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o HAuCly acted more efficient than the other catalysts.

e Modified GNPs caused signal amplification and high specificity toward HBsAg.
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Abstract

A sensitive immunoassay method was developed for detection of HBsAg. A chemiluminescence

©CoO~NOUTA,WNPE

label was prepared based on co-immobilization of secondary antibody and luminol on gold
nanoparticles. HBsAg was targeted by a primary antibody, immobilized in polystyrene wells and
14 the secondary antibody, co-immobilized on luminol-gold nanoparticles. After formation of the
16 immune sandwich, the luminescence intensity was recorded in the presence of hydrogen
peroxide as oxidant agent and Au’" as an efficient catalyst for luminol oxidation. HBsAg was
21 detected in the linear concentration range from 0.12 to 30 ng/mL and the detection limit of 14
23 pg/mL. The proposed method has successfully applied to determine the HBsAg in patient real
26 serums. This method has excellent precision, detection limit and wide linear range, with low cost
28 and user friendly. With these features, proposed method is suitable for measuring antigen in

patient serums.
34 Keywords:
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Introduction

Most of traditional analytical methods are not efficient to monitor the important markers in body
fluids at low concentrations. In 1959, an immunoassay method was used for radiolabeling of
antigen or antibody to detect insulin [1] however it was not safe and the produced bio-conjugate
had short half-life [2]. To overcome these defects, photo- and chemi-luminescence were
developed [3]. Generally, luminescence is a term used to describe light emission that occurs
when a luminant molecule in excited state relaxes to its ground state. Unlike photo-
luminescence, in chemiluminescence the energy is provided through a chemical reaction rather
than a photo-excitation process. So, in chemiluminescence the problems such as source
instability and backgrounds noise are resolved [4]. Furthermore, chemiluminescence labeling
which is commonly used in immunoassay has advantages such as fast light emission [5], high
sensitivity and safety, controllable emission rate, and low cost. In addition, conjugation makes
the chemiluminant reagents more stable and also the luminometers based on photomultiplayer
tube are available [6]. So, this is why the chemiluminescent methods are commonly used in
routine clinical analysis and clinical research, as well. These methods have ultra-sensitive
detection limits and used in broad range of analytical applications such as immunoassay and
DNA probe assays [7]. For instance these methods are routinely used in automated immunoassay
analyzers, commercialized by several diagnostic companies [8-15].

Hepatitis B virus (HBV) is one of the most widespread virus causes acute and chronic infection
cirrhosis and liver cancer [16,17]. Since, the incubation period of HBV is from 1 to 6 months,
early diagnosis of HBV is vital for saving patient’s health. Basic markers of virus replication in
serum include S1 proteins of the hepatitis B surface antigen (HBsAg) and hepatitis B envelop

antigen, which are secreted by infected hepatocytes. HBsAg appears during infection and is used
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mainly to screen for the infection [17,18]. The fast and high accuracy of HBV diagnosis is the
main purpose of diagnostic systems [19].

In the present work, a sandwich type immunoassay system was used for detection of HBsAg. In
the first step, monoclonal antibodies were immobilized in the polystyrene well; then, by adding
sample containing antigen, the target binds to the primary antibody. This interaction was
detected by using a secondary antibody labeled with gold nanoparticles (GNPs) bearing luminol
molecules [20]. GNPs exhibit predominant capabilities to be used as a biological label for
biosensor applications [21,22]. Increasing in signal indicates the increase of secondary antibody
and analyte concentration [23,24]. Anti-HBsAg as secondary antibody (Ab,) and luminol as a
chemiluminant label were covalently immobilized on GNPs surface (Ab,/GNPs/Luminol). In the

presence of HAuCly as catalyst and H,O, as oxidant agent, HBsAg was detected.

