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ABSTRACT

Seed-mediated synthesis of gold nanorods (AuNRs) has been widely used for diverse
applications in the past decade. In this work, this synthetic process is demonstrated for
multicolor biosensing for the first time. Our investigation reveals that ascorbic acid acts
as a key factor to mediate the growth of AuNRs. This phenomenon is incorporated into
the alkaline phosphatase (ALP)- Enzyme-linked immunosorbent assay (ELISA) system
based on the fact that ALP can catalyze the conversion of ascorbic acid-phosphate into
ascorbic acid with high efficiency. This allows us to develop a multicolor ELISA
approach for sensitive detection of disease biomarkers with the naked eye. We show the
proof-of-concept multicolor ELISA for the detection of prostate-specific antigen (PSA) in
human serum. The results show that different colors are presented in response to different
concentrations of PSA, and a detection limit of 3X 10" g/mL in human serum was
achieved. The proposed multicolor ELISA could be a good supplementary to
conventional ELISA for POC diagnostics.

Keywords: Au nanorod; ELISA; visual inspection; alkaline phosphatase; clinical

diagnosis
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INTRODUCTION

Colorimetric sensors have attracted broad interests to both the academic and
industrial communities due to their simplicity and affordability.'” Normally, colorimetric
sensors can be detected with a portable UV-Vis spectrometer or even inspected with the
naked eye.®” Therefore, colorimetric sensors are extremely suitable for those applications
that expensive and/or bulky equipments are not applicable, for example, point-of-care
testing (POCT) and in situ environmental/food inspection.*'® Although colorimetric
sensors were extensively explored in the past decades, great challenges still exist to turn
these laboratory available sensors into real applications. An ideal colorimetric sensor
which is feasible for real applications should at least satisfy the following conditions: 1)
High sensitivity. The sensitivity of the sensor should be high enough, when compared
with other sensors such as fluorescent- and electrochemical- based sensors. 2) Wide
applicability. The sensor should be specific to the target while the sensing strategy should
be widely applicable to a number of analytes so that it is easier to be commercialized. 3)
Naked-eye (semi)quantitative assay. Visual inspection of the analytes with the naked eye
is the unique advantage of colorimetric sensors. However, the accuracy of the sensor
should be improved so that naked-eye inspection can not only be used for qualitative
assays, but also used for (semi)quantitative assays. Recently, we demonstrated that
colorimetric sensor based on the oriented aggregation of Au nanoparticles (AuNPs) can
improve the sensitivity effectively, which is comparable to fluorescent based

approaches.!" However, the color response of the sensor was still not enough for
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(semi)quantitative naked-eye inspection, thus a spectral meter was still necessary to be
used for the detection. Herein, we demonstrated that colorimetric sensors based on the
combination of conventional Enzyme-linked immunosorbent assay (ELISA) and
enzyme-triggered growth of Au nanorods (AuNRs) could almost satisty all the above
mentioned criteria.

ELISA is a widely used immunoassay method based on biocatalytic property of an
enzyme and the antigen antibody recognition.'”"* Due to the extremely high biocatalytic
ability of the labeled enzyme, ELISA methods are usually highly sensitive; while the
antigen-antibody recognition ensures the specificity of the approach. In addition,
thousands of antibodies have been commercialized, so that ELISA can detect a broad
range of targets. For example, ELISA has been extensively used in many fields such as
clinical diagnosis, environmental monitoring, food quality control, laboratory research,
and so on."*" In conventional colorimetric ELISA, a signal is generated by the
conversion of the enzyme substrate into a colored molecule, and the intensity of the color
of the solution is increased with the concentration of the target. This single-color intensity
variation is insensitive to human eyes, thus naked-eye inspection can be only used for
qualitative detection of the target, while a microplate reader should be used for
quantitative determination of the concentration of the analytes. However, the costly and
bulky microplate reader prevents its utility for POC testing.?*!

