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Development of simple, robust, and reliable detection strategy of disease biomarkers holds tremendous promise
for early clinical diagnosis and prognosis of diseases. In this work, through combining a silver nanoparticle
(AgNP) linked immunoassay and aggregation induced emission (AIE)-based fluorogenic Ag" probe, we devel-
oped a silver-amplified fluorescence immunoassay for the detection of disease biomarkers. This method over-
came the intrinsic limitations of enzymes as the dissolution of AgNPs generated numerous Ag", which could

switch on the fluorogenic Ag™ probe driven by tetrazolate-Ag™ complexation. As a proof of concept, our method
could be used for determining o-fetoprotein (AFP) with a linear relationship in concentrations ranging from 0.1
ng mL~! to 5 pg mL ™! and a low limit of detection of 42 pg mL™*. Our method was successfully confirmed for the
detection of AFP in real serum samples from hepatocellular carcinoma (HCC) patients, demonstrating the great

potential for clinical diagnosis.

1. Introduction

Ultrasensitive detection of disease biomarkers in clinical samples is
crucial for early diagnosis and treatment of disease [1-6]. Up to now,
enzyme-linked immunosorbent assay (ELISA), which based on specific
reactions of antigen-antibody and biocatalytic amplification of enzyme,
has been developed as the most commonly used method because of its
simplicity, rapidness and high-throughput [7-9]. Enzymes, play a
crucial role in the ELISA method for signal amplification, are
cost-consuming and are generally sensitive to reaction conditions like
pH, temperature and inhibitors, etc [10-13]. Therefore, it is of vital
significance to develop new strategy for the ultrasensitive detection of
disease biomarkers without enzyme amplification. Recently, the disso-
lution of metal nanoparticles into ions has been proposed to serve as an
alternative approach which exhibits comparable amplification with the
enzymes [4,8]. A robust metal-linked immunosorbent assay (MeLISA)
with colorimetric readout has been developed for the ultrasensitive
detection of cancer biomarkers [1].

With the rapid development of inorganic quantum dots and organic
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fluorophores, fluorescence has drawn increasing attention in bioanalyte
sensing with high sensitivity [14-19]. One of the bottlenecks to perform
fluorescence detection is the high background fluorescence of the con-
ventional fluorescent materials and the aggregation-caused quenching
effect at high concentration [20-23]. Accordingly, a new type of fluor-
escence molecules with the unique AIE properties has been developed
over the past decade [24-28]. Aggregation-induced emission lumi-
nogens (AlEgens) display the negligible or weak emission in solution but
exhibit the strong emitting in aggregates or solid state [29]. Comparing
with the traditional aggregation-caused quenching luminogens, AIEgens
have better photostability and higher brightness, which are highly
suitable for high quality fluorescent visualizers for biological imaging
and excellent fluorescence tracking for sensing [24,26,30,31]. Consid-
ering the AIEgen is convenient and sensitive, the strategy is furthermore
plausible for developing a new AIE immunoassay. In previous study,
atetrazole-tagged aggregation induced emission (AIE) luminogen,
driven by tetrazolate-Ag' interactions, was introduced as a novel
water-soluble fluorogenic Ag™ probe [15]. On this basis, we presented a
silver-amplified fluorescence immunoassay using this AIE probe for the
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Scheme 1. Schematic diagram of silver-amplified fluorescence immunoassay through the combination of particle-to-ions (AgNP-to-Ag™) amplification and Ag™-

tetrazolate triggered AIE process for the detection of disease biomarkers.

