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A novel fluorescence (FL) imaging platform was established for ultrasensitive and rapid detection of cardiac
troponin T (cTnT), based on a high-throughput immunosensor chip and a DNA dendrimer capped with
a large number of fluorescent dyes (FDD@Cy5). Through an enzyme-free and step-by-step strategy,
FDD@Cy5 was self-assembled facilely. After the formation of a sandwich immunocomplex and biotin—
streptavidin conjugation, FDD@Cy5 could be captured on the chip. FL signals emerged from Cy5 under
external light and the enrichment of Cy5 on the dendrimer led to signal amplification. A FL image
containing 90 spots could be collected instantaneously by laser confocal scanning microscopy and the
brightness of all the spots corresponded to the concentrations of target cTnT. Under optimal conditions,

the immunosensor chip coupled with FDD@Cy5 exhibited an excellent detection limit of 0.10 pg L™
Received 1st May 2021 ide i from 0.20 pg L to 2.0 ng L l tion down to 3.0 ul and
Accepted 13th July 2021 a wide linear range from 0.20 pg o 2.0 ng , a sample consumption down to 3.0 plL an

a maximum throughput of 45 tests per h. The proposed approach was also applied to cTnT quantitation

DOI: 10.1038/d1ra03420k in serum samples with acceptable accuracy, providing a new avenue for early diagnosis and the
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1. Introduction

Acute myocardial infarction (AMI) is one of the leading causes
of death and disease worldwide.* Early screening, evaluation
and monitoring of AMI is of great significance for improving the
survival rate of patients.> Among AMI-related serum markers,
cardiac troponin (cTnT) has been recognized as the analyte of
choice for decades.** However, at the early stage of AMI, cTnT
often exists in trace amounts, even less than interfering
substances, making it difficult to detect.® Considering that AMI
and its complications may be life-threatening, it is insensitive to
let patients wait for the test report for a long time. It is imper-
ative to develop convenient platforms for ultrasensitive, accu-
rate and rapid quantitation of cTnT.”

Immunosensor chip-based optical imaging platforms show
potential in the specific and high-throughput detection of
biomarkers, which employs principles of immunoreaction to
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prognosis evaluation of acute myocardial infarction.

recognize the target and utilizes spatial resolution strategy to
distinguish the optical signals from different sensing sites on
the array simultaneously.*’® Compared with traditional
analytical methods such as enzyme-linked immunosorbent
assay and chromatography,"™** it possesses several advantages
including easy operation, intuitive testing and the capacity of
performing parallel real-time detection for a large number of
samples. In our previous work, immunosensor chip always
contained 48 sensing sites (diameter of each site: 4 mm),"*** on
which a maximum of 48 samples could be detected in a single
analysis process. In this work, an improved immunosensor chip
was designed by immobilizing capture antibody (Ab1) of cTnT
in 90 sensing sites (diameter of each site: 2.7 mm) on the same
disposable glass (Scheme 1). Reducing the region of each site is
an endless pursuit for immunoassay of biomarkers, which is
beneficial to saving of samples and testing time, and promotion
of analytical throughput.

Besides, enhancing the ability of signal probe is also the
assiduously goal, which is favourable for improving detection
sensitivity. To obtain amplified signal, nanomaterials which
can carry plenty of signal indicators are always resorted to.'*'**#
For instance, Wang et al. reported a colorimetric method for
myoglobin detection based on a single Au nanoparticle loaded
with hundreds of hemin/G-quadruplex DNAzymes. Due to the
AuNPs amplification, this assay showed a detection limit as low
as 2.5 nM." Recently, assembled DNA nanostructures have
attracted great interests due to the high loading ability, good
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Scheme 1
process of ultrasensitive FL immunoassay of cTnT.

biological properties, easy preparation process and great
potential for functional modification.”>* As a typical self-
assembled DNA material, DNA dendrimer has been used as
signal amplifiers to construct electrochemiluminescence (ECL)
and chemiluminescence (CL) biosensors.>»** Herein, a fluores-
cent DNA dendrimer (FDD®@Cy5) was prepared and combined
with the immunosensor chip to develop a novel FL imaging
platform for ultrasensitive and fast detection of cTnT.

