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flow cytometric immunoassay
based on bead surface-initiated template-free DNA
extension†

Liping Zhu, Desheng Chen, Xiaohui Lu, Yan Qi, Pan He, Chenghui Liu *
and Zhengping Li

Proteins lack the duplication mechanism like nucleic acids, so the connection of immunoassays with effective

nucleic acid amplification techniques has become a powerful way for the detection of trace protein biomarkers

in biological fluids. However, such immunoassays generally suffer from rather stringent DNA sequence design

and complicated operations. Herein, we propose a simple but highly sensitive flow cytometric immunoassay

(FCI) by employing on-bead terminal deoxynucleotidyl transferase (TdT)-initiated template-free DNA

extension as an effective signal amplification pathway (TdT-FCI), and gold nanoparticles (AuNPs) co-

functionalized with both the detection antibody and a 30-OH oligonucleotide (ODN) as the transducer to

bridge the immunoassay and subsequent TdT-mediated DNA amplification. The target antigen can sandwich

with the capture antibody immobilized on the magnetic beads (MBs) and the detection antibody on the

AuNPs to bring a lot of ODNs onto the surface of MBs. Each ODN on the MBs can be effectively elongated

by TdT in a template-free manner to produce a long poly(T) tail, which will then bind to many

6-carboxyfluorescein (FAM)-labeled poly(A)25. Since each AuNP can carry multiple ODNs and each

extended ODN can ultimately capture numerous FAM-poly(A)25, efficiently amplified fluorophore

accumulation on the MBs can be achieved. The fluorescent MBs can be individually interrogated with a flow

cytometer and thus quantitative analysis of the target antigen can be realized. Coupled with the powerful

flow cytometry analysis, the simple but efficient TdT-based signal amplification mechanism has pushed the

detection limit of prostate specific antigen (PSA) down to a low level of 0.5 pg mL�1. Furthermore, based on

an elegant bead size-encoding principle, we have further advanced the TdT-FCI for multiplexed antigen

detection in a single reaction. Sharing the unique merits of simple design and operation, efficient signal

amplification, powerful signal readout and the capability for multiplexed analysis, this TdT-FCI provides

a versatile tool for detecting trace antigen biomarkers towards clinical diagnosis as well as prognosis.
Introduction

Sensitive detection of biomarkers in biological uids is
extremely important for disease diagnosis, prognosis and
prevention.1–3 Until now, the detection of antigen/protein
biomarkers using immunoassay techniques is still the domi-
nant tool for clinical diagnosis.3,4 Although some conventional
immunoassays are usually sufficient for routine clinical tests,
however, in many cases, accurately monitoring the concentra-
tion uctuation of antigen/protein biomarkers at extremely low
levels in biological uids still remains challenging. For
example, PSA (prostate specic antigen) is a widely investigated
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hemistry 2018
serum biomarker for screening prostate cancer and evaluating
the recovery of patients aer surgery treatment.5,6 Typically, the
PSA level is lower than 4 ng mL�1 in the serum of healthy males,
while it will be remarkably increased in males with prostate
cancer.7 Notably, the PSA levels in the serum of patients whose
prostates were surgically removed are extremely low (approxi-
mately 1–5 pg mL�1).8 The obvious increase of serum PSA values
at the pg mL�1 level post-operative may indicate the recurrence
or metastasis of prostate cancer.7 Traditional immunoassays
(with detection limits typically ranging from 0.1 ng mL�1 to
several ng mL�1) can generally meet the clinical demand for the
detection of PSA higher than 4 ng mL�1, but their compromised
sensitivity is insufficient for tracing the serum PSA level for
monitoring prostate cancer relapse aer radical prostatec-
tomy.5–8 Furthermore, in some cases, the existing well-applied
immunoassays are also not sensitive enough for screening
potential cancers at the very early stage when the concentrations
of the trace amounts of cancer biomarkers are too low to detect.
Therefore, the development of highly sensitive and reliable
Chem. Sci., 2018, 9, 6605–6613 | 6605
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strategies for the detection of trace amounts of disease-related
antigens will be of great signicance for both clinical diag-
nosis and prognosis.