Results and Discussion

Characterization of GNPs

Usually metallic nanoparticles in solution attract each other via strong van der Waals forces at
short distances [25]. By adsorbing citrate molecules on GNPs, negatively charged ions are
produced on nanoparticle surface so that the electrostatic repulsion will be enough to keep the
particles separated. This modification preserves the nanoparticles from aggregation. The size of
obtained GNPs was determined by DLS. For GNP size determination, it was preferred to dilute
the nano-particle suspension in deionized water rather than in PBS. Perhaps in PBS, the
repulsion of GNPs is reduced and therefore, GNPs might be aggregated. This is why the color of
GNPs in buffer was turned in to black. So, GNPs were diluted in deionized water with 1:2 ratio

of GNPs/water, respectively. The average diameter of diluted GNPs was 19.6 nm (in the range
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from 18.0 to 26.7 nm) while, 99.24% of population had the diameter of 20.28 nm. Since the
value of extinction coefficient for GNPs with diameter of 20 nm is 1.57x10° M c¢m™ [26], the
concentration of GNPs with the approximate diameter of 20 nm was estimated to be 0.5 nM.

The modification of GNPs’ surface was controlled by UV-Vis spectroscopy. The presence of
Tween-20 is helpful because it prevents the aggregation of GNPs in buffers and improves
chemisorbing of MUA on GNP surface [27]. The UV-Vis absorption intensity of GNPs at 521
nm was about 0.8 when diluted in deionized water (1:2). But it was reduced to about 0.4 when
coated with MUA and decreased to about 0.2 when the secondary antibody and luminol were co-
immobilized on GNPs-MUA (Data not shown). Absorbance intensity at 521 nm was little more
than that we expected. The high intensity could probably be due to the stabilization of GNPs by
citrate molecules and preventing their aggregation by Tween-20, as well. These results are well-
matched with those reported in the literature [27]. Covering the GNPs by MUA changes the
dielectric constant of gold colloids at micro-environment. Therefore, one expects a change on
extinction coefficient of GNPs’ surface plasmon resonance [25]. The dielectric layer around
GNPs also caused a red shift on surface plasmon resonance. Consequently, the coverage on
GNPs not only reduces the absorbance intensity but also brings about a red shift from 521 to 530
nm (Data not shown). By co-immobilization of Ab, and luminal on GNPs-MUA, the large bio-
molecules even more prevent the surface plasmon resonance. This is why we observed more red
shift from 530 to 535 nm. Both red shift and reducing the absorption intensity indicated that

GNPs were covered with biomolecules successfully.

Order of immobilization of Ab, and luminol on GNPs
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The experimental results showed that chemiluminescence intensity can also be affected by the
order of immobilization of luminol or Ab, on GNP surface. To examine this parameter, three
experiments were designed and the results were compared. In three test tubes, equal amount of
chemically activated GNPs were added. Then, in the first tube luminol and in the second one Ab,
were added. After incubation at 4 °C for 30 min, in the first tube Ab, and in the second tube
luminal and in the third one a mixture of luminol and Ab,, were added and incubated at 4 °C (in
dark) for 12 hours with gentle shaking. Finally, the co-immobilized Ab, and luminol on GNPs
(Abo/GNP/L), prepared in three test tubs was examined by using the above mentioned
procedures of “Immune complex formation” and “Chemiluminescence measurements”. The
results showed that the Ab,/GNP/L in first tube, in which firstly luminol and then Ab, were
attached on GNP surface, illustrated the highest intensity of luminescent emission (Fig. 1). It
seems that in such an order, 30 min pre-incubation of GNPs with luminol makes an opportunity
for these small molecules to attach on GNPs sufficiently and then in the next 12 h incubation a
very limited amount of Ab, will attach to GNPs. While, in two other test tubes the self-assembly
of large Ab, molecules within the first step, probably prevents the efficient absorption of luminol

on GNPs, during the second step.

Optimization of conditions

To examine the effect of pH on immobilization of luminol and then Ab, on GNPs, at first
luminol (in CBS 0.1 M with certain pH) and then after 30 minutes Ab, (in PBS 0.1 M with the
same pH) was added to GNPs. The thus prepared Ab,/GNP/L was examined by using the
procedures of “immune complex formation” and “chemiluminescence measurements”.

Comparison of the chemiluminescence intensity produced by Ab;-Ag-Ab,/GNP/L immune
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sandwich at different pH revealed that the most powerful signal was obtained at pH 9 (Fig. 2A).
Therefore, this pH was chosen as optimum pH for the next experiments.

