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Abstract

Detection of biomarkers is extremely important for the early diagnosis of diseases. Here, we
developed an easy and highly sensitive fluorescence detection system for the determination of
biomarkers by combining the rapid separation of magnetic beads and silver nanoparticles labeled
antibodies. An ultrasensitive silver ions fluorescence probe 3, 6'-bis (diethylamino)-2-(2-iodoethyl)
spiro[isoindoline-1, 9'-xanthen]-3-one (Ag’-FP) was applied to immunoassay. A significant signal
amplification was achieved as the AgNPs can be dissolved by H,O, and generate numerous Ag’,
which would turn “on” the fluorescence of Ag*-FP. Using a-fetoprotein (AFP) and C-reactive
protein (CRP) as target analytes, good linear responses were obtained from 0.1 to 10 ng mL™" and
the limits of detection (LOD) were as low as 70 pg - mL™' and 30 pg mL™', respectively. In addition,
the developed system was further evaluated for the detection of real samples including 30 positive
serum specimens obtained from hepatocarcinoma patients and 20 negative serum samples, and
performs as well as the commercial electrochemiluminescence immunoassay (ECLI) method with
less cost and more convenience. Thus, the designed detection system can be used as a promising
platform for the detection of a variety of biomarkers and served as a powerful tool in clinical
diagnosis.
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Introduction

Currently, increasing attention has been paid to
the development of robust, sensitive, and inexpensive
detection methods to analyzing protein biomarkers,
establishing a cornerstone of disease monitoring and
diagnosis.[1, 2] Various advanced techniques, such as
surface plasmon resonance[3], electrochemical[4, 5],
quartz crystal microbalance[6] and optical analysis
methods[7, 8] (including fluorescence and
chemiluminescence) have been applied for the
detection and quantification of biomarkers based on
different respective signal generation principles.[9, 10]
Among these approaches, fluorescence detection is
the most widely applied approach due to its high
sensitivity and easy combination with sandwich-type

immuno-reactions.[11, 12] In spite of the successful
development of fluorescence methods for the
detection of various biomarkers, there are still some
problems, such as limited signal amplification and
unfavorable noise background.[13] Therefore, it is still
a crucial challenge for the design of ultrasensitive
strategies to improve the detection performance.

In the typical immunofluorescence assay
methods, fluorescent labels (quantum dots,
fluorescein) are mainly used as signal transduction
materials by directly binding to antibodies for
recognition = with  target analytes  without
amplification.[14] Therefore, the sensitivity of
immunofluorescence assay is limited due to the
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limited photostability of fluorescent labels and
recognition abilities of antibodies.[15, 16] Several
different strategies have been explored to solve the
above problems, including the development of new
fluorescent  materials, the improvement of
fluorescence detection instrument, the establishment
of integrated analysis system.[17-21] Among these
strategies, the application of functionalized
nanomaterials has provided a new opportunity for
the practical application of fluorescence techniques in
biomarkers detection. Recent advancements in the
fabrication of novel nanostructures have driven the
fast development of various nanoparticles with
special physical and chemical properties, such as high
surface-to-volume ratio, unique optical, electronic,
and biocompatible properties.[22] The high
biocompatibility of these nanoparticles make them
especially suitable for the application in bio-detection.
Up to now, various nanoparticles including noble
metal nanoparticles,[23] carbon nanomaterials,[24]
metal oxide nanostructures,[25] and semiconductor
nanocrystals[26] have been successfully used in
fluorescence detection of various biomarkers. ZnO
quantum dots have been used as direct fluorescent
labels to detect carbohydrate antigen 19-9 (CA 19-9),
which was a preferred marker for pancreatic
cancer.[25] CuS NPs, which can oxidize
non-fluorescent o-phenylenediamine to fluorescent 2,
3-diamiophenazine under physiological conditions,
have been applied for the highly sensitive detection of
prostate-specific antigen (PSA).[27] Gold
nanoparticles, due to their strong fluorescent
quenching activities have also been used to set up
various fluorescence detection systems for the
detection of human IgG and AFP antigen.[24, 25]
Compared with these developed nanoparticles, silver

or\u'lagnetic beads (MBs) Ab1 @ Antigen o Ag nanoparticles (AgNPs) . Ab2

nanoparticles (AgNPs) are especially attractive due to
their unique advantages, such as easy preparation of
Ag hybridized composites,[28] catalyzed
deposition,[29] and easy conversion to silver ions.[30]
Fluorescence enhancement systems triggered by
AgNPs have been reported,[31, 32] but have not been
applied for immunofluorescence assay. In this case,
we are inspired to design an improved fluorescence
detection system for the sensitive detection of
biomarkers using functionalized AgNPs.

