader with SoftMax
Pro software (Molecular Devices) in the wavelength range of 400 to
700 nm. The size measurements were carried out on a Zetasizer
Nano ZS90 system (Malvern Instruments) at a scattering angle of
173°. All of the data were obtained after being averaged from three
parallel experiments and expressed as means * standard devia-
tions. A Hitachi H-7650 transmission electron microscope operat-
ing at 80 kV was used to observe the morphology of GNP-based
probes.

Preparation of GNPs with different radius

The GNPs of different sizes were synthesized by the reduction of
chloroauric acid by citrate sodium according to a method described
elsewhere [38,39]. The dosage of the reducing agent was deter-
mined as we had done before [40]. All glassware was treated by
silylation due to the enhancement of the surface hydrophobicity.
As the first step, 250 pl of the 4 wt.% HAuCl, aqueous solution
was added to 100 ml of water in a flask under stirring at room tem-
perature. Then, the system was heated to 130°C in an oil bath.

After that, different volumes of 1 wt.% citrate sodium solution were
quickly added to the flask to obtain GNPs with different sizes.
Thereafter, the significant color change of the solution was ob-
served at once. After being boiled for at least 15 min, the reaction
system was removed from the oil bath and cooled at room temper-
ature. Prior to use, no purification procedure was needed for the as-
prepared GNPs. For convenience, we denoted the GNPs with diam-
eters of approximately 10, 50, and 100 nm as GNP10, GNP50, and
GNP100, respectively.

Surface modification of GNPs

The monoclonal and polyclonal HBsAbs were bound onto the
GNPs by the general conjugation protocol through physical adsorp-
tion. For the purpose of sensing model evaluation, the GNP50s
were labeled by monoclonal antibodies, and the GNP10s and
GNP100s were labeled by polyclonal antibodies, which allowed
us to compare the sensing behavior of the combination of
GNP10-GNP50 and GNP100-GNP50 to detect HBsAg through the
sandwich model. Prior to conjugation, the pH value of the GNP col-
loidal solution had been adjusted by 0.1 M K,CO3 according to the
isoelectric point of the antibodies. The concentration of antibodies
had been determined by the salt-induced aggregation observa-
tions. The optimized protein concentrations were 54 and 108
pg/ml polyclonal HBsAb onto GNP10 and GNP100, respectively,
and 120 pg/ml monoclonal HBsAb onto GNP50. To be more de-
tailed, the optimized amounts of the antibodies were added to
the colloidal gold with gentle shaking, followed by remaining
motionless for an incubation period of 30 min. Then, the GNP-anti-
body conjugates were washed by Tris-HCl buffer (pH 7.4) contain-
ing 1 wt.% BSA three times by centrifugation to block the active
sites that remained on the GNPs.

In vitro detection of HBsAg through sandwich format

First, the nanoprobes were condensed by adjusting their light
absorption values to an optical density (OD) of 0.8, monitored
through the particle surface plasmon resonance. The two sorts of
nanoprobes were mixed with a certain volume ratio in the
10 mM Tris-HCI buffer (pH 7.4). Once prepared, simulated target
samples were added into the mixture immediately, and a 1-h incu-
bation at 37 °C was carried out. Then, the DLS measurements were
directly performed within 1 h. Each value was averaged from three
parallel experiments and expressed as mean + standard deviation.
If transmission electron microscopy (TEM) observations were con-
ducted, the reaction products should be collected by centrifugation
because the concentrations of the nanoparticles were too low for
TEM.

