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A simple, sensitive and cost-effective method for the analysis of the mycotoxin aflatoxin B1 (AFB1) has
been established based on controlled growth of immunogold. AFB1-BSA conjugate modified magnetic
beads were employed as capture probe and anti-AFB1 antibody-coated gold colloids were used as
detection probe for the immunological recognition of AFB1, as well as for signal transduction. The
immune recognition event is converted into the gold enlargement signal which can be quantitatively
measured by UV-vis spectroscopy. The autocatalytic enlargement of immunogold was conducted in
aqueous solution containing chloroauric acid, hexadecyltrimethylammonium bromide and ascorbic acid.
The reaction could be stopped by the addition of sodium thiosulfate. The final absorbance and resonance
light scattering intensity were highly dependent on immunogold concentration. After gold enhancement,
the sensitivity of the immunoassay was improved and total assay time reduced to 1 h. Under optimized
conditions, the linear range and lower detection limit was 0.01-1 ng mL™" and 7 pg mL™', respectively. The
proposed method offers great promise for sensitive detection of other mycotoxins and organic pollutants.

Introduction

Gold nanoparticles (AuNPs) have attracted great attention in the
bioanalytical field owing to their unique physical and chemical
properties, such as easy preparation, simplicity of modification,
superior compatibility and excellent optical property."* They are
frequently employed as labels for different biological receptors,
including enzymes, antibodies, aptamers/DNA, and other
biomolecules, * which have been utilized for the detection of a
wide variety of analytes.> ¢

Based on the unique distance-dependent surface plasmon
resonance (SPR) property of AuNPs, numerous optical probes
have been developed.7’ 8 In addition, AuNPs have also been
extensively used for tag amplification.” For instance, owing to the
large surface area of AuNPs, active biomolecules like enzymes,'*
' artificial DNAzymes'? and enzyme-labeled antibodies'> '* were
immobilized on gold surface, which can efficiently catalyze the
specific substrates to generate a distinguishable signal change,
thereby achieving the enzymatic signal amplification. Further,
signal amplification was realized by utilizing the special catalytic
properties of AuNPs. For example, AuNPs can catalyze the
decoloration of organic dyes like methyl orange,' 4-nitrophenol'®
and methylene blue,'’ resulting in obvious absorbance change,
which can be easily read out with the naked eye or special
analytical equipment. As another example, AuNPs served as
seeds for silver enlargement where the reduction and deposition
of silver ions are catalyzed by the AuNPs.'®

The so-called silver staining method has been well developed
and extensively applied in biomolecular detection.'” However, as
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a disadvantage, the silver salt is usually sensitive to pH,
phosphates, chloride ions and natural light, which limits its
practical application. As an alternative, the gold staining, i.e.,
using gold salt for catalytic enlargement of AuNPs, has solved
these problems. The gold staining methods have been widely
used for the detection of various targets such as proteins and
DNA.?*?? However, this technique is mostly applied onto solid
substrates like glass slides™ and nitrocellulose strips,? therefore,
strict control of the reaction conditions are required to obtain
acceptable reproducibility. Several homogeneous detection
formats have been developed to solve this problem.***® The
AuNPs were enlarged in aqueous solution, which shows some
attractive attributes such as simpleness, low cost and high
sensitivity. But generally, a long reaction time is required for
homogeneous gold nanogrowth.”® Since the gold enlargement is
time-dependent, the reaction continues until all the gold ions in
growth solution are exhausted. Significantly, we recently found
that sodium thiosulfate can efficiently stop the reaction, which
makes the homogenous gold staining more controllable and
convenient.

In this work, controlled growth of AuNPs in aqueous solution
was studied in-depth by UV-vis spectroscopy and resonance light
scattering (RLS) technique, using hexadecyltrimethylammonium
bromide (CTAB) as stabilizing surfactant and ascorbic acid (AA)
as reducing agent. The controlled gold staining was then used for
signal amplification in competitive immunoassay (Fig. 1). The
mycotoxin aflatoxin Bl (AFB1) was chosen as the model
analyte.”” Although various methods have been developed for
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AFB1 detection, such as instrumental analysis using high-
performance liquid chromatography (HPLC)® or liquid
chromatography coupled to mass spectrometry (LC-MS)® and
different immunological assays,’*>* even more simple and rapid
methods are still desirable. AFB1-BSA conjugate modified
magnetic beads (AFB1-BSA-Fe;0, MBs) were employed as
capture probe, while anti-AFB1 antibody-coated AuNPs (Ab-
AuNPs) were used as detection probe for immunological
recognition of AFBI1, as well as for signal transduction. Since
MBs were removed from the reaction mixture, they did not
participate in the subsequent gold enlargement. After signal
amplification, the sensitivity of the immunoassay increased
distinctly. To the best of our knowledge, this is the first time that
homogeneous gold staining was applied to a competitive
immunoassay.