Here, a novel fluorescence strategy based on
AgNPs labeled antibodies was used for the detection
of biomarkers. In our approach, each silver
nanoparticle (AgNP) can be dissolved and produce
millions of silver ions in the presence of hydrogen
peroxide, which means the sensitivity of designed
immunofluorescence assay method for the detection
of biomarkers was seven magnitudes higher than
Ag*-FP for the detection of Ag* Magnetic beads
(MBs) also was applied to the detection system due to
its superior performances, such as high specific
surface area, physical and chemical stability, low
toxicity, good biocompatibility, and facile separation,
purification, concentration processes. [33, 34] As
shown in Scheme 1, for a certain type of biomarker,
after the analytes were bound by Abl-MBs, the
ADb2-AgNPs were added into the mixture, and then
the Ab2-AgNPs were captured on the surface of MBs
through sandwich-type immuno-binding. The
obtained sandwich-type immuno-complexes were
collected via “one-step” magnetic separation, and the
analyte-linked Ab2-AgNPs were dissolved in the
mixed solution of Ag*FP containing HO,. A
significant signal amplification was achieved as the
AgNPs dissolved by H>O, and generated numerous
Ag*, which turn “on” the fluorescence of Ag*-FP. The
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Scheme 1. Schematic illustration of Ag* triggered fluorescence detection for protein biomarkers.
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designed fluorescence detection system showed high
sensitivity and excellent selectivity in the detection of
biomarkers including a-fetoprotein (AFP), C-reactive
protein (CRP) and human serum samples. Thus, a
promising platform with low cost and ideal
convenience has been achieved for the detection of
biomarkers, providing a powerful tool in the clinical
diagnosis.

Materials and Methods
Materials

The AFP antigen and antibodies, CRP antigen
and antibodies, Carcino-embryonic antigen (CEA),
prostate-specific antigen (PSA) and hepatitis B virus
surface antigen (HBsAg) were provided by the
Second Military Medical University, Shanghai, China.
Amino-coated magnetic beads (MBs, particle size:
~500 nm) in an aqueous suspension with a
concentration of 10 mg mL-! were obtained from
Beaver Nano-Technologies. Bovine serum albumin
(BSA, 96 % — 99 %), trisodium citrate, and hydrogen
peroxide were purchased from Sigma-Aldrich. Silver
nanoparticles with different sizes (20, 40, 80 nm) in
diameters were purchased from nanoComposix. All
other reagents were of analytical grade and used
without further purification. Ultrapure water
obtained from a Millipore water purificatio system
(218 MQ, Milli-Q, Millipore) was used in all runs. The
serum samples for AFP clinical diagnosis were
provided by the Second Military Medical University,
Shanghai. The binding and washing buffer solution
(B&W) consisted of phosphate buffer saline PBS (20
mM, pH 7.4) with added 0.05 % (v/v) Tween 20 (pH
7.4). The measuring medium for the fluorescencence
measurements consisted of a 20 pM Rhodamine
B-based Ag* fluorescence probe, 100 mM HO», 1 pM
HsPO4 and 20 % ethanol solution. For comparison,
these specimens were assayed by the Second Military
Medical University.,, Shang Hai, China using
electrochemiluminescence ~ immunoassay  (ECLI)
technique (Elecsys 2010, consisted of 20 mM
phosphate-buffered saline).