For decades, sandwich immunoassays, coupled with varying
signal transducing mechanisms such as radioactive, electro-
chemical, optical, mass-sensitive and colorimetric readout path-
ways, have been the most widely used protocols in the elds of
biodetection and clinical diagnostics, which have been well
summarized in previous reviews.9–13 Radioimmunoassays (RIAs)
are limited by their inherent drawbacks such as potential radia-
tion hazards and the need for professional equipment/qualied
personnel.14 Enzyme-linked immunosorbent assays (ELISAs) are
the most extensively applied protocols in routine clinical labora-
tories.9–13 However, the traditional ELISAs only show compro-
mised sensitivity, typically with the detection limits of antigen/
protein biomarkers at the ng mL�1 level.6,15 Although the sensi-
tivities of some modied ELISAs have been obviously improved
based on the use of nanoparticle probes, nano-enzyme mimics
and enzyme-functionalized nanostructures,16–21 these modied
ELISAs oen suffer from disadvantages such as the need for
special synthetic skills and complicated procedures as well as
delicate surface modication and bioconjugation.

Unlike proteins, nucleic acids have efficient replication and
amplication mechanisms,22 such as the well-known polymerase
chain reaction (PCR), which can achieve exponential signal
amplication.23 Although one cannot yet chemically duplicate
protein targets, the connection of efficient nucleic acid ampli-
cation mechanisms with antibody-based immunoreactions has
opened a new way to dramatically increase the sensitivity of
traditional immunoassays,23–28 among which immuno-PCR and
immuno-RCA (rolling circular amplication) are the most prom-
inent. Although quite effective to improve the detection sensi-
tivity, some problems still remain formost of the immuno-nucleic
acid amplication strategies. On the one hand, well-optimized
nucleic acid amplication systems and stringent sequence
design are needed,29–31 otherwise undesired nonspecic signals
may totally conceal the meaningful and true results. On the other
hand, the preparation of DNA–antibody conjugates is a compli-
cated process and involves the use of toxic chemicals and
cumbersome purication procedures.29–31 Therefore, it is urgent to
devise a much simpler and facile nucleic acid amplication
technique that can be easily connected with immunoreactions for
the highly sensitive detection of various antigens.

Herein, we wish to propose a simple but highly sensitive ow
cytometric immunoassay (FCI) by employing terminal deoxy-
nucleotidyl transferase (TdT)-initiated on-bead DNA extension as
the effective signal amplication pathway (TdT-FCI). In this new
TdT-FCI, gold nanoparticles (AuNPs) are used as the carrier to
facilely co-load detection antibodies and 30-OH oligonucleotides
(ODN), which leads to an increased ODN/antibody ratio and
greatly simplies the purication procedure in comparison with
covalent DNA–antibody bioconjugation protocols. Aer the
magnetic bead (MB)-supported sandwich immunoreaction, the 30-
OH end of each ODN captured on the MBs can be efficiently
extended by TdT to produce a long poly(T) tail,32–39 which can
further bind to a lot of uorescein-labeled poly(A) sequences,
leading to efficiently amplied uorescence accumulation on the
6606 | Chem. Sci., 2018, 9, 6605–6613
MBs. Such uorescent MBs can be sequentially and rapidly
detected one-by-one through a powerful ow cytometer at a high
speed.40–42 It is worth noting that unlike immuno-PCR and
immuno-RCA where several sophisticatedly designed DNA probes
must be involved, since TdT-based DNA polymerization is
sequence-independent and template-free,32–39 only one ODN with
a 30-OH terminus is needed, whose sequence can be randomly
designed. So, the DNA amplication in the TdT-FCI is greatly
simplied. By combining TdT-catalyzed simple but efficient
signal amplication mechanisms with powerful ow cytometry
readout in the TdT-FCI, the detection limit of PSA is lowered down
to the sub pg mL�1 level, well meeting the requirement for
monitoring the ultra-low serum PSA aer radical prostatectomy.
More fascinatingly, the ow cytometer also enables clear differ-
entiation of MBs with different sizes through the FSC (forward
scatter) and SSC (side scatter) parameters.43–45 Based on this
principle, we have further advanced the TdT-FCI for the simulta-
neous detection of several targets in one tube based on a novelMB
size-encoding mechanism.
Experimental section
Reagents and materials