Experimental
Materials

Chloroauric acid (HAuCly), hexadecyltrimethylammonium
bromide (CTAB), ascorbic acid (AA), sodium thiosulfate
(Na,S,0;), Tween-20, ochratoxin A (OTA), T-2 toxin, fumonisin
Bl (FB1) and AFB1 were purchased from Sigma Aldrich
(Taufkirchen, Germany). Disodium hydrogen phosphate
(Na,HPO,) and sodium dihydrogen phosphate (NaH,PO,) were
purchased from Fluka (Buchs, Switzerland). Polyethylene glycol
8000 (PEG-8000) was obtained from Carl Roth (Karlsruhe,
Germany). Phosphate buffer solution (PBS) was prepared by
using 0.2 M NaH,PO, and 0.2 M Na,HPO, and then diluted to
the corresponding concentration. The mouse monoclonal anti-
aflatoxin antibody 1F2 was from our group.*® Ultrapure water
was produced using reverse osmosis with UV treatment (Milli-
RO 5 Plus, Milli-Q185 Plus, Millipore, Eschborn, Germany).

Apparatus

UV-vis absorption spectra were measured on a Specord 250 Plus
UV-vis spectrophotometer (Analytik Jena, Jena, Germany). RLS
spectra were measured on a RF-5301 PC spectrofluorometer
(Shimadzu, Tokyo, Japan) by simultaneously scanning the
excitation and emission monochromators from 300 to 800 nm
with AL =0 nm and sensitivity set to low.

Preparation of Ab-AuNPs and AFB1-BSA-Fe;O, magnetic
beads

Ab-AuNPs and MBs were prepared and characterized according
to the published method.** The AuNPs with size of 35 nm were
used. The Ab-AuNPs were dispersed in 5 mM PBS (pH 7.4)
containing 0.1% PEG-8000. The concentration of AuNPs and
MBs was estimated to be 0.40 nM and 4 mg mL™', respectively.

Preparation of gold growth solution

General procedure: 25 uL of 0.1 M HAuCl, was added to 10 mL
of 100 mM CTAB in water. The mixture was heated in a water
bath and mixed until all the precipitates were dissolved. Then 100
pL of 100 mM AA solution was added. The solution changed
immediately from clear orange to colorless. The growth solution
was ready for use after cooling down to room temperature.

To study the influence of CTAB on gold enhancement, CTAB
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solution with different concentrations (0, 5, 10, 25, 50, 75, 100

ss mM) was used to prepare the gold growth solution. To investigate

the effect of AA, solutions were tested with different final
concentrations (0.5, 0.55, 0.6, 0.75, 1, 2, 5, 10 mM). Volumes of
10, 25 and 40 pL of HAuCl, were used to evaluate the influence
of gold concentration.

Growth of AuNPs in aqueous phase

The immunogold nanoparticles (~0.20 nM Ab-AuNPs in 25 mM
PBS, pH 7.4, 0.05% PEG-8000) were used as gold seeds for the
enlargement. Generally, 50 puL of gold seeds were added to 1.0
mL of the growth solution. The absorption spectra were measured
after 30 min. The kinetics of the AuNP growth was quantitatively
monitored by UV-vis spectroscopy and RLS. To study the
influence of immunogold concentration, different amounts of
gold seeds (5-50 pL) were added to 1.0 mL growth solution for
gold enhancement.

Analysis of maize samples

Pulverized maize samples were purchased from supermarket in
Munich. The maize samples (1 g) were spiked with AFB1 at
different concentrations (0, 4, 8, 20 and 40 pg kg™"). The spiked
samples were kept at room temperature under dark condition for
3 h to evaporate methanol used to prepare AFBI standards and
then extracted with 4 mL of methanol/water (80:20, v/v) by
vortex mixing for 2 min and then centrifugated at 1920 g for 15
min. The supernatant was then 20-fold diluted with PBS (50 mM,
pH = 7.4) for quantitative analysis.