ultrasensitive detection of disease biomarkers in this study (Scheme 1).
Instead of enzymes used in traditional ELISA, AgNPs-labeled detection
antibody was utilized as the signal amplification. With the addition of
mild H,0; solution, AgNP-Ab could be dissolved into millions of Ag™,
which induced the aggregation of fluorogenic Ag" probe. Single AgNP
produces a large amount of Ag™ by several orders of magnitude through
the particle-to-ions amplification, and then Ag" switches on the fluo-
rescence of AlEgens molecules via an Ag*-triggered aggregation reac-
tion. Because the amount of target biomarkers in the system was directly
related to the number of AgNPs, it was easy to directly detect Ag™ by
fluorescence detection technology and further use it for biomarker
detection. Using AFP as a model biomarker, we demonstrated that this
fluorescence immunoassay displayed high sensitivity for AFP with
detection limit as low as 42 pg mL™. Our method was successfully
confirmed for the detection of AFP in real serum samples from HCC
patients. With these merits, we believed our proposed silver-amplified
fluorescence immunoassay via aggregation-induced emission was
available to rapid detection of other disease biomarkers for clinical
applications.

2. Experimental section
2.1. Materials and reagents

All reagents used for all experiments were of analytical grade and
were used without further purification. Sodium hydroxide (NaOH, 97%)
was obtained from Shanghai Aladdin Reagent Co., Ltd (China). Sodium
citrate (NagCit), nitric acid (HNO3), hydrochloric acid (HCI), disodium
hydrogen phosphate (NapHPO4-12H0), sodium dihydrogen phosphate
(NaH,PO4-2H50) and hydrogen peroxide (H202, 30%) were purchased
from Shanghai Lingfeng Chemical Reagent Co., Ltd. (China). Silver ni-
trate (AgNO3) was purchased from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China). Tween-20 was purchased from Acros. Bovine
serum albumin (BSA, >98.0%) was purchased from Sigma-Aldrich. 96-
well polystyrene plates were purchased from Corning Incorporated. The
tetrazole-tagged AIE luminogen (TPE-4TA) was obtained from AIEgen
Biotech Co. Ltd. Human AFP ELISA kits were obtained from Shanghai
MLBIO Biotechnology Co. Ltd. Ultrapure water with a resistivity of 18.2
MQ cm produced by a Millipore system was used throughout the
experiment. A real sample of clinical diagnosis of AFP antigens, anti-
bodies, prostate specific antigen (PSA), procalcitonin (PCT), hepatitis B
virus surface antigen (HBsAg) were provided by the Prof. H.X.H.

2.2. Apparatus

Fluorescence spectra were obtained with a Synergy H4 Hybrid
Reader (BioTek Instrument, Inc., America). Transmission electron mi-
croscopy (TEM) images were collected with a JEOL 2100 electron mi-
croscope (JEOL Ltd., Japan). Ultraviolet—visible absorption spectra were
acquired with an Ocean Optics instrument.

2.3. Synthesis of 60 nm AgNPs

The AgNPs with an average diameter of 60 nm were synthesized via
the following steps [32,33]. Briefly, 18 mg AgNO3 was dissolved in 100
mL of ultrapure water and heated to boiling. Then a 2 mL of sodium
citrate solution (1%) was added in the boiling solution and kept on
boiling for 15 min. The AgNPs solutions were stored in dark bottles after
cooling to room temperature.

2.4. Conjugation of AgNPs to detection antibody

AgNPs-labeled detection antibody was prepared by electrostatic
adhesion method. Typically, 1 mL of as-prepared AgNPs was condensed
by centrifugation and then redispersed in 1 mM PBS of pH 7.4 (avoiding
chloridion), to which 50 pL of diluted detection antibody (diluted 250
times with 1 mM PBS, 1.2 x 10”7 M) was added. The mixture was
shaken for 12 h and then blocked for 12 h with 1% BSA. Then, the so-
lution was repeatedly centrifuged under optimized conditions to get rid
of the excess antibody. AgNPs-Ab (AgNPs conjugated with detection
antibody) was dispersed in 0.1% BSA. Finally, the resulting AgNPs-Ab
solution was stored at 4 °C before use.