Results and discussion
Characterization and fabrication of nanoprobes

It is well known that GNPs exhibit a localized SPR property that
is manifested by an absorption band in the visible region of the
optical spectrum. As shown in Fig. 1, the SPR peaks of the three
sorts of nanoparticles were located at 524, 540, and 565 nm, in
good agreement with the published data [40]. The core sizes of
the GNPs were determined by TEM analysis (insets of Fig. 1), and
the average core diameters of GNP10s, GNP50s, and GNP100s were
approximately 12.6+1.0, 53.7 £5.9, and 93.6 + 16.8 nm, respec-
tively. As has been applied elsewhere, the nanoprobes were fabri-
cated through physical adsorption with the system pH value at, or
a litter higher than, the plI value of the antibodies to allow the most
proteins to be adsorbed onto the surface of GNPs and to obtain
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Fig.1. Normalized UV-Vis absorption spectrum of the GNPs before and after the antibodies were modified. The insets are the TEM micrographs of the as-prepared GNPs.

stable detection systems. As shown in Fig. 1, functionalization by
antibodies brought about some changes to the location or shape
of the absorption spectroscopy.

Schematic illumination

Fig. 2 presents the schematic illumination of the two nanop-
robes in detecting the corresponding target based on the DLS tech-
nique. The combination of GNP10-GNP50 was taken, for example,
in the figure. Nanoprobes were formed after antibodies are
conjugated onto the GNPs, and the stability of the colloid solution
was increased compared with the unbound metal colloidal solu-
tions. HBsAg was chosen as the analyte because of its significance
in clinical diagnosis. The target, once added, would act as the

A ﬁ\

bridge to link the antibody-labeled GNP10 and GNP50 owing to
the immunological reactions through the sandwich model, just as
illuminated in Fig. 2Ba and 2Bc. Meanwhile, it is worth noting that
the aggregates would probably exist as another different form in
the detection system, as shown in Fig. 2Bb. Considering the poly-
clonal nature of GNP10s, the presence of target resulted in the
aggregation between the GNP10s because it allowed multiple
binding to the many paratopes that existed on the target antigen.
As a result, the nanoparticles’ aggregation could be detected di-
rectly by measuring their changes in hydrodynamic size rather
than by observing the color change with the naked eye or through
the ultraviolet-visible (UV-Vis) absorption spectroscopy. Huo and
coworkers verified that the nanoparticles’ pairs and oligomers
were formed from binding between the antigen and the primary
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Fig.2. Schematic illumination of the two nanoprobes in diagnostics using the DLS technique. (A) Dispersion state of the mixed nanoprobes in the detection system. (B)
Possible aggregates formed as a result of antigen—antibody reactions in the presence of target.
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antibodies attached to nanoprobes by adding a secondary antibody
and observation by TEM [36].

Model evaluation and detecting HBsAg in Tris—HCI buffer

The concentrations of the nanoprobes are conventionally ad-
justed to the appropriate ones for DLS analysis because it has been
demonstrated to be critical for the performance of the assay [41],
which could be easily monitored by the UV-Vis measurements.
By adjusting the light absorption intensity to OD = 0.8, the molar
concentrations of the nanoprobes were calculated to be approxi-
mately 3.13nM (GNP10), 0.03nM (GNP50), and 6.42 pM
(GNP100) according to the molar extinction coefficients at
450 nm [42]. The polyclonal antibody-labeled GNP10s were mixed
with monoclonal antibody-labeled GNP50 nanoprobes in a 1:3 vol-
ume ratio to construct the detection system. For comparison pur-
poses, the antibody-labeled GNP100s were also mixed with
GNP50 in the same volume ratio. To make the data obtained from
the current work more comparable with those of other studies,
HBsAg standard material was used as an analyte in the as-prepared
biosensor assay due to its stability. The diagnostic behavior of the
combinations of GNP10-GNP50 and GNP100-GNP50 toward the
concentration of HBsAg ranging from 0.001 to 1 IU/ml was investi-
gated and is plotted in Figs. 3 and 4. Inspection of the data showed
that the Z-average diameters of the detection systems increased in
a dependent manner with the amount of target protein in both fig-
ures, which verified the principle described above. The LODs were
determined to be 0.01 and 0.005IU/ml for GNP10-GNP50 and
GNP100-GNP50, respectively, which corresponded to the signals
that were greater than 3 times the standard deviation of the blank
samples. In comparison with the combination of GNP10-GNP50, it
is obvious that the combination of GNP100-GNP50 exhibited good
performance in terms of high sensitivity and broad dynamic range.
This is because the scattering light intensity of GNP100s was much
stronger than that of GNP10s with the same quantity. So, despite
the fact that GNP10s were numerically superior to GNP100s, the
combination of GNP100-GNP50 was demonstrated to be more
suitable than that of GNP10-GNP50 in the current detection sys-
tem. Actually, the aggregation caused by antigen-antibody reac-
tion increased the average particle size by several times, which
has also been observed in published works [41,43]. This phenom-
enon might be attributed to the fact that for the current assay, di-
mers, trimers, or clusters would occur as immunological reaction-
induced products, as illuminated in Fig. 2. However, because of the
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Fig.3. Z-Average diameters of the combination GNP10-GNP50 on the addition of
HBsAg standard materials in Tris—HCI buffer.