PSA, biotinylated anti-PSA monoclonal antibody (mAb1), anti-PSA
monoclonal antibody (mAb2), uorescein-labelled anti-PSA
monoclonal antibody, human alpha fetoprotein antigen (AFP),
anti-AFP monoclonal antibody and biotinylated anti-AFP mono-
clonal antibody were purchased from Linc-Bio Science (Shanghai,
China). Human carcinoembryonic antigen (CEA), monoclonal
anti-CEA antibody, and biotinylated monoclonal anti-CEA anti-
body were obtained from Biosynthesis Biotechnology (Beijing,
China). Human IgG (HIgG) and goat-anti-human IgG (GaH IgG)
were obtained from Sanchen Biotechnology (Nanjing, China).
Dynabeads® M-270 Streptavidin (2.8 mm), Dynabeads® Myone
Streptavidin C1 (1.0 mm) and TdT were supplied by Thermo Fisher
Scientic. Biotin, dTTP, Tween-20 and bovine serum albumin
(BSA) were acquired from Sangon Biotech (Shanghai, China). The
ODN probe (50-SH-TTTTTTCCCAGCACGAGACCAATT-30) and 6-
carboxyuorescein (FAM)-labeled poly(A)25 were synthesized and
puried by Sangon Biotech (Shanghai, China). All other chemical
reagents were of analytical grade and used as received without
further purication.

The detailed components of the used buffers in this study
are listed below:

1� PBS (10 mM, pH 7.4, containing 137 mM NaCl and
2.7 mM KCl);

PBS–BSA (1� PBS with 0.5% BSA and 0.1% Tween-20);
PBST (1� PBS with 0.1% Tween-20);
1� TdT buffer (25 mM Tris–HCl, 1 mM CoCl2, 0.2 M potas-

sium cacodylate, pH 7.2).
Preparation of ODNs and mAb2-conjugated AuNPs (mAb2–
AuNPs–ODNs)

The colloidal AuNPs (16 nm, see the TEM image in Fig. S1†)
were prepared following the well-established citrate-reduction
method.46
This journal is © The Royal Society of Chemistry 2018
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The mAb2–AuNPs–ODN nanocomplexes were prepared
according to a modied literature protocol.47 Typically, 1 mL
of 16 nm colloidal AuNPs were rstly adjusted to pH 9.2–9.5
by using 0.1 M Na2CO3 solution. Then, 10 mL anti-PSA mAb2
(1.0 mg mL�1) was introduced and the mixture was incubated
at room temperature for 20 min with mild stirring. Aerward,
the alkylthiol-capped ODNs (1 nmol) were pipetted into the
mixture. Aer gently shaking for 5 min, the mixture was
further incubated at 4 �C overnight. Following that, the
mixture was rst buffered to 10 mM PB (pH 7.2), and then the
NaCl concentration was tuned to 0.15 M under slow stirring.
The mAb2–AuNPs–ODNs were puried by multiple rounds of
centrifugation. Finally, the obtained mAb2–AuNPs–ODNs
were dispersed in 1 mL of PBS–BSA, and stored at 4 �C.

Standard procedures of the proposed TdT-FCI strategy

Let's take the detection of PSA as an example to describe the
standard procedures of the proposed TdT-FCI strategy by using
Dynabeads® M-270 Streptavidin (abbreviated as M-270 MBs) as
the reaction carrier.

The standard TdT-FCI assay consists of the following steps. (i)
In each reaction, 0.02 mg of biotinylated capture antibody (mAb1)
was rstly incubated with �1.2 � 105 M-270 MBs (corresponding
to 0.2 mL original bead slurry) at room temperature for 30 min
under shaking to form the mAb1–MB conjugates; (ii) aer puri-
cation, in a total of 10 mL of PBS–BSA media, the mAb1–MBs were
incubated with serial dilutions of PSA and 5 mL mAb2–AuNPs–
ODN for 2 h at room temperature under mild shaking to perform
the non-competitive sandwich-type immunoreaction; (iii) the MBs
carrying the sandwich immunocomplexes were magnetically iso-
lated and washed three times, and suchMBs were then suspended
in 10 mL of TdT buffer containing 1 mM dTTP and 1 U TdT to
conduct the TdT-assisted on-bead DNA extension (37 �C for 1 h);
(iv) the MBs were further incubated with excess FAM-poly(A)25 (1
mM) under shaking (4 �C for 1 h); (v) as a nal step, each sample
was diluted to 350 mLwith 1� PBS and immediately detected using
a FACSCalibur Flow Cytometer (BD Biosciences). During FCM
analysis, 10 000 MBs were collected for each reaction and their
uorescence signals were detected through the FL1 (FAM/FITC)
channel under 488 nm laser excitation. The mean uorescence
intensity (MFI) of all the MBs in each sample was statistically
analyzed for the quantitative analysis of PSA.

The uorescence images of the uorescent MBs were obtained
on a laser scanning confocal microscope (FV-1200, Olympus) by
dropping the MBs onto a 0.17 mm glass slide. Then their uo-
rescence images were recorded by collecting the uorescence at
500–600 nm under the excitation of a 488 nm laser.