2.5. Sandwich assay for AFP

Firstly, 100 pL of the capture antibody diluted 2000 times in PBS (20
mM, pH 7.4) was immobilized on the 96-well polystyrene plates at 4 °C
overnight. After removing the excess captured antibodies, the poly-
styrene plate was washed five times using 350 pL of PBST solution.
Blocking buffer (200 pL of 1% BSA) was further added and incubated at
room temperature for 2 h. And then washing five times with PBST so-
lution, 100 pL of AFP at different concentrations from 1012 g mL™ to 5
x 107 g mL™! were added to the plates, and the blank was set as
negative control by adding buffer only, then the plate was incubated at
37 °C for 1 h. Washing steps were performed again and subsequently
100 pL of AgNPs-Ab dissolved in blocking buffer was added at 37 °C for
1 h. Followed by five times washing to remove naked AgNPs and
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residual AgNPs-Ab, the prepared 96-well polystyrene plate was placed in
a refrigerator at 4 °C for the next use. Error bar represents the standard
deviations of measurements from three independent experiments.

2.6. Fluorescent detection for biomarker protein

The amplification effect of this experiment was achieved by dis-
solving AgNPs in the presence of H,O, to produce millions of Ag™. In
detail, 50 pL of HyO, (5 mM) was added into each well, and reacted at
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room temperature for 10 min to fully dissolve the 60 nm AgNPs into
Ag*. Next, the solution in each well was reacted with 50 pL of TPE-4TA
(10 pM). The fluorescence intensity of each well was further measured
by Synergy H4 Hybrid Reader.

2.7. Assays of clinical serum samples

To confirm the feasibility of the detection strategy for clinical sam-
ples, a total of 19 clinical serum samples were collected from patients
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Fig. 2. Silver-amplified fluorescence immunoassay for AFP detection. (a) UV-vis spectrum and typical TEM image (inset) of the as-prepared AgNPs. (b) UV-Vis
spectra of AgNPs solution with the dissolution time in the presence of 5 mM H505. (c) Plot of the fluorescence intensity as function of the concentrations of AFP from
1072 to 5 x 107% g mL L. The error bar represents the standard deviation from three independent measurements. (d) Detection specificity of our method.
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Table 1
Performance comparison of the current work with other reported fluorescence immunoassays for the detection of AFP.
Fluorogenic probe LOD (pg mL 1) Dynamic range (ng mL~?) Ref.
Inorganic nanomaterials FRET of a sandwich structured QDs-AFP-AuNPs 400 0.5 to 45 37
Nano graphite carbon nitride 430 5 to 600 38
Organic dye molecules Rhodamine-based fluorogenic probe 70 0.1 to10 20
Polyfluorene-based cationic conjugated polyelectrolytes 176 0 to 1000 39
Metal coordination polymer induced perylene excimer fluorescence 400 0 to 20 40
Aggregation-induced emission fluorogenic probe 42 0.1 to 5000 this work

with hepatocellular carcinoma and normal subjects, regarding as posi-
tive and negative samples, respectively. All serum samples were stored
at —80 °C until use. The subsequent detection procedures were identical
to sandwich assay for AFP detection just by replacing the AFP standards
with diluted 10 times sera, and the results were obtained in Synergy H4
Hybrid Reader for convenience.