increased electrostatic or steric repulsion, the aggregates were not
large enough to change the solubility of the whole detection sys-
tem, which allowed the observations by DLS. As shown, the mixed
nanoprobes of GNP100-GNP50 possessed an LOD as low as
0.005 IU/ml (0.1 pM), which is 80 times more sensitive than ELISA
and doubly more sensitive than our localized SPR property-based
immunoassay biosensor using the same antigen-antibody pair
[19]. This high sensitivity should owe to the detection model using
two nanoprobes simultaneously, in which the signal was dually
amplified during detection. Likewise, if the HBsAg molecule was
captured by only one of the nanoprobes, the particle size of the
nanoprobe would also be increased because the DLS technique
was more sensitive than TEM and atomic force microscopy in
reflecting exactly the interactions of flexible shell and metallic
substrate.

It is important to note that in this experiment, there was no lin-
ear relationship between Z-average diameters and the concentra-
tions, probably due to the fact that after aggregates were formed
the particles or clusters measured as a unit by DLS were far from
sphere shaped, as illustrated in Fig. 2. This would have a nonlinear
influence on the rate of the particle’s motion under Brownian dif-
fusion. Furthermore, inspection of the micrographs displayed in
Fig. 5A (before) and B (after) reveals that after the target was
added, the dispersion state of the mixed nanoprobes changed
remarkably. The detection system of GNP10-GNP50 was taken as
an example because it was easier to distinguish between these
two nanoparticles through TEM. As shown in Fig. 5A, only a few
clusters of GNP10 nanoprobes had a relationship with those of
GNP50s in the field of vision before detection. However, distinct
interactions between the two kinds of nanoprobes are visually pre-
sented in Fig. 5B1 and B2 in the presence of the target. Meanwhile,
it was observed that the GNP10s aggregated with each other in
some microregions (Fig. 5B3). In our opinion, this phenomenon is
a consequence of the aggregates described in Fig. 2Bb, where the
analyte served as a bridge to link the GNP10s because of the poly-
clonal nature of GNP10s.

