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Abstract

It is still in high demand to develop extremely sensitive and accurate clinical tools for biomarkers
of interest for early diagnosis and monitoring of diseases. In this report, we present a highly
sensitive and compatible gold nanoparticle (AuNP)-based fluorescence activatable probe for
sensing ultra-low levels of prostate-specific antigen (PSA) in patient serum samples. The limit of
detection of the newly-developed probe for PSA was pushed down to 0.032 pg/mL, which is more
than two orders of magnitude lower than that of the conventional fluorescence probe. The
ultrahigh sensitivity of this probe was attributed to the high loading efficiency of the dyes on
AUNP surfaces and high fluorescence quenching unquenching abilities of the dye-AuNP pairs.
The efficiency and robustness of this probe was investigated in patient serum samples,
demonstrating the great potential of this probe in real-world applications.
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We report a fluorescence-based activatable immunoassay for ultrasensitive detection of
cancer biomarkers in a panel of serum samples. A biomarker is defined as the “molecular
signature” of a physiological or disease process at certain stages and is therefore particularly
useful for diagnosing disease, monitoring disease progression and evaluating therapeutic
response.12 Many diseases such as cancers are much more susceptible to treatment when
diagnosed in the early stages, indicating that earlier diagnosis of the disease may enable
improved therapeutic intervention.3 However, the levels of biomarkers are often low in

"To whom correspondence should be addressed. Xiaoyuan Chen (shawn.chen@nih.gov).

Supporting Information
Details of characterizing gold nanoparticles and various conjugates described here can be found in the Supporting Information. This
material is available free of charge via the Internet at http://pubs.acs.org.

The authors declare no competing financial interest.


http://pubs.acs.org

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Liuetal.

Page 2

biological samples from patients.*® It is therefore extremely important to develop
ultrasensitive biosensors for biomarkers of interest.

The current gold standard for clinical biomarker detection is the enzyme-linked
immunosorbent assay (ELISA). However, due to its moderate sensitivity, ELISA usually
allows detection only after biomarker levels have already reached critical threshold
concentrations, at which point the disease has already advanced remarkably. Thus,
ultrasensitive assays are urgently required for detection of biomarkers in the clinic.
Nanotechnology is already playing an increasingly important role in the design of
ultrasensitive biosensors.8 In the past few decades, many efforts have been made to create
signal transducers such as fluorescence,?13 bio-barcodes, 141> Raman dyes,16 and
enzymest’18 for signal amplification. Many of these approaches showed good sensitivity,
but most of them relied on bulky and advanced instruments, thus making them difficult to be
widely applied in the real world as point-of-care (POC) diagnostics. Generally applicable
readouts such as fluorescence for immunoassays have the potential to revolutionize
analytical sciences because of their good compatibility to the currently available analytical
platforms in the clinic. However, the sensitivity of conventional fluorescence immunoassays
is insufficient for monitoring biomarkers in most settings where the levels of biomarkers are
extremely low. To improve the sensitivity for detecting low abundance biomarker proteins,
most reported fluorescence assays focused on creating new three-dimensional surfaces to
increase the density of capture antibodies and the antibody orientation, thus enhancing the
antibody antigen binding efficiency for signal amplification.12:20 The fabrication of new
surfaces is inconvenient and costly, and thereby appears to be poorly suited for POC
diagnostics.

Recently, fluorescence activatable probes have been demonstrated as an effective optical
imaging tool for targets of interest with superior contrast.2! The very high surface area-to-
volume ratio and quenching ability of gold nanoparticles (AuNPs) enable this type of
platform promising in constructing ultrasensitive probes for biomarkers. Herein, we present
a new activatable probe to augment the detection sensitivity of fluorescent ELISA assays for
prostate specific antigen (PSA) in serum samples. Rhodamine B isothiocyanate (RBITC)
was employed as the model fluorescent dye, and thousands of which were loaded onto each
AUNP to form RBITC-AuNP conjugates. The RBITC layer of the nano-conjugates was
covered with detection antibodies (Ab2) through electrostatic interactions, thus retaining
their biological activity toward the target antigen. As depicted in Scheme 1, in the presence
of targeted biomarker PSA, the Ab2 RBITC-AuNPs conjugates were pulled down onto the
substrate. In this state, the fluorescence of RBITC was highly quenched by AuNPs. Upon
addition of cysteamine into the detection system, the attached RBITC molecules were
competitively removed from AuNP surfaces, leading to the significant recovery of RBITC
fluorescence. The intensity of the recovered fluorescence is well proportional to the
concentration of the biomarkers in serum samples.