Recently, the unique optical properties of the noble metal nanoparticles were

incorporated into conventional ELISA to develop a new immunoassay method called
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plasmonic ELISA.*** The results showed that plasmonic ELISA presented enhanced
color display compared with conventional colorimetric ELISA so that it can be utilized
for visual detection of the analytes with the naked eye. For example, Stevens and
coworkers reported the first plasmonic ELISA for ultrasensitive detection of prostate
specific antigen (PSA) and HIV-1 capsid antigen p24.>** The absence and presence of
target molecules induced the growth of spherical gold nanoparticles (AuNPs) and
ill-defined gold nanoparticle aggregates, respectively. As a consequence, the solution
color transferred from red to blue with the increase of targets concentration. Recently, the
same strategy was utilized for the detection of HIV-1 protein gpl120 at ultralow
concentrations.”® Researchers from other groups have also explored diverse plasmonic
ELISA based on the formation of AuNPs aggregates.”’* Noting that all these plasmonic
ELISA approaches showed red to blue transformation in response to different
concentration of analytes. These dual-color responses are still not accurate for
(semi)quantitative detection of the analytes with the naked eye.

In this work, we demonstrate a novel strategy for the fabrication of plasmonic
ELISA based on enzyme-triggered growth of AuNRs. Our method is developed based on
the alkaline phosphatase (ALP) ELISA system. ALP is a hydrolytic enzyme that plays a
crucial role in the cell signaling pathways.”’ It is responsible for removing phosphate
groups from many types of molecules.”®>' In our sensing strategy, ALP is used for the
removal of a phosphate group from ascorbic acid-phosphate to yield the ascorbic acid to

trigger the growth of AuNRs.>*™ The presence of different amount of ascorbic acid leads
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to the formation of AuNRs with different sizes and aspect ratios. Therefore, the proposed
plasmonic ELISA shows vivid color responses to a varied concentration of target
molecules.

EXPERIMENTAL SECTION

Materials and instrumentations. Cetyltrimethylammonium bromide (CTAB, 99%),
sodium borohydride, ascorbic acid-phosphate, gold (III) chloride trihydrate
(HAuCl4.3H,0), Tween-20, bovine serum albumin (BSA), and the PSA (human) ELISA
kit were purchased from Sigma-Aldrich. Tris (hydroxymethyl) aminomethane (Tris),
silver nitrate and ascorbic acid were purchased from Aladdin. Phosphate buffer (PBS)
was purchased from ding guo in China. The absorbance of AuNRs solutions in 96-well
plates were collected by a Microplate Reader (Thermo). The photographs of all colored
solutions were taken by a digital camera (Canon EOS 600D with EF 100mm {/2.8L IS
USM). All solutions were prepared with double-deionized water.

Preparation of the AuNP seed solution. The AuNP seed was synthesized according
to a reported literature.** Briefly, CTAB solution (5 mL, 0.20 M) was mixed with HAuCl,
(5.0 mL, 0. 50 mM) at room temperature. The mixture was vigorously stirred for 5 min.
Then, 0.60 mL of ice-cold 10 mM NaBH4 was rapidly injected into the mixture. The
solution gradually changed into brownish yellow, indicating the formation of AuNP seed.
The seed solution was vigorous stirring for 2 min, then it was kept at 25 °C and should be
used within 2 h.

Procedures for ascorbic acid sensing. Ascorbic acids (0-15 pL, 0.01M) were added

Page 6 of 18



Page 7 of 18

©CoO~NOUTA,WNPE

Analyst

to a mixture solution containing CTAB (125 pL, 0.2 M), AgNOs (1.5 uL, 0.01 M), and
HAuCly (12.5 pL, 10 mM). The total volume of the solution was adjusted to 240 uL with
double-deionized water. Then, 10 uL of the seed solution was added to the above solution
to trigger the growth of AuNRs. The resulting solutions were incubated at room
temperature for 1 h. The photograph was taken with a digital camera, and the
corresponding UV—vis absorption was collected by a Microplate Reader.