Detecting HBsAg in serum media

After the optimized combination was identified, we proceeded
to investigate the applications of the current strategy in analyzing
HBsAg in HBV-infected serum. To our knowledge, most of the new-
ly developed nanoparticle-based immunoassays are not suited to
analyzing protein in complex biological media such as plasma, ser-
um, urine, and other biological fluids. A few researchers have fo-
cused their work on analyzing desired protein in actual media
[19,44-46] because there are so many components in them,
including dissolved protein, glucose, clotting factors, and hor-
mones, which would disturb the stability of the nanoprobes or
have great influence on their detection behavior. The biomacro-
molecules could also contribute to the intensity of light scattering.
However, dark field imaging technology has demonstrated that in
the same size domain, the serum particles have much weaker light
scattering intensity than polystyrene latex particles and GNPs
(http://www.nanodiscoveryinc.com). In this respect, it is theoreti-
cally feasible to use the as-prepared biosensor assay in the detec-
tion of HBsAg in actual serum. In fact, a series of recent studies
has shown great promise that the DLS technique is capable of di-
rectly analyzing target analyte, even viruses, in complex biological
media, such as tissue lysates, cell lysates, and blood serum [41,47-
50]. The results of employing GNP50-GNP100 to analyze HBsAg in
serum samples are illustrated in Fig. 6. The clinical samples were
taken from infected human subjects whose serum had been deter-
mined by ELISA as infected or healthy. The shaded region corre-
sponds to 3 times the standard deviation of the negative serum.
As shown, the mixed nanoprobes were capable of distinguishing
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Fig.4. Z-Average diameters of the combination GNP100-GNP50 on the addition of
HBsAg standard materials in Tris-HCI buffer.

HBV-positive serum from HBV-negative serum as well as syphilis
and HCV samples. In the case of the five clinical samples, the re-
sults of the current assay also matched well those of ELISA. Obvi-
ously, compared with the data of blank samples in Fig. 4, the
particle sizes of the negative control samples in serum media de-
creased by more than 100 nm. Our interpretation is that the high
content of blood protein, which was milligram grade, had dragged
down the average particle size. For the purpose of clinical applica-
tions, the sample size of the background signal would be enlarged
to increase the accuracy of the bioassay. However, compared with
previous DLS-based biosensor assays, the current work has taken a
step forward by using the light scattering property of GNPs in
clinical diagnosis. Furthermore, the assay is straightforward in
manipulation, including fabricating, labeling, and detection, which
should open up new areas in using it in detection of other patho-
gens or biomarkers in actual media.

Z-Average diameter (nm)

N  PsyphiisHCVC-1 C-2 C-3 C-4 C-5

Fig.6. Applications of combination of GNP100-GNP50 to analyze HBsAg in serum
samples. P: HBsAg-positive serum from commercial diagnostic kits; N: HBsAg-
negative serum from commercial diagnostic kits; C-1, C-2, C-3, C-4, and C-5: Clinical
samples taken from HBV-infected or healthy human subjects.

Conclusion

A homogeneous nanosensor assay has been designed to detect
the biomarkers of HBV by target-induced aggregation monitored
by DLS through the sandwich model. Three sorts of nanoprobes
were prepared by labeling antibodies onto the surfaces of GNPs.
The combinations of GNP10-GNP50 and GNP100-GNP50 were
evaluated, and the latter was considered as the optimized one
because of the much stronger DLS intensity of GNP100s in compar-
ison with GNP10s. The mixed nanoprobes were demonstrated to be
capable of capturing HBsAg target not only in Tris-HCI buffer but
also in the serum media by measuring their hydrodynamic sizes.
The Z-average diameters of the combination of GNP100-GNP50 in-
creased in a dependent manner, with the concentrations of HBsAg
ranging from 0.005 to 1 IU/ml. The nanoparticles and clusters ob-
served by TEM visually confirmed that the size increase is indeed
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Fig.5. Representative TEM micrographs of the mixed nanoprobes of GNP10s and GNP50s. Panels A1 to A3 (top row): before detection. Panels B1 to B3: after 1 [U/ml HBsAg

incubated with the mixed nanoprobes.
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due to the aggregation caused by immunological reactions. Using
the same antigen—antibody pair, this assay is 80 times more sensi-
tive than the ELISA method under optimized conditions, which
provides a useful means to analyze other protein biomarkers with
low virus loads. Given the easy preparation of such nanoprobes, it
is reasonable to believe that this light scattering-based immunoas-
say exhibits a good prospect of application in the future, and it can
be developed into a common method to detect biomarkers in other
actual media, such as plasma, saliva, and urine. It is believed that
the DLS-based detection technology would also be developed into
a powerful tool to shed light on the interactions among proteins,
metal ions, and nucleic acids.
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