Time and temperature optimization for Ag-Ab interactions was performed at two stages: Ag-Ab,
and Ag-Ab, complex formation. In order to determine the optimum incubation time and
temperature for Ag-Ab, interaction, Ab; was immobilized on plates and incubated with the
sample containing HBsAg. Then the complex (Ab;-Ag) was incubated with Ab,/GNP/L at
different times. After completion of immune sandwich (Ab;-Ag-Ab,/GNP/L),
chemiluminescence intensity was recorded in the presence of H,O, and HAuCly. As shown in
Fig. 3b, the best incubation time and temperature for Ag-Ab; interactions was 45 min and 25 °C,
respectively. In an independent experiment and in the same condition as mentioned for Fig. 2B,
it was revealed that the optimum incubation time and temperature for Ag-Ab, interaction were 30

min and 37 °C, respectively (data not shown).

Catalyst effect

To compare the effect of different catalyst on immunoassay, chemiluminescence intensity of
sandwich was recorded in the presence of different catalysts (AgNOs, CoCl,, HAuCl; and
hemoglobin: Hb). After completion of immune sandwich (Ab;-Ag-Ab,/GNP/L) at optimized
conditions the chemiluminescence intensity was recorded. Fig. 3A shows the significant
catalytic effect of HAuCly relative to AgNO3, CoCl, and Hb.

Beside, the result of optimization test for catalyst concentration revealed that the
chemiluminescence intensity was increased by increasing the HAuCls concentration up to 0.1%
w/v and then it reaches to a plateau (Fig. 3B). Therefore, concentration of 0.1% was selected as

optimum catalyst concentration.
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Calibration curve

Under the optimized conditions, the calibration curve for determination of HBsAg was plotted.
As shown in Fig. 4, the chemiluminescence intensity (I) increased linearly with increasing
HBsAg concentration in the range from 0.12 to 30 ng/mL. The detection limit (DL) at signal to
noise ratio of 3 (S/N = 3) was calculated according to the Equation (1):
DL=3.3o/S (1)

Where, o is standard deviation of the response and S is the slope of calibration curve [28]. The
regression equation for HBsAg calibration curve was: [ = 6065.4 [HBsAg] - 156.95 (R = 0.995,
n = 3), and the relative standard deviation of the biosensor response at the concentration of 0.12
ng/mL was 0.25% for three successive measurements. Based on Eq. 1, the detection limit was
calculated to be as low as 14 pg/ml, at signal/noise ratio of 3.

To evaluate the feasibility of the immunosensor, its analytical parameters were compared with
those obtained by other chemiluminescence immunosensor, reported in the literature for the
detection of various antigens. The GNPs bearing luminol caused signal amplification and Au’" as
non-enzymatic catalyst could improve the sensitivity. Also, these avoided any complicated
reaction or extra functionalizing process, making the method low-cost, easy to operate and time-
saving. As seen in Table 1, under the optimum condition, chemiluminescence intensity has a
linear correlation with the concentration of HBsAg within the concentration range of 0.12-30

ng/mL and a lower detection limit than the other immunosensors.

Specificity and feasibility for real samples
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Generally, immunoassay methods are very specific due to high affinity of antibody toward
antigen. But, the bio-conjugated Ab,/GNP/L which was used in the immunoassay may lead to
change in Ag-Ab affinity. Therefore, the specificity of HBsAg toward the prepared label
(Abo/GNP/L) was examined. BSA, which present in blood at high level, and also some antigens
with similar structure to HBsAg were used for the specificity test. In Fig. 5, the specificity of
prepared label (Ab,/GNP/L) toward BSA and different antigens such as HBsAg, HCV-core24,
HCV-NS;, HCV-NS4 and HCV-NSs were compared. The results revealed that Ab,/GNP/L
responded to HBsAg more significant than either BSA or other antigens.