Assay procedure

The AFBI standard solutions with different concentrations were
prepared in 50 mM PBS (pH 7.4). A volume of 50 uL of AFBI1
standards/samples was injected into a 0.5-mL Eppendorf tube,
then 50 puL. of Ab-AuNPs and 15 pL. of MBs suspension (~4 mg
mL") were added successively. The mixture was well mixed and
incubated under shaking for 30 min. After removing the formed
immune complexes (i.e. anti-AFB1-AuNP-AFB1-BSA-MBs) by
magnetic separation, 100 pL of supernatant solution containing
unbound AuNPs was transferred into 1.0 mL gold growth
solution and the mixture was incubated at room temperature for
20 min. Then 100 pL of 10 mM Na,S,0; was added to stop the
reaction and the absorbance of the enlarged AuNPs was measured
on UV-vis spectrophotometer. The absorbance at 565 nm (533
nm for AuNPs without gold staining) was recorded and final
absorbance was calculated by subtracting the absorbance of the
corresponding blank samples. Error bars were standard deviations
across at least three repetitive assays.

Results and Discussion

The principle of the immunoassay is illustrated in Fig. 1. Bio-
functionalized MBs and free AFB1 molecules competitively bind
to AuNP-labeled antibodies. After magnetic separation, the
supernatant containing unbound AuNPs was directly submitted
for gold enlargement. The final absorbance depends on the
amount of immunogold nanoparticles added, which is directly

10s proportional to the concentration of AFB1 in the sample.
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14 Fig. 1 Schematic illustration of the homogeneous gold staining for W,w ‘ ‘ =

15 amplified optical detection of AFBI. & 5&°Wave,e"g‘ii7"m I P ot .
16 Fig. 2 (A) Proposed mechanism of gold enlargement in aqueous phase;
17 s Proposed mechanism of gold enlargement (B) UV-vis absorption of HAuCL, HAuCL:+CTAB, HAUCL+CTAB+AA
18 and HAuCL+AA; (C) UV-vis absorption spectra of the enlarging AuNPs
19 The proposed mechanism of the homogeneous growth of AuNPs  so recorded every 2 min.

20 is illustrated in Fig. 2A. The immunogold nanoparticles act as

21 self-catalysts while the CTAB serves as a surfactant to stabilize concentration of CTAB due to high surface energy. Thus, a high
22 the enlarged nanoparticles. Ascorbic acid was employed as the concentration of CTAB, 100 mM, was used in further
23 10 reducing agent for the gold enlargement. experiments. The AA reduced Au’* to Au”, and the Au" species
24 In the first stage, the Au’" ions were rapidly reduced to Au” ss were further reduced to gold atoms in the presence of
25 ions by AA. The Au" ions can be stabilized by CTAB. As shown immunogold. A certain amount of AA was required to reduce all
26 in Fig. 2B, chloroauric acid solution had very low absorption the gold ions. As shown in Fig. 3B, the absorbance increased
27 between 350 nm and 800 nm. In the presence of CTAB, a rapidly when the AA concentration rose from 0.5 to 1 mM, and
28 15 significant absorption peak appeared at 416 nm with a shoulder then decreased slightly in the range of 2-10 mM. The maximum
29 around 470 nm. This might be ascribed to ligand exchange e absorbance occurred at 1 mM AA. Therefore, 1 mM AA was
30 between HAuCl,; and CTAB. Au(ll)Br,-CTA complex was used for the following studies.

31 formed, which takes on a clear orange color.*> 3¢ After the The influence of the concentration of HAuCl, was also
32 addition of AA, the Au(Il)Br-CTA complex was rapidly investigated as indicated in Fig. 4A. The absorbance at 550 nm
33 2 reduced to Au(I)Br,-CTA, which was colorless. In the absence of was monitored by UV—vis spectroscopy. It is clearly seen that the
34 CTAB, the Au" ions were directly reduced to Au’. An obvious ¢ gold enhancement was faster at higher concentration of HAuCl,.
35 absorption peak was observed at 550 nm, indicating the formation BuF at 9.4 mM HAuCl,, the absorbance decreas.ed after 15 rpin.
36 of small gold colloids. In the second stage, the Ab-AuNPs served T'hlS might be ca'used by the enlarged AQNPS which are too big at
37 as self-catalysts by receiving and transferring the electrons to Au" hlgh concent.ra'tlon of chl(')roa}lrlc acid and' therefore, some
38 2 species.”® These Au” ions were then reduced to gold atoms which particles precipitated, resulting in a decrease in the absorbance.
39 deposited onto the surfaces of Ab-AuNPs, resulting in the size 70 Hence, 0.25 mM of chloroauric acid was selected for the
40 growth of the AuNPs, which can be easily monitored by UV-vis following experiments. o

a1 spectroscopy, as indicated in Fig. 2C. The absorbance increased The gOl.d enlargement is t.lme-depende.nt and norme?lly the
42 dramatically with increasing deposition time, while the process will be catalyzed continuously until all the gold ions are
43 30 absorption maximum was gradually red-shifted, which can be exhausted. Thus, a long reaction time is required. Recently, we

found that Na,S,0; can efficiently stop the reaction. As shown in

S

attributed to the increase of particle size and variations in the 7

44 refractive index as well as partial aggregation of the AuNPs Fig. 4B, after the addition of Na,S,0;, the absorbance did not