A SpectraMax M5 plate reader (Molecular
Devices, USA) was wused for fluorescence
measurement. UV-Vis spectra were obtained on an
Ocean optical USB 2000+ UV-Vis spectrometer.
Transmission electron microscopy (TEM)
measurements were performed on a JEOL JEM-2010
with accelerating voltage 200 kV. Dark-Field
Microscopy were obtained on an inverted microscope
(eclipse Ti-U, Nikon, Japan) that was assembled with
a dark-field condenser (0.8 < NA < 0.95) and a
40xobjective lens (NA = 0.6). The white light source
was a 100 W halogen lamp. The AgNPs were
immobilized on a platform, and the white light source

was used to excite the AgNPs to generate plasmon
resonance scattering light. A true-color digital camera
(Nikon DS-fi, Japan) was used to capture the
dark-field color images.

Synthesis of Rhodamine B-based Ag*
fluorescence probe (Ag*-FP)

The Rhodamine B-based Ag* fluorescence probe
3!, 6'-bis(diethylamino)-2-(2-iodoethyl)spiro [isoindo-
line-1,9'-xa-nthen]-3-one (Ag*-FP) was synthesized
according to the published method and shown in
Figure S1.[31] First, Rhodamine B reacted with
2-aminoethanol in ethanol at 120 °C for 2 days
obtained inter mediates 3', 6'-bis(diethylamino)-
2-(2-hydroxyethyl)-3',9'-dihydrospiro[isoi-ndoline-
1,9'-xanthen]-3-one (compound 1). The compound 1
was further allowed to react with methanesulfonyl
chloride and sodium iodide to obtain the target
compound (Ag*FP) by two steps reaction:
methanesulfonyl reaction and iodide reaction. The
structures of all compounds were characterized by 'H
NMR, BC NMR, HRMS spectra (supporting
information).

Synthesis and characterization of 60 nm silver
nanoparticles

The 60 nm diameter AgNPs were synthesized by
the published method.[35, 36] Briefly, AgNOs (90 mg)
was dissolved in 500 mL of H>O and brought to
boiling. Then a solution of 1 % sodium citrate (10 mL)
was added and kept on boiling for 30 min. The size of
AgNPs was characterized by UV-vis spectrum and
TEM (Figure S2). The synthesized silver nanoparticles
should be condensed by centrifugation and
re-dispersed in phosphate buffer solution (1 mM, pH
7.4) for the following experiment.

The preparation of Ab2 conjugated AgNPs
(Ab2-AgNPs)

The AgNPs with different sizes were used to the
preparation of Ab2-AgNPs. Typically, 1 mL AgNPs
were first mixed with 10 pL Ab2 solution (2 mg mL-1).
The mixture was shaked at 37 °C for 12 h, and then
500 pL 1.0 wt % BSA solution was added and
continued to shake at 37 °C for 12 h. The solution was
washed (2 times) with PBS (1 mM), centrifuged, and
redispersed in 1 mL 0.1 wt % BSA. The resulting
Ab2-AgNPs were stored at 4 °C before use. The
conjugation of labelled antibody Ab2 on the surface of
silver nanoparticles AgNPs was evaluated by
immunofluorescence experiments (Figure S3).

The preparation of magnetic beads
immuno-complexes (Ab1-MBs@AG)

The amino-MBs (1 mL, 10 mg mL-") were first
activated by reacting with 15 % fresh prepared
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glutaraldehyde in PBS (20 mM, pH 7.4) for 12 h at 4
°C, and then washed thoroughly with deionized
water to remove the excess gluteraldehyde (the
reaction need to be performed in the dark condition to
avoid  glutaraldehyde  polymerization).  After
magnetic separation, the glutaraldehyde-
functionalized MBs (glu-MBs) were dispersed into 1
mL of PBS (50 mM, pH 7.4). Then 50 pL of the glu-MB
solution was added to 500 pL of carbonate buffer (pH
9.6) containing 60 pig of Abl and shaken overnight at 4
°C. Subsequently, 10 pL of 5 wt % BSA in PBS (pH 7.2)
was injected into the suspension and incubated for 2 h
at 4 °C to block the possible residual sites on the MB.
The conjugation of antibody Abl on the surface of
MBs was evaluated by immunofluorescence
experiments (Figure S4). Afterward, 100 pL of antigen
(AG) solution with different concentrations were
added and incubated at 37 °C for 30 min to obtain the
magnetic beads immuno-complex: Ab1-MBs@AG.