As shown in Scheme 1A, the DNA dendrimer was prepared
facilely through an enzyme-free and step-by-step assembly of
different Y-shaped DNAs. Y-shaped DNA labelled with biotin
(Ya-Bio) was designed to link the dendrimer to sandwich
immunocomplex, while Y-shaped DNA labelled with Cy5 (Y4.cys)
was designed as the FL indicator. The ratio of Y,.cys to Y45, Was
set as 23 : 1 to realize the signal amplification. As displayed in
Scheme 1B, after the sandwich immunoreaction and biotin-
streptavidin (SA) recognition, the FDD@Cy5 was captured on
the immunosensor chip. The more cTnT the samples con-
tained, the more FL dyes kept on the sensing sites 90 FL spots
corresponding to 90 different ¢cTnT samples could be instanta-
neously observed by a laser confocal scanning microscopy
(LCSM). The brightness of the spots increased with increasing
concentrations of target ¢cTnT. The proposed FL imaging plat-
form provided excellent performance for trace detection of
cTnT, implying the great potential for early diagnosis and the
prognosis evaluation of AMI.
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(A) Schematic diagram of procedure of FDD@Cy5. (B) The immunosensor chip with 90 sensing sites and schematic diagram of the

2. Materials and methods
2.1 Reagents and apparatus

Glass chips modified with aromatic aldehyde group were
purchased from Ruimai Biotechnology Co., Ltd. (Shanghai,
China). All the oligonucleotides were synthesized and purified
by Sangon Biotechnology Co., Ltd. (Shanghai, China) and the
sequences were listed in Table S1.1 SA was also from Sangon
Biotechnology Co., Ltd. (Shanghai, China). The Ab1 and biotin-
antibody2 (Bio-Ab2) of ¢TnT (CT11N102 and CT11B101), stan-
dard solution of ¢TnT (CT01N301) were from KeyBiotech Co.,
Ltd. (Beijing, China). Standard solutions of alpha fetoprotein
(AFP), carcinoembryonic antigen (CEA) and thyroid-stimulating
hormone (TSH) were from Autobio Diagnostics Co., Ltd.
(zhengzhou, Henan, China). BlockPRO™ protein-free blocking
buffer was from MineBio Life Sciences Ltd. (Shanghai, China).
The clinical serum samples were from the First Affiliated
Hospital with Nanjing Medical University and approval of
ethical committee was obtained for this study. Ultrapure water
used in the whole experiments was from a water purification
system (= 18 MQ cm, Millipore, Milford, MA, USA). Immuno-
reaction buffer was 0.01 M phosphate buffered saline (PBS) (pH
7.4). Washing buffer was 0.01 M PBS (pH 7.4) spiked with 0.05%
Tween-20. TE buffer (pH 8.0) was used to dissolve and dilute all
the oligonucleotides. All other reagents were of analytical grade
and used without further purification.

Scanning electron micrographs of glass chip before and after
modification were obtained with a 3400N II scanning electron

© 2021 The Author(s). Published by the Royal Society of Chemistry
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microscope (SEM) (JEOL Ltd., Tokyo, Japan). Elemental analysis
spectra of immunosensor chip before and after modification
were measured with X-ray photoelectron spectroscopy (XPS) on
a PHI-5000 VersaProbe (Ulvac-Phi Ltd., Tokyo, Japan). The size
and morphology of FDD@Cy5 was characterized by a JEM-2100
transmission electron microscope (TEM) (JEOL Ltd., Tokyo,
Japan). Atomic force microscope (AFM) images of FDD@Cy5
were obtained by a Bruker Dimension Icon atomic force
microscope (Bruker Co., Billerica, MA, USA) and the data anal-
ysis was performed on Nanoscope Analysis 1.7 software. The
ultraviolet-visible (UV-vis) absorption spectra of Cy5, DNA den-
drimer and FDD@Cy5 were recorded with a Nano-100 micro
spectrophotometer (Allsheng Instruments Co., Ltd., Hangzhou,
Zhejiang, China). FL spectra of sSDNA-Cy5 and FDD@Cy5, and
the FL emission of FDD@Cy5 distributed in different wave-
lengths were measured using FLS 1000 steady/transient fluo-
rescence spectrometer (Edinburgh Instruments, UK). The FL
signals from the sensing sites of the immunosensor chip were
obtained by a FV3000 laser confocal scanning microscope
(LCSM) (Olympus Co., Ltd., Tokyo, Japan) with an objective lens
(1.25x) while the visual region of single imaging was 10 mm x
10 mm. ECL immunoassay for reference detection of cTnT was
carried out on an Elecsys 2010 System (Roche Diagnostics
GmbH, Mannheim, Baden-Wiirttemberg, Germany).

2.2 Design and fabrication of immunosensor chip

A layer of photo-inactive film with 90 holes (2.7 mm diameter) in
a (3 x 3) x 10 format was designed and pasted on the glass chip
manually. All the glass was covered but left 90 plots uncovered,
which constituted reservoirs to accommodate solutions for
immunoassay.

Then, 3uL of Ab1 of ¢cTnT at 20 g mL~ " was dropped in each
sensing site and incubated overnight at 4 °C. The immobiliza-
tion of Ab1 could be achieved efficiently through the interaction
between amino groups of antibody and aromatic aldehydes on
the glass. After washing and drying, 3 pL of blocking buffer was
dropped in each site for 1 h to block the unreacted aldehyde
groups. After washing and drying, the immunosensor chip was
obtained and stored in 0.01 M pH 7.4 PBS at 4 °C before use.