RESULTS AND DISCUSSIONS

A fluorescence activatable probe is typically composed of two parts: a fluorescent dye that
acts as the donor and a quencher that acts as the acceptor. In this report, we chose RBITC as
the model fluorescent dye for three reasons: (1) RBITC contains an isothiocyanate (ITC)
group, which is a high affinity anchoring group commonly used to attach organic molecules
onto colloidal nanoparticles. (2) RBITC is water-soluble and strongly fluorescent. In
addition, the fluorescence of RBITC can be effectively quenched by AuNPs. In the presence
of high concentration of thiol-containing compounds, RBITC can be readily removed from
AUNP surfaces, leading to the recovery of fluorescence. (3) RBITC contains two positively-
charged quaternary ammonium groups, which can bind with the negatively charged groups
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on Ab2 through electrostatic interactions. Besides, we chose AuNPs as the unique quencher
for RBITC dyes owing to their extremely high quenching efficiencies (up to 99.8%).21:22
When the two components are in close proximity, the fluorescence of RBITC is highly
quenched via the nanoparticle surface energy transfer (NSET) effect.

As a proof of concept, we first prepared the activatable fluorescent probe that is composed
of detection antobodies, RBITC molecules, and AuNPs. The commercially available AuNPs
are commonly stabilized with a citrate coating, which can be readily replaced by thiol
containing compounds. In this study, we took 15 nm AuNPs as an example to demonstate
the procedure of preparing Ab2 RBITC AuNPs (Figure S1A in Supporting Information). We
first prepared RBITC-AuNPs via ligand exchange approach.23 Briefly, to the original
citrate-AuNPs solution (1 mL,2.3 nM) was added 20 HuL K,CO3 solution (100 mM) to
yield a pH 9.0 mixture, and then 1 pL RBITC (10 mM) was added into the mixture under
vigorous shaking. After 1 h of equilibration, the resulting solution was centrifuged to
remove the excess amount of RBITC, and the pellet was redispersed in 1 mL K,CO3
solution (pH 9.0). Later, Ab2 (10 HuL, 1 mg/mL) was added into the RBITC AuNPs
solution and the mixture was allowed to shake mildly at room temperature for 2 h. Finally,
the remaining active sites of the RBITC layer were passivated with 1 mL bovine serum
albumin (BSA, 10 % solution in 10 mM phosphate buffered saline (PBS)) to prevent the
nonspecific binding when conducting the immunoassay detection.

The functionalized AuNPs were characterized by dynamic light scattering (DLS) (Figure
S1B in Supporting Information). The average hydrodynamic diameter of RBITC-AuNPs is
29.4 + 1.3 nm, which is similar to that of the citrate AUNPs (30.5 £ 0.95 nm). It is worth
noting that the thickness of the organic layer on AuNPs has no increase, demonstrating that
the RBITC molecules were adsorbed onto AuNP surfaces by replacing citrate other than
attaching onto the negatively charged citrate layer via electrostatic interactions. After the
Ab2 functionalization and BSA passivation, the average hydrodynamic diameter of
nanoparticles increased significantly to 103.4 + 6.7 nm. We employed zeta potential
measurements to further explore the surface charge variations of AUNPs before and after
midification (Figure S1C in Supporting Information). As we expected, the zeta potential of
RBITC-AuUNPs was close to neutral (1.15 + 2.35 mV). When Ab2 was covered onto the
RBITC layer, the charge of the nanoparticles became negative (-=19.4 £1.3 mV), most likely
owing to the acidic groups in Ab2 and BSA. To further confirm the quality of AuNPs after
RBITC and Ab2 coating, the AuNPs were characterized using UV-vis spectroscopy. As
shown in Figure S2 (in Supporting Information), 15 nm AuNPs had a typical absorption
band at around 520 nm, while the appearance of a new peak at around 555 nm was attributed
to the RBITC absorbance of the RBITC-AuNP conjugates.