3. Results and discussion

3.1. Fluorescence response of fluorogenic Ag" probe (TPE-4TA) in the
presence of Ag"

Inspired by the fact that 1/2H-tetrazole compounds have been well-
known to efficiently precipitate out Ag" from a solution, a tetrazole-
tagged AIE luminogen (TPE-4TA) as the fluorogenic Ag" probe can be
rationally achieved via an Ag*-triggered aggregation reaction [15,34].
Before the following immunoassay experiments for the detection of
disease biomarkers, the fluorescence response of TPE-4TA to Ag™ at
different concentrations was investigated in priority under 368 nm
excitation. As shown in Fig. 1a, the fluorescence intensity of TPE-4TA
gradually increased upon addition of increasing concentrations of Ag™
at the maximum intensity of 504 nm, with a good linearity with R? =
0.9924 in the range of Ag" from 300 nM to 10 pM. With a further
addition of Ag' concentration to 10 pM, fluorescence saturation was
reached approximately (Fig. 1b). Like a typical AIE molecule, TPE-4TA
has a flexible structure in solution and emits faintly because of the free
rotational motion of the phenyl rings. After the addition of Ag™ to
TPE-4TA, silver atom can bind with the N atoms of the tetrazole ring to
trigger aggregation through infinite metal-coordination complexation
[15,35]. Therefore, an instantaneous fluorescence was observed for
nano-sized tetrazole silver aggregates due to the aggregation-induced
fluorescence effect.

To further confirm the specificity of the TPE-4TA to Agt, we also
evaluated the fluorescence response of TPE-4TA with interfering HoO5
and different kind of metal ions, including Ag™, Fe3t, Fe?', zn?t, ca?t,
Na®, Mn?", K*, Mg?*, Ni%* and Co?". These results showed that negli-
gible change in fluorescence intensities was observed for these inter-
fering metal ions (Fig. 1c). Considering the dissolution process of AgNPs,
we also investigated the interference effect of HoO5 to fluorescence
detection system of TPE-4TA. Notably, TPE-4TA did not exhibit fluo-
rescence quenching in 5 mM of H,0- solution, indicating that this flu-
orogenic Ag" probe could not be influenced by the dissolution process of
AgNPs (Fig. 1d). This is because that HyO4 does not have a coordination
structure with the nitrogen at the tetrazole moiety, resulting in a
negligible contribution to TPE-4TA aggregation [34]. Taken together,
the Ag'-tetrazolate aggregation-triggered AlEgen of TPE-4TA can be
used in fluorescence immunoassay due to the high stability and high
selectivity to produce a robust fluorescence signal. However, our
detection method is not suitable for the immunoassay system of existed
Hg?t because Hg?>' may have similar response due to the similar
mercury-tetratezolate coordination (data not shown) [15,36].

3.2. Fluorescence detection of disease biomarkers using the silver-
amplified fluorescence immunoassay

Inspired by the sensitivity and selectivity of Ag*-triggered fluores-
cence detection system, we attempted to determine the disease bio-
markers through combining a AgNP-linked immunoassay and Ag"-
triggered AlEgen probe. Firstly, 60 nm of AgNPs (Fig. 2a) and the
polystyrene plate were biofunctionalized with detection antibodies and
capture antibodies, respectively, using an optimal procedure that en-
sures the ultralow fouling capability and the strong recognition effi-
ciency. This silver-amplified fluorescence immunoassay involves two
important steps to amplify the signal response and to enhance the
recognition selectivity. First, the AgNPs-labeled detection antibodies
(AgNP-ADb) were immersed in 200 pL of the sample solution at 37 °C for
1 h to allow recognition of the target biomarkers, AFP, which had been
previously conjugated with the capture antibodies immobilized on the
surface of polystyrene plate. Second, after dissolving AgNPs, Ag* could
activate the fluorescence switch-on of TPE-4TA. After the addition of 5
mM H30, at room temperature, the absorption intensity of AgNPs at
420 nm gradually decreased and finally disappeared within 5 min,
indicating the excellent dissolution ability of HoOy (Fig. 2b). Thus, to
fully dissolving AgNPs into Ag™, 10 min incubation by HoO, was used for
the dissolution process in this work. Because AgNPs directly associated
with the target biomarkers through the sandwich immunoreaction, the
concentration of target biomarkers can be conveniently determined by
monitoring the variation of the fluorescence intensity of TPE-4TA so-
lution with high sensitivity. Fig. 2c showed a good linear response with
the logarithm (Ig) of the AFP concentration for a wide range from 0.1 ng
mL~! to 5 pg mL~!. The corresponding calibration equation was Iso4
(au) = 1007.50lg (Capp/g mL™Y) + 11539.89 (R? = 0.9990, with a
detection limit of 42 pg mL™! for AFP, on the basis of 3 N/S). As shown
in the compared results with the previously reported fluorescence
detection methods (Table 1) [20,37-40] and the conventional ELISA
method (Fig. S1) for AFP detection, our method achieved a higher
sensitivity and a wider linear range. The point at (—7.70, 0.47) repre-
sents the fluorescence intensity value at the clinical threshold of 20 ng
mL~L. Because the Capp in healthy human serum was below 20 ng mL*I,
our method was sensitive enough to distinguish the HCC patients and
healthy people.