Protocol of the bead size-coded TdT-FCI strategy for
simultaneous detection of multiple antigens

Taking the simultaneous detection of CEA and PSA in a single
tube as an example. Firstly, two kinds of MB and AuNP-based
nanocomplexes, namely, anti-CEA mAb1-functionalized
Myone-MBs, anti-CEA mAb2–AuNPs–ODN, anti-PSA mAb1-
functionalized M-270 MBs and anti-PSA mAb2–AuNPs–ODN,
were prepared respectively. Briey, anti-CEA mAb1–Myone MBs
This journal is © The Royal Society of Chemistry 2018
(�3 � 105 beads, 1.0 mm) and anti-PSA mAb1–M-270 MBs (�3 �
105 beads, 2.8 mm) were rstly mixed together, and then the two
kinds of MBs in each reaction tube were sequentially incubated
with the sample containing different targets, and the mixture
containing PSA-specic and CEA-specic bio-barcode AuNPs.
The subsequent TdT-assisted signal amplication reaction,
FAM-poly(A)25 hybridization reaction, and the FCM analysis
were performed with the same procedures stated above. The
FSC, SSC and FL1 signals were measured simultaneously using
the ow cytometer. The FSC/SSC signals are used for differen-
tiating the MB sizes while the FL1 signals are recorded for the
quantication of PSA and CEA.

Results and discussion
Principle of the proposed TdT-FCI

Fig. 1 illustrates the working principle of the MB-assisted TdT-
FCI for the detection of PSA. In this work, the anti-PSA mAb1 is
immobilized on the MBs to capture the target PSA. AuNPs co-
functionalized with anti-PSA mAb2 and massive ODNs with
their 30-OH exposed outside are employed as the transducer to
bridge the immunoreaction with subsequent template-free DNA
polymerization. In the presence of target PSA, the noncompet-
itive sandwich-type immunoreaction between the mAb1, PSA
and mAb2 will specically bring the AuNPs, each of which
carries many ODNs, to the surface of MBs.48 The use of mAb2–
AuNPs–ODNs successfully transforms the PSA quantication to
the detection of the ODNs loaded on the MBs. Aer the MB-
supported immunoreaction, TdT can recognize the 30-OH
termini of the ODNs on the MBs to initiate the template-free
DNA polymerization. Since only dTTP is provided, each ODN
on the MBs can produce a long linear poly(T) tail up to thou-
sands of nts long.32 Each of the produced poly(T) tails can
further combine with numerous FAM-poly(A)25 ssDNA, result-
ing in highly efficient uorophore accumulation and signal
amplication on the surface of MBs. Finally, such uorescent
MBs are rapidly analyzed one-by-one using a ow cytometer
without requirement of uorophore elution.

Through the statistical analysis of the collected uorescence
signals from numerous MBs for each sample, the target PSA
level can be accurately reected by the mean uorescence
intensity (MFI) with high sensitivity. In contrast, if PSA is
absent, no sandwich immunoreaction occurs and thus the
mAb2–AuNPs–ODNs will not be anchored on the surface of
MBs. As a result, further TdT-based DNA extension and uo-
rophore enriching on the MBs will not be initiated at all, leaving
the MBs non-uorescent.

This new TdT-FCI shares several unique advantages. Firstly,
in traditional nucleic acid amplication-based immunoassays,
complicated and specialized conjugation and purication
operations are needed to prepare the antibody–DNA probe
bioconjugates. Herein, AuNPs serve as the carrier for both the
mAb2 and ODN. The co-functionalization of SH-DNA and
antibodies on AuNPs is mature and simple, which can be easily
handled in an ordinary lab. Second, unlike the well-established
immuno-PCR and immuno-RCA where multiple DNA probes
must be sophisticatedly and stringently designed to avoid
Chem. Sci., 2018, 9, 6605–6613 | 6607
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Fig. 1 Schematic illustration of the MB-assisted TdT-FCI for the
detection of protein biomarkers.
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potential ambiguous results, in the TdT-FCI, only one ODN with
a 30-OH terminus is needed, whose sequence can be randomly
designed since the TdT-based DNA polymerization is sequence-
independent and template-free. This greatly simplies the assay
design and makes the results more reliable. Third, each PSA
molecule will form an immunocomplex with a large ratio of
ODN to PSA and each ODN can be elongated by TdT to capture
numerous uorescein molecules on the MBs, which lead to the
efficient signal amplication and greatly improved detection
Fig. 2 (a) FCM result and the corresponding fluorescence image of th
control); (b) FCM result and the corresponding fluorescence image of the
target. In images (a) and (b), the TdT-FCI is conducted following the stand
corresponding fluorescence image of the MBs involved in the TdT-FCI
mAb2–AuNPs–ODN. All of the parameters for the FCMmeasurement and
the fluorescence images: HV, 520 V; gain, 1; offset, 20%; collected fluor