After obtaining the Ab2-RBITC AuNPs activatable probe, we demonstrated that RBITC can
be effectively released from AuNP surfaces in the presence of high concentration of thiol-
containing compounds. We first compared the release abilities of different thiol-containing
compounds. Amongst the thiol compounds (1 mM thiols for each compound) used in this
study, we noted that smaller sized molecules showed higher efficiency to release RBITC
from AuNP surfaces. It is reasonable that smaller compounds suffer from less stereo
hindrance to react with AuNP surfaces, making the displacement reaction easier.
Cysteamine, the smallest compound used in this study, was found to be the best release
reagent for the activatable probe (Figure S3 in Supporting Information). After adding
cysteamine (1 mM) into the Ab2-RBITC-AuNPs solution, the color of the solution changed
from red to blue immediately (Figure 1A, top panel). This phenomenon was attributed to the
formation of cysteamine -AuNP aggregates, further demonstrating the cysteamine triggered
displacement reaction. The color change was accompanied by a decrease of absorption band
at 520 nm and appearance of a new peak between 600 and 800 nm in the UV-vis spectra
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(Figure 1B). Simultaneously, the addition of cysteamine induced the removal of RBITC
from AuNP surfaces, thus leading to the significant recovery of RBITC fluorescence (Figure
1A, bottom panel). As shown in Figure 1C, the fluorescence recovery is around 60 % (blue
line) of the initial state (red line). Additionally, we optimized the concentration of
cysteamine applied in this system. With the increase of cysteamine, the RBITC fluorescence
recovered gradually, the maximal value was reached when the concentration of cysteamine
was up to 1 mM (Figure 1D). The fluorescence recovery process was also time-dependent.
After addition of cysteamine (1 mM), the RBITC fluorescence increased significantly in 1
min and then kept constant with time (Figure S4 in Supporting Information). The results
revealed that the displacement reaction can be completed quickly.

To evaluate the efficiency of this activatable nanosensor, the as-prepared Ab2-RBITC-
AUNPs were brought into the sandwich ELISA for PSA, the United States Food and Drug
Administration (FDA)-approved prostate cancer biomarker. Since the size of AuNPs plays a
critical role in quenching fluorescence of dyes,24 it is worth comparing the detection
performance of the Ab2-RBITC-AuNPs tags with different sized AuNP cores. Based on the
formula: surface area of a sphere = 4 rt (D/2)? (D = diameter), larger AuNPs have larger
surface areas, and are thus capable of loading more RBITC. To demonstrate that the
detection performance is dependent on the quenching nature of particle size other than the
amount of RBITC on Au surface, we fixed the total surface area of 1 mL AuNPs with
diameter of 15, 30, 60, and 80 nm, where their concentrations were calculated to be 2.3,
0.58, 0.143, and 0.081 nM, respectively. By measuring the absorbance of RBITC before and
after loading onto AuNPs, as we expected, the amount of RBITC loaded onto each sized
AUNPs are approximately the same (Figure S5 in Supporting Information). With the
assistance of a standard curve (Figure S6 in Supporting Information), the numbers of RBITC
on each 15, 30, 60, and 80 nm AuNP were estimated to be 2800, 10000, 40500, and 71600,
respectively.

We next compared the detection performance of sandwich ELISA by using Ab2-RBITC-
AuNPs with diameters of 15, 30, 60, and 80 nm. For all the four sized Ab2-RBITC-AuUNPs,
the total amount loaded RBITC remained the same. We performed the detection in the
commonly-used 96-well polystyrene (PS) plates. As the first step, we immobilized anti-PSA
capture antibodies (Ab1l) onto the PS substrate, and followed by adding 1% BSA as blocking
agent. Then, PSA spiked PBS solutions containing 0.05% Tween 20 (PBST) were added at
concentrations ranging from 0.1 to 10° pg/mL along with a PBST only blank and incubated
for 1 h at 37 °C. After rinsing with PBST, Ab2-RBITC-AuNPs solutions were added into
the wells. Figure S7 (in Supporting Information) clearly demonstrated that: (1) higher
concentrations of PSA can capture more Ab2-RBITC-AuNPs. Therefore, upon the addition
of cysteamine (1 mM), more RBITC molecules can be released from AuNP surfaces, thus
resulting in stronger fluorescence recovery. (2) Larger AuNPs induce stronger fluorescence
recovery. This phenomenon is very attractive to guide the design of high sensitivity
nanosensors.