Procedures for visual detection of ALP-conjugated antibody. ALP-conjugated
antibody solution obtained from the ELISA kit was diluted with 1 mM Tris-HCI buffer

(pH7.4) for 2500 folds before use. 10-70 uL of the diluted ALP-conjugated antibody
solution was then mixed with 50 pL of ascorbic acid-phosphate (20 mM). The mixture
solution was incubated at 37 °C for 1 h. After that, a mixture solution containing CTAB
(125 pL, 0.2 M), AgNO; (1.5 pL, 0.01 M), HAuCls (12.5 pL, 10 mM) was added. The
total volume of the solution was adjusted to 240 pL with double-deionized water. Then
10 pL of the seed solution was added. The mixture solution was incubated for 1 h at room
temperature. The absorbance of the AuNRs solution was recorded by a plate reader and
corresponding photograph was taken by a digital camera.

Plasmonic ELISA for visual detection of PSA. Reagents obtained from a
commercial PSA (human) ELISA kit (Sigma-Aldrich) were used for the plasmonic
ELISA. Procedures for capture the PSA and ALP-conjugated PSA antibody were
followed by the instruction manual of the kit. Briefly, the primary antibody (4 pug/mL) in

bicarbonate buffer (100 mM, pH 9.6) was added into the wells of the microplate and
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incubated at 4 °C overnight. After rinsing with PBST for 3 runs, 5% BSA in PBS (pH 7.4)
was added into each well as a blocking agent. Then, PSA (spiked in whole human serum)
was added at concentrations ranging from 107 to 200 pg/mL, respectively, and the
serum-only solution was set as a control. The plate was kept at 37 °C for 1 h and washed
with PBST for 3 runs. Then, 100 uL of ALP-conjugated antibody (0.5 pg/mL) solution
was added into each well, and incubated for 30 min. 200 uL of PBST was added into each
well and rinsed for 3 runs. Next, 50 pL of ascorbic acid-phosphate (20 mM) was added.
The solution was incubated at 37 °C for 1 h. Then 20 pL of the solution was mixed with
the AuNRs growth solution containing CTAB (125 pL, 0.2 M), AgNOs (1.5 puL, 0.01 M),
and HAuCly (12.5 puL, 10 mM). The total volume of the solution was adjusted to 240 pL.
with double-deionized water. Finally, 10 puL of the seed solution was added to trigger the
growth of AuNRs. The mixture solution was incubated for the other 1 h at room
temperature. The absorbance of the AuNRs solution was recorded and corresponding

photograph was taken.

RESULTS AND DISCUSSION

Figure 1 shows the general principle of the proposed plasmonic ELISA for the
detection of the target molecule. A widely used, commercially available ALP-ELISA
system was employed in our detection scheme. ALP is conjugated with a detection
antibody. The amount of ALP is proportional to the concentration of the target molecules

due to the sandwich-format immunoreaction. Hitherto, many enzymatic reaction
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substrates have been reported for ALP-ELISA system to generate colorimetric or
chemiluminescent signals.>>>’ Herein, ascorbic acid-phosphate was selected as the
enzymatic reaction substrate. ALP can efficiently remove a phosphate group from
ascorbic acid-phosphate to produce ascorbic acid.”® **2° The obtained ascorbic acid
induces the formation of AuNRs in the presence of growth solution. As it is shown in
figure 1, in the absence of the target, there is no ascorbic acid generated in the solution. In
this case, the ascorbic acid-phosphate in the reaction solution would reduce Au (III) to Au
(I), and the solution is colorless. In the presence of the target, the conjugated ALP can
catalyze the dephosphorylation of ascorbic acid-phosphate to produce ascorbic acid.
Ascorbic acid can further reduce Au(I) to Au(0). In the presence of AuNP seeds and
surfactant (e.g. CTAB), the reduced Au(0) would then deposit on the surface of AuNP
seeds to initial the growth of AuNRs. Corresponding growth mechanism has been
32,40

extensively investigated in seed-mediated synthesis of AuNRs.