To discriminate bio-recognition signals from non-specific interac-
tion, we further performed a control experiment that comprised
replacing the target antigen by the common interferential proteins not
specific to capture antibody and detection antibody, including prostate
specific antigen (PSA), bovine serum albumin (BSA), familiar pathogen
hepatitis B virus surface antigen (HBsAg) and procalcitonin (PCT). In
this control experiment, 0.1 pg mL™! of AFP was selected as the con-
centration of target antigen, and other interferential proteins with a
higher concentration of 10 pg mL™! have been used due to the com-
plexities and uncertainties of real serum samples. Notably, the dramatic
fluorescence signal was only responded for AFP and the negligible signal
change was observed for the other interfering proteins, demonstrating
high specificity of this system for the detection of disease biomarker
(Fig. 2d).
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Fig. 3. Fluorescence detection of AFP in real serum samples with double-blind experiment. (a) Vertical scatter plots of the fluorescence intensity for positive serum
samples and negative ones. (b) ROC curve describing the sensitivity and specificity for AFP in clinical serum samples.

3.3. Real sample detection by the silver-amplified fluorescence
immunoassay

Encouraged by the sensitivity and specificity of silver-amplified
fluorescence immunoassay, we further evaluated our method for clin-
ical serum samples. A double-blind measurement was carried out using
19 unrelated clinical serum samples with a 10-fold dilution. Fig. 3a
showed that this enzyme-free amplified fluorescence immunoassay
could successfully detect AFP and had a good agreement with the clin-
ical results by chemiluminescence immunoassay. Positive and negative
serum samples can be differentiated on the basis of cut off values of
fluorescence intensity at 504 nm with a clinical threshold of 20 ng mL L.
The blue line was made as a threshold for positive result from HCC
patients and negative results from healthy people of our method. 10 AFP
positive serum samples and 9 negative ones were effectively differenti-
ated according to the fluorescence response of the resulting solution
(Fig. 3a), demonstrating that sensitivity and selectivity of our method
were both 100% for AFP. Additionally, the calculated area of the
receiver operating characteristic (ROC) curve was 1.0, demonstrating
excellent discrimination of the proposed method (Fig. 3b). All results
suggested that this silver-amplified fluorescence immunoassay had the
potential to facilitate the detection of early-cancer through clinical
serum sample tests.

4. Conclusions

In summary, we have developed a simple and robust silver-amplified
fluorescence immunoassay for the detection of disease biomarker. In this
work, AgNPs was functionalized with the detection antibodies and
served as an Ag™ source bridging the fluorescence response of TPE-4TA
and the concentration of disease biomarkers. On the one hand, highly
efficient enzyme-free signal amplification can be achieved by the
chemical dissolution of AgNPs into Ag*. On the other hand, Ag™ would
light up the fluorescence signal of the AIE-active probe TPE-4TA with a
high signal to noise ratio due to the spontaneous aggregation via the
coordination of anionic tetrazolate groups with Agt. Using AFP as a
disease biomarker, this fluorescence immunoassay method showed high
sensitivity for the detection of AFP as low as 42 pg mL ™! on the basis of
3N/S. Moreover, an outstanding performance was further confirmed for
the clinical diagnosis of HCC patients. We believed that the proposed
method has great potential for extension to other disease biomarker for
further applications.
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