Detection protocol and spectrophotometric
analysis

In a typical detection experiment, 50 pL
Ab1-MBs@AG solution was transferred into a 0.5-mL
Eppendorf tube, and 100 puL excess Ab2-AgNPs was
added, the mixture was incubated for 30 min at 37 °C
with gentle mixing in a TS-100 ThermoShaker to
obtain the immuno-complexes Abl-MBs@AG@ADb2-
AgNPs. After magnetic separation, the
Ab1-MBs@AG@ADb2-AgNPs were washed three times
with 150 pL of B&W buffer and transferred into each
96-well plates. Then, 100 pL Ag*FP solution
comprised of 50 mM H>O; and 20 % ethanolic water
was added into each well, and reacted at room
temperature for 30 min. The fluorescence intensity of
each wells was then measured by SpectraMax Mb5
plate reader. The conjugation of Ab1l-MBs@AG with
ADb2-AgNPs was also characterized by TEM (Figure
S5).

Results and Discussion

Principle and characteristics of the
Agt-triggered fluorescence detection system
for biomarkers

In this work, the Abl-MBs were prepared by
direct immobilization of Abl on the surfaces of
amino-MBs based on the aldehyde-ammonia
condensation reactions. The amino-MBs were
required to be simply activated by glutaraldehyde
before binding with Abl. Sliver nanoparticles
functionalized with corresponding Ab2 were utilized
as labelled antibodies (Ab2-AgNPs). In a typical
detection experiment, the target antigens were
sandwiched between the ADb1-MBs and the

ADb2-AgNPs, generating immuno-complexes labelled
Abl-MBs@AG@ADb2-AgNPs. After the sandwich
immuno-reaction, the Ag*FP solution containing
H>O; was used to dissolve the AgNPs into numerous
Ag*. For 60 nm AgNPs, a single AgNP can generate
about ten millions Ag*, and each Ag* can turn “on”
the fluorescence of one Ag*-FP molecule. Thus, a
significant signal amplification can be realized
compared with the fluorescence detection of Ag*-FP
for Ag*. By monitoring the variation of the
fluorescence intensity, we can conveniently determine
the concentration of target antigens with high
sensitivity. Importantly, in the absence of the Ag*, the
fluorescence of Ag*FP probe was turned off,
inducing an ultralow background noise, which was
the key element for the establishment of our
ultrasensitive fluorescence detection system.

Fluorescence response of Ag*-FP in the
presence of Ag*

As described above, the amplification of the
fluorescence signal was based on the formation of a
large amount of silver ions dissolved from Ag NPs.
Before the following detection experiments for
biomarkers, the sensitivity of Ag*FP to Ag* was
evaluated in priority. The detection limit of Ag*-FP
toward Ag* was investigated by plotting the
fluorescence intensity (at 585 nm) versus the
concentration of Ag* (AgNOs was used as the silver
ions source). As shown in Figure 1, the fluorescence
intensity increased with the increase of Ag*
concentration, with a good linear relationship
between the fluorescence intensity and the Ag*
concentrations (linear range: 0.2 pM to 2 pM). The
LOD of Ag*-FP for Ag* was determined to be as low
as ~0.06 pM (~6 ppb). In our system, the resource of
Ag* was 60 nm AgNPs, which can be dissolved in
H>O; to generate ten millions silver ions. Therefore,
the LOD of probe Ag*-FP for target antigens can be
calculated to be 0.06 pM.

Optimization of the Ag*-triggered
fluorescence detection system for biomarkers
determination

ADb2-AgNPs were prepared using AgNPs with
different sizes (20, 40, 60 nm, and 80 nm), and their
fluorescence response to AFP (10 ng mL-!) were
compared. As shown in Figure S4, the fluorescence
intensity increased with the diameter of AgNPs from
20 to 60 nm. However, the signal intensity decreased
as the diameter kept growing to 80 nm, which might
be caused by the steric hindrance of particles with
larger size. The immunoreaction was sterically
inhibited by the large size or mass of the particle.
Although larger AgNPs can generate more Ag*, larger
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NPs are more likely to aggregate thus hindering the
conjugation of antibodies to the surface.