In order to investigate the feasibility of the proposed immunosensor for determination of HBsAg
in real sample, two human serums from two different patients were examined by the proposed
immunosensor. The samples were received from Noor Laboratory, Zanjan, Iran. At first, in the
clinical lab, the concentration of HBsAg in real samples was determined to be 0.27 and 2.7 ng/ml
by using standard ELISA method (Dia.pro kit, Italy). Then, the luminescence intensities of these
human serums were recorded by the proposed immunosensor to be 1574 and 15819. In Table 2,
the analytical parameters of linear range, RSD and detection limit obtained by the proposed
immunosensor and ELISA method were summarized. As seen these is a satisfactory consistency
between the data obtained by ELISA method and immunosensor. This indicates the feasibility of

the proposed immunosensor for determination of HBsAg in clinical analysis.

Experimental

Chemicals and apparatus

10
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Luminol (5-amino 2,3-dihydro 1,4-phthalazinedione), H,O, (30% solution) and three sodium
citrate (Na3C¢HsO;) were purchased from Merck (Germany). Gold (III) chloride hydrate
(HAuCly), bovine serum albumin (BSA), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC), N-hydroxysuccinimide (NHS), 11-mercapto undecanoic acid (MUA), 2-
morpholinoethansulfonic acid monohydrate (MES), nonionic surfactant polyoxyethylene-20
sorbitan monolaurate (Tween-20) and absolute ethanol were purchased from Sigma-Aldrich.
HBsAg, anti-HBsAg antibodies (primary: Ab; and secondary: Ab,) and the polystyrene micro-
well coated by Ab; were provided by Pishtaz Teb Zaman Co. (Tehran, Iran). All chemicals used
without further purification. Also in all experiments the solutions were prepared using double

distilled deionized water.

UV-Visible spectroscopy was performed by Spectrophotometer (Cary 100 bio, Varian,
Australia). Dynamic light scattering (DLS, 90 plus Brookhaven Instruments Corporation, USA)
was used for size determination. The micro centrifuge (Sigma, USA) was used to separate GNPs
at different conditions. The samples were centrifuged at 14000 rpm for 30 min at 4 °C. The
chemiluminescence emissions were recorded at 425 nm by fluorescence micro plate reader (H4,
Bio Tech Co, USA). All of the immune tests were carried out in 96-well plates. By completion of
the immune sandwiches 10 pl of HAuCly and 10 pl of H,O, were added to each well. After

shaking, the emissions intensity was recorded.

Luminol stock solution (10 mM) was prepared in 100 mM sodium carbonate buffer (pH 9), and
kept at 4 °C for 48 hours in dark condition. Independently, HAuCly, 2H,0 (0.1% w/v solution)

was prepared and used as catalyst. It was stable for several months in refrigerator.

Synthesis of gold nanoparticles

11
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GNPs suspension was prepared according to the literature [34] with a slight modification.
Briefly, an appropriate volume of 1% tri-sodium citrate was added into aqueous solution of
HAuCly (0.1%) with temperate stirring at 70 °C for about 50 min. Then, the temperature was
reduced till room temperature while the solution stirred gently. The resulting particle suspension
was cooled calmly and stocked in a brown bottle at 4 °C. The size of GNPs in suspension was
measured by DLS and UV-Vis spectroscopy. The GNP samples was prepared by diluting the

stock suspensions in pure water and used as label.

Co-immobilization of secondary antibody and luminol on GNPs

For chemisorption of MUA on GNPs, 1 mL of GNPs was gently added to 2 mL of phosphate
buffer solution (PBS, 10 mM, pH 8) containing MUA (3 mM) and Tween-20 (0.2 mg/mL). The
mixture was incubated at room temperature for 30 min. After chemisorption of MUA on GNPs,
the GNP conjugates (GNP-MUA) were washed with buffer and centrifuged at 14000 rpm for 30
min. Following the careful removing of supernatant, containing excess MUA and Tween 20, the

precipitate was re-suspended in buffer.

For activation of the carboxylic acid functional groups assembled on GNPs surface, the GNP-
MUA, prepared in previous section, was added to MES buffer solution (1 mM, pH 5.5)
containing 50 pL of EDC (50 mM) and 50 pL of NHS (50 mM) and then, the mixture was
incubated at room temperature for 20 min. Thereafter, the modified GNPs were washed three
times by centrifugation at 14000 rpm for 30 min and the precipitate was re-suspended in PBS.
The activated carboxylic acid groups on GNP surface were ready to react with primary amine

groups on either luminol or Ab,.