6608 | Chem. Sci., 2018, 9, 6605–6613
sensitivity. Fourth, ow cytometers have been routinely used in
the hospital. They enable highly sensitive analysis of
uorophore-enriched MBs without further uorophore elution,
and are powerful tools for biomedical applications.

Evaluation of the feasibility of the proposed TdT-FCI

Several verication experiments were rstly carried out to prove
the feasibility of the proposed TdT-FCI. Fig. 2a displays the FCM
uorescence histogram and the corresponding confocal uo-
rescence imaging result of the MBs of the blank control in the
TdT-FCI. One can see that such MBs do not exhibit observable
uorescence since no immunoreaction and TdT-based exten-
sion can occur on theMBs. In contrast, as shown in Fig. 2b, with
the introduction of PSA into the TdT-FCI system, the MBs all
display a highly intense uorescence signal both in the FCM
uorescence histogram and uorescence image, which can be
distinctly discriminated from those of the blank control
(Fig. 2a) due to the AuNP-assisted immunoreaction and TdT-
based efficient signal amplication. The phenomena shown in
Fig. 2a and b can be further supported by the eld-emission
scanning electron microscopy (FE-SEM) images. As can be
seen from Fig. 3b, in the presence of the PSA target, plenty of
AuNPs are densely loaded on the MBs, indicating that the
mAb2–AuNPs–ODNs are actually bound to the surface of MBs
due to the PSA-tethered sandwich-type immunocomplexes.
Nevertheless, no AuNPs can be observed for the MBs of the
blank control (Fig. 3a), suggesting a high specicity of the
immunoreaction and the absence of nonspecic adsorption of
e MBs involved in the TdT-FCI system without the PSA target (blank
MBs involved in the TdT-FCI system in the presence of 20 ngmL�1 PSA
ard procedures as stated in the Experimental section; (c) FCM result and
system with 20 ng mL�1 PSA target by using mAb2–AuNPs instead of
fluorescence imaging are the same in (a–c). Acquisition parameters of
escence band, 500–600 nm.

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 (a) Representative FE-SEM image of the MBs of the blank
control (without PSA). (b) Representative FE-SEM image of the MBs
treated with 20 ng mL�1 PSA target in the TdT-FCI. (c) Polyacrylamide
gel electrophoresis (PAGE) results of the TdT-catalyzed extension
products of the ODN. Lane 1, double-stranded DNA ladder; lane 2,
pure ODN (200 nM); lane 3, 200 nM ODN after the TdT-catalyzed
extension.
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mAb2–AuNPs–ODN on the MBs, which are essential to achieve
high signal-to-background ratios.

Besides the high specicity of the immunoreaction-induced
loading of mAb2–AuNPs–ODNs on the MBs, the critical role of
the TdT-catalyzed ODN polymerization is also testied. As
shown in Fig. 2c, if mAb2–AuNPs (without co-loading of ODN)
are used in the TdT-FCI instead of the mAb2–AuNPs–ODN, no
uorescence signal can be aroused on the MBs. The results
shown in Fig. 2b and c clearly demonstrate that the ODN
functionalized on the mAb2–AuNPs–ODN is essential in the
TdT-FCI for efficient signal amplication and uorescence
enriching on the MBs. The efficient TdT-mediated ODN poly-
merization is well conrmed by polyacrylamide gel electro-
phoresis (PAGE) (Fig. 3c), where a band corresponding to
a poly(T) tail (thousands of nts long) at the very top of the gel can
be identied aer the TdT-catalyzed extension of the ODN,
suggesting a high amplication efficiency. All of these results
shown in Fig. 2 and 3 clearly prove that the proposed sensing
strategy of TdT-FCI is feasible for antigen detection and the
combination of mAb2–AuNPs–ODNs with TdT-assisted DNA
extension contributes to a considerable amplication effect.
Fig. 4 (a) Fluorescence histograms of the M-270 MBs in the presence
of different concentrations of PSA. PSA from left to right: 0 (blank), 0.5
pg mL�1, 1 pg mL�1, 5 pg mL�1, 10 pg mL�1, 25 pg mL�1, 50 pg mL�1,
100 pg mL�1, 250 pg mL�1, 500 pg mL�1, 1 ng mL�1, 2.5 ng mL�1, 5 ng
mL�1, 10 ng mL�1, and 20 ng mL�1, respectively. (b) The correlation
between the MFI values and PSA concentrations. The inset shows the
plot between theMFI values and PSA concentrations in the range of 0–
50 pg mL�1. Error bars represent the standard deviation of three
replicates. FL1 voltage for FCM measurements: 420 V.
Analytical performance of the TdT-FCI for the detection of PSA