We further investigated the reason why larger sized AuNPs provided higher sensitivity.
Since different sizes of AuNPs exhibit different extinction coefficients (Table S1 in
Supporting Information) and surface plasmon resonance (SPR) bands in the visible spectral
regions, both of which directly affect their fluorescence quenching efficiencies.2> We
therefore compared the NEST effects of the four sized AuNPs toward RBITC. By
successive addition of different concentrations of citrate AuUNPs into solutions containing a
fixed concentration (1 HM) of RBITC, we found that more citrate-AuNPs led to higher-
efficiency fluorescence quenching. Based on the plots of Fo/F values versus AUNP
concentrations, the Stern—\olmer relationship between AuNP concentration and RBITC
fluorescence intensity was obtained by Equation: Fo/F = 1 + Kgy [Q], where Fg and F are
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fluorescence intensity of RBITC in the absence and presence of AuNP quencher,
respectively; Kgy is the Stern—Volmer quenching constant; [Q] is the concentration of the
AUNP quencher. From the results plotted in Figure 2, we noted that, for all the four sized
AUNPs, the relationship between concentrations of AuUNP quencher and Fo/F values was
linear only in the low concentrations of AuNPs regions and showed an upward deviation
from linearity upon further increasing the concentrations of AuNPs. This can be explained
by the combined effects of static quenching and dynamic quenching. The Kgy values are
derived from the slopes in Figure 2 to be 3.485 x 109, 2.307 x 1010, 1.132 x 101, and 2.126
x 1011 M1 for AuNPs with diameters of 15, 30, 60, and 80 nm, respectively. The Ksy
values reveal that with the increase of particle diameter, the quenching efficiency of AUNPs
increases dramatically. Besides, the Kgy values of 109-1011 M1 are several orders of
magnitude higher than those of small organic dye-—inorganic quencher pairs.28 Based on the
findings, we reasoned that larger AuNPs show higher quenching efficiency that generates
lower background signal. Apart from this, larger AuNPs can load more RBITC, and thus
more RBITC can be removed from AuNP surfaces. We therefore can conclude that lager
AuUNPs may offer better detection performance.

To demonstrate that our fluorescence activatable probe is superior to conventional
fluorescence ELISA probes, we prepared fluorescent Ab2 by labelling anti-PSA Ab2 with
RBITC. The ITC group in RBITC is a reactive group which is commonly used to conjugate
with the primary amines of proteins without leaving group generated. The conjugation
reaction was performed in alkaline solution (pH 9.0) where the target amine groups in Ab2
are mainly unprotonated. Each Ab2 is usually allowed to conjugate with 3 5 RBITC dyes
because higher conjugations can cause internal quenching between the dyes and influence
the immunogenic activity of Ab2.27 After the conjugation, the anti-PSA Ab2 showed a
typical RBITC emission peak at around 580 nm, demonstrating that RBITC had been
successfully labled onto Ab2 (Figure S8 in Supporting Information). Later, we compared the
detection performance of the RBITC labeled Ab2 with our activatable Ab2-RBITC-AuNPs
probes (30 nm AuNPs were applied as the core). Figure 3 depicted the ELISA signals for the
two probes. As indicated clearly by the AFax values (AFmax = F — Fo, where F is the
emission fluorescence intensity at 590 nm, and Fg is the background fluorescence), the
activatable probe showed much higher ELISA signals than that of the conventional
fluorescence probe. On the basis of a signal-to-noise ratio of 3, the limit of detection (LOD)
of the activatable probe is determined to be 0.032 pg/mL, which exceeds the LOD of the
conventional fluorescence probe (10.23 pg/mL) by more than two orders of magnitude. The
sensitivity of the newly-develpoed activatable probe is extremely attractive because the
serum concentrations of biomarkers in most diseases are in pg/mL levels, which is too low
to be monitored by the current comercial immunoassays.28