12
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Since the primary amine groups of luminol molecules play no role in chemiluminescence, they
were used for covalent linkage to GNPs. Therefore, at first 100 pL of luminol solution (50 mM)
and then (after 30 min) 25 pL of Ab, (20 mg/mL) were added to activated GNPs. The mixture
was incubated for 12 hours at dark in cold room (at 4 °C) with gentle shaking. At the end, the
mixture was washed three times and separated by centrifugation (14000 rpm, 30 min) to discard

free molecule from those immobilized on GNPs. The prepared bio-conjugation was diluted in

PBS (0.01 M, pH 7.4) and stored at 4 °C.

Immune complex formation and chemiluminescence measurements

100 uL of the sample solution (HBsAg, 20 ng/mL in PBS 0.01 M, pH 7.4) was added to each
well of micro-plate (polystyrene micro-well coated by Ab,) and incubated at 37 °C for 30 min.
Then all of the wells were washed three times with washing buffer (PBS, pH 7.4, 0.1 M and
Tween 20, 45 pM). Finally 50 pl of luminal-Ab, coated GNPs (Ab,/GNP/L) was added to each
well and after incubation at 25 °C in dark for 45 min, the completed immune complex was
washed three times with washing buffer. Then, sodium carbonate buffer (SCB, pH 9, 0.1 M) was
added to the completed immune complex and then HAuCly (10 pl, 0.1% w/v) as catalyst and
H,O, (10 ul, 10° M) was injected to the solution. After a quick mixing, the emitted

chemiluminescence light was recorded.

Conclusion

A simple, fast and sensitive chemiluminescence immunosensor was developed with wide linear
range for detection of HBsAg. Comparison of the catalyst performances for luminol oxidation

showed that HAuCly acts more efficient than the other catalysts (AgNOs;, CoCl,, and Hb).

13
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Designing the bio-conjugated label was so simple that primary amine groups existed in luminol
and antibody could be self-assembled on GNP surface. On the other hand, application of GNPs
as carriers for bearing luminol and secondary antibody caused both signal amplification and high
specificity toward HBsAg. Moreover, Au’" as a non-enzymatic catalyst could improve the
sensitivity. Consequently, the prepared immunosensor would be a low-cost, easy to operate and
time-saving method which seems to have enough potential to be developed for clinical

immunoassays.
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Figure Legend

Fig. 1 Chemiluminescence intensity recorded by immune sandwich formation (Abs-Ag-Ab,/GNP/L, containing 20 ng/mL HBsAg) in the presence of
H,0, (10'3 M) as oxidant agent and HAuCl, (0.1% v/w) as catalyst. The order of Ab, and luminol attachment on GNP surface was as follows: (a) Ab,
and luminol at the same time were added to GNPs. (b) At first Ab, and then after 30 minutes, luminol was added to GNPs. (c) At first luminol and then
after 30 minutes, Ab, was added to GNPs. Luminol was dissolved in SCB (pH 9, 0.1 M) and Ab, was diluted in PBS (pH 9, 0.1 M). The columns in the

inset represent the mean value of three independent assays.

Fig. 2 A) pH optimization for co-immobilization of Ab, and luminol on GNPs surface. At first luminol (0.1 M in CBS with a certain pH) and then after 30
minutes Ab, (0.1 M in PBS with the same pH) was added to GNPs at different pHs. Finally, chemiluminescence intensity was recorded by following the
procedure mentioned in Experimental Section for “immune complex formation” in presence of 25 ng/mL HBsAg and “chemiluminescence
measurements”. B) Time optimization for Ag-Ab,/GNP/L interaction at 25 (A) and 37 (e) °C. Ab; was immobilized on plates and incubated with the
sample containing HBsAg (5 ng/mL). Then the complex (Abs-Ag) was incubated with Ab,/GNP/L at different times: 5, 10, 20, 30, 45, 60 and 75
minutes. After completion of immune sandwich (Abs-Ag-Ab,/GNP/L), chemiluminescence intensity was recorded in the presence of H,O, (10° M) as

oxidant agent and HAuCl, (0.1% v/w) as catalyst. Each point represents the mean value of three independent assays.