In the proposed TdT-FCI, some important factors such as the
amount of TdT and the ratio of mAb2/ODN on the AuNPs, which
may affect the PSA detection, were rstly optimized (see Fig. S2
and S3 in the ESI†).

Under such optimal conditions, the performance of the TdT-
FCI strategy is investigated for the detection of the PSA target.
This journal is © The Royal Society of Chemistry 2018
Fig. 4a displays the uorescence histograms of the M-270 beads
detected using the ow cytometer in the presence of varying
dosages of PSA. One can see that the uorescence signals of the
beads in the TdT-FCI system increase gradually with increasing
the PSA concentration from 0.5 pg mL�1 to 20 ng mL�1. The
dependence of the MFI value of all the detected MBs in each
sample on the PSA concentration is plotted in Fig. 4b. It can
be seen that the MFI is linearly proportional to the concentra-
tion of PSA in a wide dynamic range from 0.5 pg mL�1 to
2.5 ng mL�1, and as low as 0.5 pg mL�1 PSA can be clearly
detected from the blank control. The corresponding calibration
is MFI ¼ 0.068CPSA (pg mL�1) + 3.325 with a regression coeffi-
cient R of 0.9920.

In recent years, various immunoassays have been estab-
lished for the detection of PSA. Some representative PSA assays
based on uorescent, colorimetric, and mass as well as elec-
trochemical methods have been summarized in Table S1.† One
can see from Table S1† that the sensitivity of the TdT-FCI is
superior or at least comparable to most of the reported
methods. Particularly, a time-resolved uoroimmunoassay
(TR-FI) coupled with a lanthanide nanoparticle enhancing
mechanism has been recently reported to be one of the most
sensitive uorescent immunoassays for PSA analysis. The
detection limit of PSA in our study is even slightly lower than
that of the TR-FI (0.52 pg mL�1).7 The sensitivity of the TdT-FCI
is also more than 100-fold higher than that of the commercial
Chem. Sci., 2018, 9, 6605–6613 | 6609
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Fig. 6 Investigation of the specificity of TdT-FCI by using PSA-specific
monoclonal antibodies. All of the antigens used in this study are 500
pg mL�1 and the fluorescence response of PSA is normalized to be 1.
(Inset) The corresponding FCM fluorescence histograms of the MBs
treated with different kinds of antigens by using PSA-specific
antibodies.
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dissolution enhanced lanthanide uoroimmunoassay (detec-
tion limit of PSA, �0.1 ng mL�1).49 Moreover, the Jiang group
has proposed a MB-supported immuno-PCR method for the
detection of PSA, in which the lowest detectable PSA concen-
tration is�0.1 pM (�3 pg mL�1).50 So, despite the simple design
of TdT-based DNA polymerization, the sensitivity of the TdT-FCI
is even higher than that of the immuno-PCR strategy. Most
importantly, since the detection limit of PSA is lowered down to
the sub pg mL�1 level, the TdT-FCI can full the critical
requirement for accurately detecting the serum PSA uctuation
at the trace pg mL�1 level for monitoring the prostate relapse
aer prostatectomy.

The excellent sensitivity of the TdT-FCI should be ascribed to
the efficient signal amplication due to the combination of
mAb2–AuNPs–ODN and TdT-based DNA polymerization. To
prove their crucial roles, a further verication experiment was
designed. In this case, the PSA-specic mAb1 was conjugated on
the surface of the M-270 MBs, and then target PSA would be
captured and subsequently directly sandwiched and stained
with uorescein-conjugated detection antibodies without
further signal amplication. The MBs were also analyzed by
FCM and the results are displayed in Fig. 5. Only when PSA
reaches a high concentration of 1 ng mL�1 that the response
can be unequivocally discerned from the blank control. There-
fore, it can be obviously concluded that the integration of
mAb2–AuNPs–ODNs with the TdT-based signal amplication
has led to a remarkable�103-fold enhancement of the detection
sensitivity.
Specicity evaluation of the TdT-FCI