2.3 Preparation of FDD@Cy5

FDD@Cy5 was self-assembled from different Y-shaped DNAs (Y-
DNA) (Scheme 1A). Y-DNA called Y, or G, was prepared by
mixing equal moles of 3 single strands (the concentration of
each strand was 100 pM): Yo, Yop, and Y. Other Y-DNAs (Y4, Ys,
Y3, Ya.cys and Y, .pj,) were prepared according to similar proce-
dure. Each Y-DNA was parallelly incubated at 25 °C for 1 h. The
final concentration of each Y-DNA was 33 puM.

Then, different generations of DNA dendrimer (G,) were
prepared. G; was synthesized by mixing G, and Y; at a ratio of
1: 3. G, was synthesized by mixing G, and Y, at a ratio of 1 : 6.
G; was prepared using G, and Y; at a ratio of 1 : 12. Theoreti-
cally, G, was synthesized using Y,.cys and G; at a ratio of 24 : 1
for signal amplification, however, in this study, G, required to
be captured on the immunosensor chip to form a sandwich

immunocomplex by Dbiotin-streptomavidin  conjugation.
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Therefore, Y4.cys (Yaa + Yab + Yaccys) and Yapio (Yaa + Yab + Yac-nio)
were simultaneously linked with G; at a ratio of 23 : 1 : 1. Each
generation was incubated at 25 °C for 1 h. The final concen-
tration of as prepared fluorescent DNA dendrimer (FDD@Cy5)
was 0.72 uM.

2.4 FL imaging immunoassy

To obtain the calibration plot of ¢TnT, 3.0 pL of the standard
solution diluted with 0.01 M PBS (pH 7.4) to different concen-
trations were delivered into different sensing sites and incu-
bated for 30 min, followed by washing and drying. Then 3.0 pL
of corresponding Bio-Ab2 (1.0 pug mL™") was injected and
incubated for 30 min. After washing and drying, 3.0 uL of SA (1.0
pg mL ") was added to bind Bio-Ab2 and incubated for another
30 min, followed by washing and drying. Finally, 3.0 pL of
FDD@Cy5 was added into the sensing sites for 30 min, followed
by washing and drying. To implement the detection of cTnT in
clinical serum samples, 3.0 pL of serum sample was added to
the sensing sites to perform the same procedures.

FL signals from the sensing sites of the immunosensor chip
were recorded by a LCSM. To demonstrate the reliability and
reproducibility of the proposed FL biosensing chip, every 3 x 3
array was used as a visual field for the same sample, which
meant the number of experiments was 9 (Scheme 1B). Spots
were converted to digital values by the use of Image] software.
The FL intensity of each spot was calculated as the mean pixel
intensity within a circle of a given radius around each spot
centre.

3. Results and discussion
3.1 Characterization of immunosensor chip

The modification of Ab1 on the immunosensor chip was char-
acterized by SEM. As shown in Fig. 1A, the surface of original
glass chip was smooth and homogeneous. Upon immobiliza-
tion of Ab1, obvious aggregated biomolecules could be observed
on the glass chip (Fig. 1B), indicating the successful coverage of
Ab1 on the surface of chip. XPS analysis was further performed.
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Fig.1 SEMimages of the original glass chip (A) and Abl modified glass
chip (B); elemental analysis of the original glass chip (C, blue curve) and
Abl modified glass chip (D, red curve).
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Fig. 2 (A) Agarose gel electrophoresis of Go—Gy4. (B) TEM image of
FDD@Cy5. (C) AFM image and analysis of FDD@Cy5.

As shown in Fig. 1, compared with the original glass chip
(Fig. 1C, blue curve), Ab1 modified glass chip (Fig. 1D, red curve)
displayed a new N 1s peak, which belonged to Ab1, indicating
the successful fabrication of Ab1 on the immunosensor chip.

3.2 Characterization of DNA dendrimer

The formation of Gy, G4, G,, G; and G, DNA dendrimer was
verified by agarose gel electrophoresis analysis. As shown in
Fig. 2A, the electrophoretic mobility of DNA dendrimers
decreased with the increasing generations, consistently with
previous reports.”**® As-prepared DNA dendrimers without any
purification showed only a single band, demonstrating that no
by-product was formed in the assembly procedure, confirming
the efficiency of the self-assembly strategy. Furthermore, the
FDD@Cy5 was characterized by TEM. As shown in Fig. 2B,
FDD@Cy5 was spherical with good monodispersity and the size
was ~45 nm. For more accurate representation, the assembly
result was characterized by AFM (Fig. 2C). The longitudinal
values in AFM result were consistent with that measured by
TEM.