The ability of the activatable probe to monitor much lower concentrations of biomarkers
than conventional fluorescence ELISA is due to two effects: (1) high efficiency of dye
loading and detaching from AuNP surfaces and (2) very low background signals when
detected. The sensitivity of any immunoassay is determined by the antibody-antigen affinity,
the label efficiency, and the background signals. Since the affinity of antibody-antigen is
given, the sensitivity of this probe is therefore determined by the loading and detaching
efficiency of the dye and the background signals. AuNPs can carry thousands of RBITC via
the formation of Au-S bonds,2%32 and majority of them can be released from AuNP surfaces
in the presence of cysteamine, causing very strong fluorescence recovery. Besides, the
remaining active sites of the RBITC layer on AuNPs were effectively passivated by BSA,
indicating that the nano-conjugates became inert to other components involved in the
detection system. As a result, the Ab2-RBITC-AuNPs probes induced negligible nonspecifc
adsorption and thus led to very low background signals. The binding of Ab2-RBITC-AuNPs
to the PSA immobilized substrates was further confirmed by atomic force microscopy
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(AFM). The pretreated PSA concentration was 1 ng/mL. As shown in Figure 4, a lot of Ab2-
RBITC-AuNPs were immobilized onto the substrate via antibody-antigen interactions, while
very few Ab2-RBITC-AuUNPs are observed on the substrate treated by the PBST-only
samples.

To further assess the effeciency and applicability of this highly sensitive activatable probes,
we investigated the detection performance of this assay for PSA in serum samples. We first
used the horseradish peroxidase (HRP)-based commercial PSA kit to measure the PSA
contents in 5 patients suffered from prostate cancer. Their PSA levels were calculated with
the assistance of a standard curve to be 34.3, 21.2, 8.6, 13.4, and 5.3 ng/mL, respectively
(Figure S9 in Supporting Information). Since the clinical detection limit for PSA is 0.1 ng/
mL,® which is higher than the PSA contents in most patients especially in their earlier stages
or after radical prostatectomy. Therefore, detection of PSA in patient serum at very low
levels is highly associated with improved therapeutic outcomes. To demonstrate this, we
diluted the 5 serum samples for 10, 100, 1000, 104, and 10° times using PBST. The resulting
solutions were measured by the commercial ELISA and our activatable probe. As shown in
Figure 5, the PSA contents can be detectable by the commercial immunoassay only after 10-
fold dilution, where the concentrations of PSA are in the ng/mL level. In contrast to
commercial immunoassay, the novel activatable probe offered much higher sensitivity to
biomarker detection, thus can detect the PSA contents even when they were diluted for
10,000-fold. This value, at the pg/mL level, is much lower than the detection limit of the
commercial immunoassay, demonstrating the potential applications of the newly-developed
activatable probe in the clinic.

Conclusions

In this study, we have introduced a new activatable fluorescence probe to allow detection of
PSA in patient serum at pg/mL level. The LOD of this activatable probe is several orders of
magnitude lower than the conventional fluorescent immunoassays as well as the current
HRP-based immunoassays. The ultrahigh sensitivity of this probe is based on the high
loading efficiency of RBITC onto AuNP surfaces and high fluorescence “off-on” properties
of RBITC-AUNP pairs. Such improved detection systems would enable the screening of
biomarker at their early stages or after radical prostatectomy, thus providing improved
therapeutic outcomes. Although only PSA was taken as an example to demonstrate the
proof-of-concept, we expect that this platform can be extended to the detection of other
biomarkers clinically required. Lastly, the detection was performed in 96-well PS plates, the
most popular detection format in clinical laboratories, especially in developing countries,
making this method low-cost and easily adaptable into currently available diagnostic
platforms.