45 during enlargement. increase anymore and kept almost constant. This is because stable

46 . . . gold-sodium thiosulfate complex was formed as shown in Fig 2A,

47 Controlled growth of immunogold in aqueous solution

48 35 In order to optimize the gold enlargement, several experimental "T®) —osmi

49 parameters were investigated in detail, including the

50 concentrations of CTAB, AA and HAuCl,. . .

o1 Typically, the CTAB used in this study not only stabilizes the é é

52 reduced Au’ ions but also is crucial for preventing the g £

53 40 aggregation of enlarged AuNPs, which is very significant for

54 assays based on optophysical properties of the nanostructures (e.g.

55 absorption, light scattering). As shown in Fig. 3A, with the o SA“ Wave,j“gwm = - w @ Wave.i‘:;wm ™ -

> decrease of CTAB. concentration, the absorption spectrum Fig. 3 Effect of (A) CTAB concentration (0.25 mM HAuCl; and 1 mM
. . . 80 . .

g; l;;’lc,am? l}’lrolfder ‘T‘Ed t(lile m}f’“ml“m ij;’rg;’n was redjh‘?ed' Ai) and (B) AA concentration (100 mM CTAB and 0.25 mM HAuCL)

59 4s This might be attributed to the enlarged AuNPs aggregated at low on the absorbance of the enlarged AuNPs.

60
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Fig. 4 Time-dependent absorbance changes at 550 nm of the enlarged
AuNPs: (A) the effect of HAuCly concentration (100 mM CTAB and 1
mM AA) and (B) the effect of Na,S,0; (100 mM CTAB, 1 mM AA and
0.25 mM HAuCl).

which could not be reduced by AA and is well soluble in water.
Thus, Na,S,0; solution was used as stop solution for gold
enlargement.

The homogeneous growth of immunogold was then conducted
under optimized conditions. Fig. 5A shows the kinetics behavior
of particle growth using different amounts of gold seeds. Various
amounts of immunogold were added to 1.0 mL of growth
solution and the absorbance was monitored. The absorption
spectra after 30 min were shown in Fig. 5B. It can be clearly seen
that the rate of gold enlargement and final absorption intensity are
highly dependent on and proportional to the initial concentration
of immunogold (Fig 5C), which provides a quantitative basis for
signal amplification.

Monitoring the gold enlargement by RLS spectra

The RLS spectra of enlarging AuNPs were also investigated. RLS
occurs when the wavelength of incident light is close to that of
the absorption band of metal nanoparticles.”” AuNPs exhibit
characteristic RLS peak at about 550 nm. The RLS intensity can
be greatly enhanced with increasing particle size. As shown in
Fig. 6A, a typical RLS peak was observed around 555 nm. With
the increase of deposition time, the RLS intensity increased
dramatically. Different from the absorption band, the wavelength
of RLS peak kept almost the same. Fig. 6B shows the kinetic
plots of RLS intensity at 555 nm versus time. The RLS intensity
increased faster at higher concentration of immunogold. Similar
to the absorption behavior, the RLS intensity did not increase
when the gold enlargement was stopped by the addition of
Na,S,0; (Fig. 6C). Thus, RLS technique could be utilized as
another tool for monitoring the gold enhancement.

Amplified optical detection of AFB1 through controlled
growth of immunogold

The AFBI1 standards were quantitatively analyzed following the
procedures described in the experimental section. Fig. 7A shows
the absorption spectra of supernatants after gold enhancement.
With the increase of AFB1 concentration, the absorption intensity
increased correspondingly, and the maximum absorption was
slightly blue-shifted, which is ascribed to smaller enlarged
AuNPs at higher concentration of immunogold. As seen in Fig.
7B, a linear dependence between absorbance change at 565 nm
and AFBI level could be achieved in the dynamic range from
0.01 to 1 ng mL™" (ppb). The regression equation could be fitted
to y = 0.4543 x Cpappy; +0.3182 (ngmL™', R* = 0.988, 1 = 6). The
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so Fig. 5 (A) Time-dependent absorbance changes at 550 nm upon analyzing
different amounts of immunogold nanoparticles; (B) UV-vis absorption
spectra after deposition of 30 min. (C) Absorbance at 550 nm vs. the
amount of immunogold. Conditions: different amounts of immunogold
were added to 1 mL growth solution containing 100 mM CTAB, 1 mM
ss AA and 0.25 mM HAuCl,.
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Fig. 6 (A) RLS spectra of the enlarging AuNPs recorded every 1 min; (B)
Time-dependent RLS intensity changes at 555 nm upon analyzing
different amounts of immunogold nanoparticles; (C) Effect of Na,S,0; on