Fig. 3 A) Comparison between the effects of different catalysts on immunoassay. Chemiluminescence intensity of sandwich containing HBsAg (10
ng/mL) was recorded in the presence of H,O, (10 M) and different catalysts at their optimized concentration: AGNO3; 10° M [30], CoCl, 0.01 M [31],
HAuCls 0.1% w/v, Hb 150 mg/ml) in SCB (100 mM, pH 9), at room temperature and 45 min incubation. B) Optimization of catalyst concentration.
Chemiluminescence intensity of sandwich in presence of 20 ng/mL HBsAg was recorded in the presence of H,O, (10° M) and 10 pl of HAUCI, at

different concentrations. Each point represents the mean value of three independent assays.

Fig. 4 Calibration curve of immunosensor toward HBsAg. Inset shows the linear range. The intensity was recorded in the presence of different
concentrations of HBsAg. The immune sandwich was formed in optimum conditions (SCB buffer pH 9, 10 pl H,O, 10° M, and 10 pl HAUCIl, 0.1% wiv).

Each point represents the mean value of three measurements.

Fig. 5 Specificity of biosensor towards HBsAg, HCV-core, HCV-NS3, HCV-NS4, HCV-NS5 antigens and BSA. Intensity of immune sandwich was
recorded in the presence of 25 ng/mL of antigens, (in SCB buffer, pH 9), 10 ul of H,0, (10° M), and 10 ul of HAUCI, (0.1% w/v). Each point represents

the mean value of three independent assays.

Scheme 1 (A) The process for functionalization of gold nanoparticles. () Formation of MUA self-assembled mono-layer on GNPs in the presence of
Tween 20. (ll) Activation of carboxylic acid groups via EDC/NHS binding. (lll) Attachment of luminol and then secondary antibody (anti HBsAg) to the
activated GNPs. (B) The process for immune sandwich formation and chemiluminescence measurement. (I) HBsAg was added to the wells covered
with Aby4, then to remove the unbound antigens the wells were washed by washing buffer. (II) The GNPs labeled with secondary antibody and luminol
(Abo/GNP/L) were added to the well to complete the immune sandwich. (lll) In the presence of catalyst (HAuCl,) and oxidation agent (H;O_) the luminal

molecules were exited and emission was recorded at 425 nm.
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Table 1. Comparison of the analytical parameters obtained by present work and those reported in the literature based on

chemiluminescence immunoassay using different catalysts.

Antigen Linear Detection limit Catalyst References
Type range (ng/ml)
(ng/ml)
CEA 5-20 0.1 HRP and Co™ [29]
AFP 10-100 3.5 HRP [30]
CEA 10-100 0.53 DMDSBA [31]
FPSA 0.15-20 0.1 ALP [32]
Vg 1.56-8000 0.03 HRP [33]
HBsAg 0.12-30 0.014 Au’’ Present work

CEA: Carcinoemberyonic antigen, AFP: a-fetoprotein, FPSA: Free prostate-specific antigen, Vg: Vitellogenin, HRP: Horse
radish peroxidase, DMDSBA: 10,10’-dimethyl-3,3’-disulfo-9,9’-biacridine, ALP: Alkaline phosphatase

20
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Table 2. Comparison of designed immunosensor responses and the results obtained by ELISA method for determination of HBsAg in real human
serum samples.

©CoO~NOUTA,WNPE

Sample 1 Sample 2 Linear range | Detection limit

12 (ng/mL) (ng/mL) (ng/mL) (ng/mL)

15 ELISA* 0.27+0.02 2.70+0.02 1-100 0.1

18 Present
19 0.28+0.06 2.63+0.06 0.12-30 0.014
Immunosensor*#*

24 *The results obtained by conventional ELISA method (https://www.diapro.it/index.php/products/elisa/hepatitis/hepatitis-b/HBsAg-
detail)

25 **The results are the mean values of three measurements obtained by designed immunosenor.
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Table of content entry

AU*, H202

Alkaline condition

o HAuCly acted more efficient than the other catalysts.

e Modified GNPs caused signal amplification and high specificity toward HBsAg.
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