To evaluate the specicity of the proposed TdT-FCI strategy for
PSA detection, we challenge the system with other potential
interfering substances, including AFP, CEA, human IgG (HIgG),
and goat-anti-human IgG (GaH IgG), by using PSA-specic
mAb1 and mAb2–AuNPs–ODN. One can see from Fig. 6 that
only PSA generates a distinct uorescence signal while the
responses aroused by AFP, CEA, HIgG and GaH IgG are all
negligible. The nonspecic signals caused by these interfering
Fig. 5 Fluorescence histograms of the M-270 MBs in the presence of
different concentrations of PSA by directly using the fluorescein-
labeled detection antibody instead of themAb2–AuNPs–ODNwithout
any signal amplification mechanism.

6610 | Chem. Sci., 2018, 9, 6605–6613
components are also less than 1% of the PSA-produced signal.
These results clearly suggest the ultrahigh selectivity of the TdT-
FCI, which can be applied to the detection of PSA in complex
biouid samples with high specicity.
Quantitative detection of PSA levels in serum

To further examine the reliability and practicability of the
proposed strategy in potential biomedical application, we have
determined the PSA levels in two independent serums from two
healthy volunteers in our laboratory. By using the TdT-FCI
strategy, the PSA levels in the two serum samples are identi-
ed to be 1.97 ng mL�1 (serum 1) and 1.44 ng mL�1 (serum 2),
respectively. Meanwhile, the concentrations of PSA in the same
serum samples were also monitored by the Hospital of Shaanxi
Normal University based on a chemiluminescence platform
(ADVIA CentaurCP® PSA Kit), and the measured PSA levels are
1.81 ng mL�1 for serum 1 and 1.30 ng mL�1 for serum 2,
respectively, which exhibit acceptable consistency with the
results of the TdT-FCI. Such results indicate that this new
approach is reliable for the detection of antigen/protein
biomarkers in blood or other biouid samples. Since ow
cytometers have been routinely used in the hospitals, the TdT-
FCI shows great potential in the eld of clinical diagnosis.
Simultaneous detection of multiple antigens based on the
bead size-encoding mechanism

To examine the generality of the TdT-FCI strategy towards the
detection of different antigens, we further applied this strategy
to the detection of CEA and AFP by use of the corresponding
target-specic capture antibodies and detection antibodies. As
can be seen from Fig. 7, the MFI value gradually increases with
increasing concentration of CEA or AFP, and as low as 5 pg
mL�1 CEA or AFP can be clearly detected. The relationships
This journal is © The Royal Society of Chemistry 2018
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Fig. 7 (a) Fluorescence histograms of the M-270 MBs in the presence
of different concentrations of CEA by using CEA-specific antibodies.
CEA from left to right: 0 (blank), 5 pg mL�1, 25 pg mL�1, 50 pg mL�1,
100 pg mL�1, 250 pg mL�1, 500 pg mL�1, 1 ng mL�1, 2.5 ng mL�1, 5 ng
mL�1, 10 ng mL�1, and 20 ng mL�1, respectively. (b) Fluorescence
histograms of the M-270 MBs in the presence of different concen-
trations of AFP by using AFP-specific antibodies. AFP from left to right:
0 (blank), 5 pgmL�1, 10 pgmL�1, 25 pgmL�1, 50 pgmL�1, 100 pgmL�1,
250 pg mL�1, 500 pg mL�1, 1 ng mL�1, 2.5 ng mL�1, 5 ng mL�1, 10 ng
mL�1, and 20 ng mL�1, respectively.
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between the MFI values and the concentrations of CEA or AFP
are shown in Fig. S4.† These results suggest that the proposed
TdT-FCI can be generally applicable to the detection of different
antigen/protein biomarkers.
Fig. 8 The results for simultaneous detection of two antigens by using th
beadmixture containing both 1 mmMyoneMBs (red color) and 2.8 mmM-
of the beadmixture treated with different target components (the target c
3 ng mL�1 of CEA are used in this study because such values are the rec
experimental conditions: TdT, 1 U; dTTP, 1 mM; FAM-poly(A)25, 5 mM.