Ascorbic acid-phosphate

CTAB  AgNO,

ALP 5
Ascorbic acid

Secondary antibody
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Figure 1 Schematic diagram of the plasmonic ELISA based on target-guided growth of
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AuNRs

First of all, the impact of the concentration of ascorbic acid on the growth of AuNRs
was investigated (Figure 2). Different concentrations of ascorbic acids were added to a
growth solution containing AuNP seeds, CTAB, AgNOs, and HAuCls. Noting that the
formula of this growth solution was directly adopted from a literature for seed-mediated
synthesis of AuNRs.*” This means that the procedures for the preparation of AuNP seeds,
the concentrations of CTAB, AgNOs, and HAuCly are all followed by the instruction of
the previous literature, and we didn’t optimize these conditions. The resulting solutions
were allowed to incubate at room temperature for 1h. It can be clearly seen from Figure
2a that the solution shows adsorption at ~400 nm, which corresponds to the extinction
peak of HAuCly, and the solution color is yellow (see Figure 2b). After the addition of
ascorbic acid, the intensity of the yellow solution decreased rapidly and then turned into
colorless in the presence of 0.40 mM ascorbic acid. No obvious peak is observed at the
wavelength larger than 500 nm, indicating that the AuNP seeds were not grown in this
process. Therefore, we inferred that in a low concentration of ascorbic acids, the amount
of ascorbic acids were not enough to reduce Au(Ill) to Au(0), but to Au(I). The colorless
solution (Figure 2b, sample number 5) indicates the completely reducing of Au(Ill) into
Au(]) because Au(l) (in the form of AuBry) is colorless.*' A step further to increase the
amount of ascorbic acids induced the formation of new absorption peaks at 500 nm to

800 nm, indicating the formation of AuNRs (Figure 2b, sample number 6-10). It was
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observed that the intensities as well as the peak wavelength of the longitudinal peaks of
AuNRs increased with the added amount of ascorbic acids. As a result, the color of these
solutions changed vividly as well. These results strongly indicated that the amount of

ascorbic acid played an important role in tuning the growth of AuNRs.
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Figure 2 UV-vis spectra (a) and the corresponding photographs (b) of AUNR solutions grown
with different concentrations of ascorbic acid. Concentrations of ascorbic acid for sample

number 1 to 10 were 0, 0.2, 0.28, 0.36, 0.40, 0.44, 0.48, 0.52, 0.56, 0.60 mM, respectively.

Next, we investigated the growth of AuNRs based on ALP triggered conversion of
ascorbic acid-phosphate to ascorbic acids (Figure 3). Figure 3a shows the extinction
spectra and corresponding photographs of the growth solution before and after the
addition of an excess amount of ascorbic acid-phosphate. It can be observed that the
addition of ascorbic acid—phosphate into the growth solution changed the solution color

from yellow to colorless. The results indicated that ascorbic acid-phosphate can also
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reduce the Au(Ill) to Au(I). However, it cannot trigger the growth of AuNRs because no
extinction peaks are observed in the wavelength range of 500 to 800 nm even after the
addition of an excess amount of ascorbic acid-phosphate (the red curve in Figure 3a).
Therefore, the introduction of ALP to convert ascorbic acid-phosphate to ascorbic acid is

a necessary precondition to trigger the growth of AuNRs.
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Figure 3 Visual detection of ALP-antibody conjugates with the proposed plasmonic ELISA. (a)

UV-vis spectra and corresponding photographs of the AUNR growth solutions before and after
the addition of an excess amount of ascorbic acid-phosphate (50 yL 20 mM) ; (b) UV-vis
spectra and corresponding photographs of the AuNRs growth solution after the addition of

different amount of ALP-antibody conjugates. The original solution of ALP-antibody
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conjugates in the ELISA kit was diluted for 2500 times with 1 mM Tris-HCI buffer (pH7.4). The
amount of diluted ALP-antibody conjugates added in sample 1 to 8 was 0, 10, 20, 30, 40, 50,

60, 70 L, respectively; (c) typical TEM images corresponding to sample number 3 (left) and 8

(right).