Materials and Methods

Materials and Instrumentation

Gold nanoparticles with diameters of 15, 30, 60, and 80 nm were purchased from Ted Pella.
Rhodamine B isothiocyanate (RBITC) dye, Tween 20, prostate-specific antigen (PSA), and
bovine serum albumin (BSA) were purchased from Sigma-Aldrich and were used as
received. Phosphate buffered saline (PBS, 10x, pH 7.4) was purchased from Mediatech, Inc.
and was diluted for 10-fold when used. Monoclonal primary anti-human PSA antibody
(Ab1, clone no. CHYHL), and secondary anti-human PSA antibody (Ab2, clone no.
CHYHZ2) were purchased from Anogen/Yes Biotech Laboratory, Ltd. PSA positive serum
samples were purchased from Capital Biosciences. PSA (human) ELISA kit was purchased
from Abnova Corporation. The 96-well PS plate was purchased from R&D Systems. De-
ionized water (Millipore Milli Q grade) with a resistivity of 18.2 MQ-cm was used
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throughout this study. The UV-vis spectra of gold colloidal solutions and RBITC solutions
were recorded with a Genesys 10s UV-vis spectrophotometer. The fluorescence spectra
were collected using an F-7000 fluorescence spectrophotometer (Hitachi, Tokyo, Japan)
operating at an excitation wavelength at 530 nm, excitation and emission slit widths were 5
nm and 5 nm, respectively. The fluorescence intensities in 96-well plates were collected at
590 nm by a Synergy 2 Multi-Mode Microplate Reader (Bio Tek Instruments, Inc).
Dynamic light scattering (DLS) and zeta potential (C) were performed on a Zeta Sizer Nano
ZS (Malvern Zetasizer 3000HS and He/Ne laser at 632.8 nm at scattering angles of 90 at 25
°C. The fluorescence activation of RBITC was monitored using a Maestro all optical
imaging system (Caliper Life Sciences, Hopkinton, MA). PeakForce QNM® mode AFM
studies were performed on a Bioscope Catalyst® AFM (Bruker, CA) sitting on an inverted
microscope (1X71, Olympus, Japan) with a Nanoscope® V controller (Bruker, CA) to image
the sensor surfaces under fluid, using a DNP-type cantilever and following routine
optimizations for biological AFM.

Preparation of Ab2-RBITC-AuNPs

The procedure of preparing Ab2-RBITC-AuNPs was amenable to all the four sized AuNPs
depicted in Figure S1. We herein only take 15 nm AuNPs as an example. First, the original
citrate covered AuNPs solution (1 mL) was adjusted by K,CO3 (100 mM) to be around pH
9. Then, a stock solution of RBITC (10 mM, 1pL) was added into the citrate-AuNPs
solution with vigorous shaking to allow adsorption of RBITC onto the AuNP surfaces. The
resulting mixture was shaken at 600 rpm in the dark for 1 h for sufficient equilibration. After
centrifugation (14,000 rpm, 15 min) for three runs, the excess RBITC was removed, and the
RBITC modified AuNP (RBITC-AuNP) pellet was dissolved in pH 9 K,CO3 (1 mL, 2 mM)
solution. Then, 12p.L of the detection antibody (Ab2, 1 mg/mL) solution was added into the
as prepared RBITC-AuNPs solution. The mixture was shaken at room temperature for 2 h.
Ab2-RBITC-AuNPs conjugates were formed, and excess amount of free Ab2 was removed
by centrifugation (14,000 rpm, 15 min) for two runs. After that, the remaining sites of the
RBITC layer on AuNP surfaces were passivated by adding 1 mL 10 % BSA in PBS solution
into the as prepared Ab2-RBITC-AuNPs solution. The resulting mixture was shaken for 30
min and washed with PBST for three runs. The resulting pellet was dispersed in 1 mL PBST
and the solution was stored at 4 °C for further use.

Procedures of the Immunoassays

We carried out the sandwich-type immunoassay as follows. The capture antibody Abl (4
pg/mL) was firstly dissolved in 100 mM pH 9.6 Na,CO3-NaHCO3 coating buffer. Aliquots
of 50p.L of the Abl solution was added into each well of the 96-well PS plate. The plate was
maintained at 4 °C for overnight or at room temperature for 4 h. After that, the solutions
were discarded and 200p.L of PBST buffer was added into each well and washed for three
runs to remove the unbound capture antibodies. Nonspecific binding sites were blocked by
placing 200 pL 1% BSA in PBS into each well for 1 h at 37 °C, followed by copious rinsing
with PBST solutions for three runs. After passivation, the Abl-modified wells were added
PBST solutions containing varying concentrations of PSA ranging from 0.1 pg/mL to 100
ng/mL. The PBST-only solution was set as the blank. The plate was kept at 37 °C for 1 h
and washed with PBST for three runs. Later, 50p.L of Ab2-RBITC-AuNPs solutions were
added into the wells and incubated at 37 °C for another 1 h. Ab2-RBITC-AuNPs were
pulled down onto the substrate owing to the antigen antibody binding. The unbound Ab2-
RBITC-AuNPs were washed away by PBST solutions for four runs and rinsed with De-
ionized water for two runs. Finally, to the wells was added release reagents (1 mM of
cysteamine is the optimized solution), and the plate was shaken at 600 rpm for 1 min in the
dark. The fluorescence intensities were recorded by a Synergy 2 Multi-Mode Microplate
Reader.
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Preparation of RBITC-Conjugated Ab2