60 RLS intensity. Conditions: different amounts of immunogold were added
to 1 mL growth solution containing 100 mM CTAB, 1 mM AA and 0.25
mM HAuCl,.

limit of detection (LOD) was estimated to be 0.007 ng mL™" (7
s ppt) based on three times of signal-to-noise ratio.

The detectable concentration range of the developed assay is
comparable with that obtained by an ELISA*® or an
electrochemical immunosensor,”® which used the same anti-
AFBI1 antibody. In addition, the sensitivity of proposed assay

70 format is also high. Fig. 8 shows the comparison of AFBI
detection without and with gold enlargement. After gold staining,
the signal response increased distinctly. Take 1 ng mL™' AFB1 for
example, the absorbance change is about 3.5 times of that without
gold staining, which indicates that the sensitivity was indeed

7s improved after gold enhancement. Moreover, the method is
relatively fast, with a total assay time of ~1h.
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Fig. 7 (A) UV-vis absorption spectra of supernatant after gold
enlargement with different concentrations of AFB1 (from sample 1 to 6:
0, 0.01, 0.05, 0.1, 0.5, 1 ng mL'l); (B) The relationship between
absorbance changes at 565 nm and AFB1 concentration (7 = 6).
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Fig. 8 Response curves of the developed immunoassay toward AFBI1
standards: (a) without and (b) with gold enlargement (n = 3).

Further, the specificity of the developed immunoassay was
evaluated using common mycotoxins as competitors, including
FB1, T-2 toxin, OTA, and their mixture with AFB1. As shown in
Figure 9, a significant change in absorbance was only observed in
the presence of AFBI1, which demonstrated that the assay has a
good selectivity toward AFB1 detection.

The feasibility of applying the established immunoassay for
complex matrices was evaluated by the analysis of spiked maize
samples. The results are summarized in Table 1. Satisfactory
recoveries were obtained in the range of 90.7% to 115.1% with
acceptable relative standard deviation (RSD). This analysis
demonstrated that the established method could be used for
quantitative monitoring of AFB1 in real samples.

The proposed method is simple, specific and highly sensitive.
Compared with highly sensitive DNA amplification such as
hybridization chain reaction (HCR)* and loop mediated
isothermal amplification (LAMP),*' the design and operation of
the gold staining amplification method are much easier.
Furthermore, the established method does not require expensive

Absorbance change

PBS AFBI mixture FBI T-2 OTA

30 Fig. 9 Specificity of the developed assay towards AFB1 (1 ng mL™), FB1

(20 ng mL™), T-2 toxin (20 ng mL™"), OTA (20 ng mL™") and their mixture
with AFB1 (n = 3).
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40

45
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Table 1 Analysis of spiked maize samples (n = 3).

In sample After dilution  Detected value Recovery
(ngke™) (ng L) (ngLh (%)
4 50 51.5 103.0 +8.2
8 100 115.1 115.1+13.2
20 250 255.6 102.2+£6.9
40 500 453.3 90.7+2.1

or challenging equipments. This strategy is very attractive for
mycotoxin determination because (1) the preparation and the bio-
functionalization of the nanoparticles is simple and generally
applicable; (2) taking advantages of the amplification effect of
catalytic deposition of gold together with the extremely high
molar extinction coefficient of enlarged AuNPs, the gold
enlargement-based colorimetric approach shows high sensitivity;
(3) the use of magnetic particles as solid carrier reduces the
incubation time and facilitates the rapid separation of immune
complexes.

Conclusions

We have shown here the controlled growth of AuNPs using
CTAB as stabilizing surfactant, AA as reducing agent, and
Na,S,0; as stop reagent. Surface plasmon resonance signature of
the enlarged AuNPs and the kinetics of the gold enlargement
were monitored by UV-vis spectroscopy and RLS technique. The
absorbance as well as RLS intensity of the enlarged AuNPs is
highly dependent on the initial concentration of gold seeds. The
controlled homogenous gold enlargement was then utilized for
signal amplification in competitive immunoassay for the first
time. High sensitivity and satisfactory recoveries in spiked maize
samples were achieved for the detection of AFBI1. The total assay
is simple, specific, sensitive, and could be easily transferred to
the detection of other toxins and organic pollutants.
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