This journal is © The Royal Society of Chemistry 2018
As we know, simultaneous analysis of multiple biomarkers
in a limited amount of biological uid sample is more reliable
for biomedical diagnosis. Since the TdT-FCI exhibits high
specicity and generality for protein detection, it is further
applied to the simultaneous analysis of multiple antigens based
on a bead size-encoding principle. In this study, the conceptual
experiments are conducted for the simultaneous analysis of two
antigens using Myone MBs (1 mm) and M-270 MBs (2.8 mm) as
the size-encoding carrier, respectively. Taking the simultaneous
detection of CEA/PSA as an example, two kinds of MB
and AuNP-based nanoprobes, namely, anti-CEA mAb1-
functionalized Myone MBs, anti-CEA mAb2–AuNPs–ODN,
anti-PSA mAb1-functionalized M-270 MBs and anti-PSA mAb2–
AuNPs–ODN, were prepared respectively. Each reaction
contains the two kinds of MBs and the two kinds of AuNPs, and
the subsequent immunoreaction, signal amplication and FCM
detection procedures were essentially the same as those for PSA
analysis. The FSC and uorescence (FL1) signals were both
measured using the ow cytometer. The FSC signals were used
for size-decoding of the MBs while the uorescence signals were
recorded for the quantication of antigens. Since both the
Myone and M-270 MBs are uniform in size, their FSC and SSC
signals are only dependent on their sizes. The FSC vs. SSC plot
(Fig. 8a) displays that the 1.0 mmMyone MBs (red color) and the
2.8 mm M-270 MBs (green color) are clearly sorted into two
separate populations. So, MBs with a specic diameter can be
facilely identied by virtue of their characterized FSC response.
When CEA and PSA are both absent, as shown in Fig. 8b, both
the Myone MB (CEA) population and M-270 MB (PSA) pop-
ulation display rather weak uorescence intensity. If only CEA is
introduced, only the uorescence of the Myone MBs is
e bead size-coded TdT-FCI strategy. (a) Scatter plot (FSC vs. SSC) of the
270MBs (green color). (b)–(h) The size-coded scatter plots (FL1 vs. FSC)
ombinations are clearly indicated). 10 ngmL�1 AFP, 4 ngmL�1 PSA and
ognized detection thresholds for clinical diagnosis, respectively. Other

Chem. Sci., 2018, 9, 6605–6613 | 6611
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remarkably enhanced while the uorescence signals of the M-
270 MBs could not be obviously inuenced (Fig. 8c). Only
when CEA and PSA are both present, can the uorescence of the
two bead populations increase obviously together (Fig. 8d).
Similarly, the simultaneous detection of AFP and PSA can also
be realized in the same manner. Fig. 8e shows that the two
populations of Myone MBs (AFP-coded) and M-270 MBs (PSA-
coded) both exhibit quite weak uorescence in the absence of
AFP and PSA. When AFP and PSA are both introduced into the
reaction, the FL1 intensities of the two MBs populations
observably move up (Fig. 8f). Fig. 8g and h exhibit similar
results for the simultaneous analysis of AFP and CEA. There-
fore, by using FSC for MB size sorting, the TdT-FCI enables the
simultaneous analysis of two antigen biomarkers in a single
reaction. It should be noted that routine ow cytometers are
capable of discriminating beads with 0.5 mm size differences.
So, although only conceptional experiments are performed in
this work for the simultaneous detection of two targets, it is
believable that by rationally employing uniformmagnetic beads
with varying size, this method is able to afford high multi-
plexing capability in protein detection.

Conclusions

In summary, for the rst time we have combined the sandwich
immunoreaction with TdT-based on-bead signal amplication
and robust FCM to establish a versatile TdT-FCI for the highly
sensitive detection of protein/antigen biomarkers. Due to the
unique template-free and sequence-independent merits of the
TdT-catalyzed DNA extension, the DNA amplication system in
the TdT-FCI is extremely simple compared with the conven-
tional immuno-PCR and immuno-RCA. Despite the simple
design, the TdT-catalyzed efficient signal amplication has
pushed the detection limit of PSA down to the sub pg mL�1

level, which is much lower than the clinical threshold of serum
PSA concentration for screening potential prostate cancer. More
importantly, the sensitivity of TdT-FCI is also sufficiently high
for monitoring the serum PSA relapse at extremely low levels
aer radical prostatectomy. More fascinatingly, based on the
powerful multiparameter signal reading capability of FCM,
simultaneous analysis of multiple biomarkers can be accom-
plished in a single reaction with the TdT-FCI by using rationally
selected size-coded MBs. It is worth noting that FCM has been
commonly used in hospitals, and portable microow cytom-
eters are also become more and more popular in a wide variety
of point-of-use applications, and thus we believe that this TdT-
FCI may be of great potential in routine clinical diagnosis as
well as in point-of-care testing (POCT).
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