RBITC contains a ITC (-N=C=S) group, which is a reactive group commonly used to
conjugate with the primary amines of proteins without generating by products. Firstly, Ab2
(100pLg) was dissolved in pH 9 KoCO3 (2 mM, 1mL) solution, where the target amine
groups in Ab2 were mainly unprotonated. 1 mg of RBITC was dissolved in 1 mL anhydrous
dimethyl sulfoxide (DMSO). 3.6.L freshly prepared RBITC solution was added into the as
prepared Ab2 solution to give a reaction ratio of 10 RBITC per each Ab2. The reaction was
performed in a tube which was wrapped with foil. The mixture was shaken at room
temperature for 1 h. The unreacted RBITC was removed by dialysis. The products were
measured by fluorescence spectroscopy (Figure S8). The fluorescence peak at around 580
nm demonstrated that RBITC had been successfully labeled onto Ab2. In general, only
several RBITC molecules are conjugated to each antibody because higher conjugations may
cause internal quenching between the dyes and influence the immunogenic activity of Ab2.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(A) Bright field and fluorescence images of solutions containing citrate-AuNPs, free
RBITC, Ab2-RBITC-AuNPs, and Ab2-RBITC-AuNPs treated with 1 mM of cysteamine.
The absorption spectra (B) and fluorescence emission spectra (C) of solutions containing
citrate-AuNPs, free RBITC, Ab2-RBITC-AuNPs, and Ab2-RBITC-AuNPs treated with 1
mM of cysteamine. (D) Fluorescence emission spectra of Ab2-RBITC-AuNPs solutions
treated with various concentrations of cysteamine ranging from 0 to 1 mM. The spectra were
collected 1 min after the addition of cysteamine.
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Stern—Volmer plots of RBITC quenching by varying concentrations of AuNPs with
diameters of 15 (A), 30 (B), 60 (C), and 80 nm (D), respectively. Fg and F represent
fluorescence intensity of RBITC in the absence and presence of AuNP quencher,
respectively.
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Figure 3.
Conventional fluorescent immunoassay and the activatable immunoassay for sensing various
concentrations of PSA in 96-well PS plate. (A) Top panel: fluorescence images of the
commonly used fluorescent probe for various concentrations (0.1 pg/mL — 100 ng/mL) of
PSA using Ab2-RBITC as detection tags. Bottom panel: fluorescence images of the newly-
developed fluorescence activatable probe for the same concentrations of PSA. (B)
Comparison of the detection performance of the two probes by plotting fluorescence
intensity at 590 nm versus various concentrations of PSA in PBST solutions. (C) The linear
range of (B). The PBST-only sample was set as the blank. AFyax = F — Fg was used to
measure the variations of the fluorescence intensity, where F is the emission fluorescence
intensity at 590 nm, and Fg is the background fluorescence. Error bars show standard
deviations (n=3).
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Figure4.

AFM images of PS substrates after Ab2-RBITC-AuNPs were pulled down onto the PSA-
immobilized surfaces where the concentration of the pretreated-PSA was 1 ng/mL (A) and
that pretreated with PBST-only sample (B).
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The detection results of the commercially available HRP-based immunoassay (A) and the

newly-developed fluorescence activatable immunoassay (B) for PSA in patient serum
samples where the contents of PSA were serially diluted by 10-fold. Error bars show

standard deviations (n = 3).
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Representation of the fluorescence activatable immunoassay for PSA performed in 96-well

PS plate.
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