In this case, 60 nm AgNPs were chosen to
perform the following detection experiments for AFP
and C-reactive protein (CRP). The variation of
fluorescent intensity with different reaction time was
investigated. (Figure S7). The fluorescence intensity
increased with the longer incubation time, and
reached a steady value after 2 h. From the above
results, we chose 60 nm AgNPs and 2 h incubation
time as the optimized conditions. The concentration of
ADb2 used to modify AgNPs was optimized by AFP
detection. As shown in Figure S8, the fluorescence
response increased with the higher concentration of
ADb2, and reached a maximum value at five times of
Ab2 for AgNPs. Therefore, in the following
experiment, a concentration of antibody at ten times
for AgNPs was used for the modification.

Monitoring the dissolution process of AgNPs

The dissolution process of 60 nm AgNPs was
observed by UV-Vis spectra and dark field imaging.
As shown in Figure 2A, the absorption peak of AgNPs
was observed at 420 nm. After the addition of H,O,,
the absorption intensity decreased quickly and
eventually disappeared within 5 min. In addition,
dark-field microscope was also used to observe the
dissolution process of AgNPs. As shown in Figure 2B,
the green spots of AgNPs gradually disappeared after
incubation with H>O». These results indicated that the
excellent dissolved ability of HO, for AgNDPs.

Ag*-triggered fluorescence detection

Under optimal experimental conditions, the
analytical performance of the Ag*-triggered
fluorescence detection system was investigated by

(A) (8)

0 min

Absorbance (a.u.)

20 min

detecting various concentrations of AFP. Figure 3A
depicted the fluorescence emission spectra obtained
from the fluorescence detection system in the
presence of different human AFP concentrations. It
was observed that the fluorescence intensity increased
with the elevated AFP concentration over the range
from 0 to 1000 ng mL-. The corresponding linear
relationship between fluorescence intensity and the
concentrations of AFP was obtained in the range from
0.1 ng mL-! to 10 ng mL-! (Figure 3B) with a linear
correlation coefficient of 0.99, and the LOD was
estimated to be ~70 pg mL-! (~1.0 pM). Compared
with the other reported immunofluorescence methods
for protein biomarkers, the designed method has a
lower LOD (Table S1) and the sensitivity of the
designed system 1is sufficient for the clinical
applications.
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Figure 1. Fluorescence spectra of Ag*-FP (10 pM) in the presence of different
concentrations of Ag* (from a to i, 0, 0.001, 0.01, 0.2, 0.4, 0.6, 0.8, 1.0, 2.0 uM);
inset: Calibration curves of fluorescence intensity versus the concentrations of
Ag* (ex: 530 nm; em: 585 nm), Y = 5.446X + 1.146, R = 0.96.
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Figure 2. UV-Vis spectra (A) and dark-field images (B) of silver nanoparticles in the presence of 10 mM hydrogen peroxide. Dark-field imaging recorded the images
of the AgNPs before (B-a) and after incubation with hydrogen peroxide for 5 min (B-b), 10 min (B-c), 15 min (B-d), 20 min (B-e) and 30 min (B-f).
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Figure 3. (A) Fluorescence spectra of the immuno-system with a series concentration of AFP (fromato I: 0, 0.1, 2, 4, 6, 8, 10, 40, 100, 400, 800, 1000 ng mL™!,
respectively). (B) Calibration curves of fluorescence intensity versus the concentrations of AFP. The inset indicates that the curve is linear over the range from 0.1 to
10 ng'-mL™1, Y = 1.449X + 5.566, R = 0.99. The error bars represent the standard deviation of three measurements.

The specificity of the system to AFP was also
evaluated using tumor markers carcinoembryonic
antigen (CEA), C-reactive protein (CRP) and
prostate-specific antigen (PSA), familiar pathogen
hepatitis B virus surface antigen (HBsAg) and bovine
serum (BSA). In this control experiment, 10 ng mL-!
AFP was used as the target antigen, and a higher
concentration (1.0 pg mL-1) for other interferential
proteins have been applied due to the complexities
and uncertainties of real samples. As shown in Figure
4, negligible signals were observed using interfering
proteins without cross-reactivity, showing high
specificity of the system for AFP detection.