In commercial available ELISA kits, ALP is presented in the form of ALP-antibody
conjugates. Therefore, herein we showed the effect of the concentration of ALP-antibody
conjugates to the growth of AuNRs (Figure3b). ALP-antibody conjugate with various
concentrations were mixed with ascorbic acid-phosphate (20 mM), then the mixture was
incubated at 37 °C for 1 h to produce various amounts of ascorbic acids. Each of the
resulting solution (50 pL) was then mixed with a growth solution (200 pL) containing
AuNP seeds, CTAB, AgNOs;, and HAuCl,. The inset in Figure 3b shows that the solution
color turned from colorless to purple, blue, brownish, and reddish brown in response to a
varied amount of ALP-antibody conjugates. The extinction spectra shown in Figure 3b
shows significant red-shift of the longitudinal peaks of AuNRs when increasing the
concentration of ALP-antibody conjugates. These results indicated that the aspect ratios
of AuNRs were increased with the added amount of ALP-antibody conjugates. The TEM
images shown in Figure 3¢ also support this conclusion. The close relationship between
the solution color (or extinction spectra) and the concentration of ALP-antibody
conjugates strongly indicated the feasibility of the proposed approach for visual detection
of ALP-antibody conjugates with the naked eye.

Finally, we demonstrated the feasibility of the proposed plasmonic ELISA for
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visually detection of disease biomarkers in human serum. The detection of a cancer
biomarker, prostate specific antigen (PSA), was selected for a demonstration. Most of the
reagents for conducting the plasmonic ELISA were adopted from a commercial PSA
(human) ELISA kit (Sigma-Aldrich). Procedures for capture the PSA and
ALP-conjugated PSA antibody was followed by the instruction manual of the kit. Figure
4 shows the photographs (a), spectra (b) and calibration curve (c¢) of the proposed
plsamonic ELISA for the detection of PSA in serum. It should be pointed out that the
peak wavelength in the Y-axis means the maximum of absorbance in Fig.4b. PSA was
spiked into human serum to result in a series of samples with PSA concentrations ranging
from 107 to 200 pg/mL. The sample solution without the addition of PSA remained
colorless (see sample number 1 of Figure 4a). The solution color changed from colorless
to purple, blue, dark blue, gray, dark gray and brownish red with the increased
concentration of PSA. It should be noted that naked-eye distinguishable color was
observed in the presence of 1x10™° g/mL PSA, which means that the limit of detection
(LOD) of the proposed plasmonic ELISA for the detection of PSA in human serum was
equal or lower than 1x10™ g/mL. Meanwhile, significant spectral intensity and peak shift
were also observed in response to different concentration of spiked PSA (Figure 4b).
Good linearity between the logarithmical concentration of PSA and the corresponding
peak shifts was obtained (Figure 4c). These results strongly indicated the potential
applicability of the proposed plasmonic ELISA for the identification of disease

biomarkers at an ultralow concentration with the naked eye.
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Figure 4 Photographs (a), UV-vis spectra (b), and calibration curve (c) of the proposed
plasmonic ELISA for visual detection of PSA spiked in human serum. Concentrations of PSA
in sample 1 to 8 are 0, 0.001, 0.01, 0.1, 1, 10, 100, and 200 pg/mL, respectively. Error bars

represent standard deviation of three replicates.

Conclusions

In summary, this work demonstrated a strategy for conducting multicolor ELISA
based on enzyme-triggered growth of AuNRs. ALP was used as an enzyme-label probe to
specifically and efficiently catalyze the dephosphorylation of ascorbic acid-phosphate to
produce ascorbic acid. The produced ascorbic acid was then used to trigger the growth of
AuNRs. Our investigation revealed that different amount of ascorbic acids would produce
AuNRs with different size and aspect ratios. As a result, vivid color displays were
observed in response with a varied concentration of ALP. It is worth to note that ALP has

been widely used in commercial ELISA kits as enzyme labels to detect a large number of
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disease biomarkers. Therefore, our approach can well accommodate conventional
ALP-based ELISA to develop new multicolor ELISA methods for the detection of all
kinds of analytes. The proposed multicolor ELISA can be detected with the naked eye
with an ultrahigh sensitivity, e.g. we demonstrated the visual detection of PSA in human
serum down to 1x107 g/mL, which was much lower than current state-of-the-art ELISA

approaches detected with a sophisticated readout.
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