To verify the universality of the detection
system, CRP, a pivotal biomarker for human
inflammation and cardio-vascular diseases, was also
performed using this system. A similar detection
result was obtained. Figure 5A depicted the
fluorescence emission spectra obtained from the
fluorescence immunoassay system in response to
different concentrations of human CRP. It was

(A)100-
754

50 -

Intensity (a.u.)

254
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Wavelength (nm)

660

observed that the fluorescence intensity increased
with the rising of CRP concentration over the range
from 0 to 1000 ng mL-1. Meanwhile, a good linear
relationship between the fluorescence intensity and
the concentration of CRP in the range of 0.1 to 10 ng
mL-1 (R =0.9991) (Figure 5B).
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Figure 4. Specificity of the developed detection system for the determination

of AFP. The concentration of AFP was 10 ng mL-! and the concentrations of
other proteins (BSA, PSA, CRP, CEA and HBsAg) were 1.0 yg mL-'.
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Figure 5. (A) Fluorescence spectra of the immuno-system with a series concentration of CRP (froma to I: 0, 0.1, 2, 4, 6, 8, 10, 40, 100, 400, 800, 1000 ng mL™!,
respectively). (B) Calibration curves of fluorescence intensity versus the concentrations of CRP. The inset indicates that the curve is linear over the range from 0.1
to 10 ng'mL™1, Y = 1.261X + 4.656, R = 0.99. The error bars represent the standard deviation of three measurements.

http://lwww.thno.org



Theranostics 2017, Vol. 7, Issue 4

-y
(4]

Positive >
o

A

Fluorescene Intensity (a.u.)

. .o. I .
ghy - L e
4] g Bl A
5 |
=z 0 1

Positive Negative

AFP reference

882

B
( )1_0
- 08}
% 0.6 - //
c
& 0.4

021 22 — AFP

.-/ --- Random
0-0 T L T T
00 02 04 06 08 10
1-Specificity

Figure 6. Double-blind experiment for the detection of AFP in serum samples from clinical patients. A) Vertical scatter plots of the values of fluorescence intensity
for positive and negative samples (serum samples of AFP are represented by red solid circle for positive and gray solid circle for negative). B) Received-operating

characteristic (ROC) curve.

The LOD was 30 pg mL1 (~ 025 pM). The
successful detection of CRP demonstrated good
universality of this system.

Real sample detection of AFP. In order to test the
practicality of the detection system in clinical
diagnosis, a double-blind experiment was performed
using 50 unrelated samples with a 10-fold dilution. As
shown in Figure 6 the vertical scatter plots of the
values of relative fluorescence intensity for positive
and negative samples were made to estimate the
accuracy of the proposed system (Figure 6A). The
blue dotted line was marked as a threshold for
positive and negative results of our assay. The red
circles and gray circles represented for the positive
and negative samples respectively, according to the
data obtained from the ECLI method in hospital. It
was observed that the diagnosis results using the
developed fluorescence detection system were in
good agreement with those determined by the
commercial ECLI method, with the negative and
positive percentage of agreement were 90.0 % (18/20)
93.3 % (28/30), respectively. The receiver operating
characteristic (ROC) curve was also applied to survey
the accuracy of the system (Figure 6B). The area under
ROC curve (AUC) was calculated to be 0.96,
indicating the high accuracy of this assay. Thus, the
developed fluorescence detection system provides a
feasible alternative method for determining AFP in
human serum in clinical laboratory.

Conclusions

In conclusion, we have developed an easy
Ag*-triggered fluorescence detection system for the
determination of biomarkers, combining the
advantages of rapid sample separation through MBs
and highly efficient signal amplification using
Ab2-AgNPs. An ultrasensitive silver ions fluorescence
probe, Ag*FP, was synthesized and used in the

immunoassay. This proposed fluorescence detection
system showed good sensitivity and possibility for
the detection of AFP and CRP, demonstrating an
outstanding performance in clinical diagnosis of
hepatocarcinoma patients. Therefore, the proposed
system provided a promising universal platform for
the detection of biomarkers for clinical diagnosis.

Supplementary Material

Supplementary figures and tables.
http:/ /www.thno.org/v07p0876s1.pdf
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