A
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3.3 Optical property and FL signal amplification of
FDD@Cy5

To investigate the optical property of FDD@Cy5, the UV-vis
spectra was used to characterize 0.72 pM of DNA dendrimer,
Cy5 and FDD@Cy5. As shown in Fig. 3A, for DNA dendrimer,
the UV-vis absorption spectrum (Fig. 3A, blue line) exhibited
a distinct DNA peak at ~260 nm. For Cy5, the UV-vis absorption
spectrum (Fig. 3A, green line) showed a distinct Cy5 peak at
~647 nm.” Both of the two peaks were observed in the UV-vis
absorption spectrum for the FDD@Cy5 (Fig. 3A, red line),
demonstrating the successful connection of the DNA dendrimer
and Cy5 molecules, and implying the best excitation wavelength
for FDD@Cy5. FL emission of FDD@CyS5 distributed in different
wavelengths also showed that the FL intensity of FDD@Cy5 was
the strongest under a ~650 nm incident light (Fig. 3B).

To verify the signal amplification of FDD@Cy5 in FL
immunoassay, the FL characteristics of single-strand DNA
labelled with Cy5 (sDNA-Cy5) and FDD@Cy5 were studied.
Under the same condition, FL signals from sensing sites using
0.14 pM of sDNA-Cy5 and FDD®@Cy5 as indicators were
compared. As shown in Fig. 3C, FDD@Cy5 triggered approxi-
mately 4-fold stronger FL than sDNA-Cy5, suggesting that
FDD@Cy5 possessed much better FL ability, which attributed to
the large amounts of Cy5 loaded on the DNA dendrimer.
Detailed FL spectra analysis could be found in Fig. S1.7

3.4 Optimization of assay conditions

The effect of incubation time on the performance of FL
immunoassay was investigated using 0.20 ng L~' ¢TnT as
a model. As shown in Fig. S2, the FL intensity raised with the
increasing incubation time of ¢TnT (Fig. S2A1) and FDD@Cy5
(Fig. S2B7), which reached the maximum values at 30 min and
30 min, respectively. Therefore, 30 min and 30 min were
selected as the optimized incubation times.

Concentrations of the Bio-Ab2, SA and FDD@Cy5 also had
critical effects on the performance of FL immunoassay. As dis-
played in Fig. S3,1 the FL intensity generally increased with
increasing concentration of Bio-Ab2 (Fig. S3At), SA (Fig. S3BY)
and FDD@Cy5 (Fig. S3Ct). By the comprehensive consideration
of FL intensity, reagent dosage and accuracy of signal readout,
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Fig. 3 (A) The UV-vis spectra of 0.72 uM of DNA dendrimer (blue line), Cy5 fluorescent molecule (green line) and FDD@Cy5 nanocomplex (red

line); (B) contour plot of emission spectra of FDD@Cy5 at different excitation wavelengths. (C) Comparison of FL images (top) and intensities
(bottom) using (a) SDNA-Cy5 and (b) FDD@CyS5 for immunoassay of 0.20 ng L™t cTnT. Number of experiments was 9.
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Fig. 5 Samples (n = 30) assayed for correlation studies. Results of
immunoassay of cTnT in human sera were compared with reference
analyte immunoassays.

1.0 pg mL~" of Bio-Ab2, 1.0 ug mL ™" of SA and 0.14 puM of
FDD@Cy5 were chosen as the optimized parameters.

3.5 FL immunoassay of ¢cTnT

Under optimal experimental conditions, the FL images and the
calibration plot for immunoassay of ¢TnT were obtained. As
shown in Fig. 4A, with the increasing concentrations of cTnT,
the FL spots on the immunosensor chip became more and more
bright. The FL intensity was proportional to the logarithm value
of analyte concentration over the range of 2.0 x 10~ * ng L' to
2.0 ng L. The calibration plot was Y = 142.89 +26.14 Ig X (R* =
0.9991) and the detection limit was estimated to be 0.10 pg ™"
corresponding to the signal of 3 SD, lower than previously re-
ported cTnT quantitation methods (Table S2}).**** The whole
FL immunoassay strategy could be completed within 2 h and

© 2021 The Author(s). Published by the Royal Society of Chemistry

the throughput was calculated to be 45 samples per hour. After
56 days storage of FDD@Cy5 in the dark at 4 °C, the FL intensity
remained 91% of the initial response (Fig. S4t), implying
excellent stability.

3.6 Evaluation of cross-reactivity

The cross-reactivity between ¢TnT immunosensor and nonspe-
cific analytes was evaluated by comparing the FL intensity after
incubation with the blank solution, TSH, CEA, AFP, CA125,
cTnT, the mixture of TSH, CEA, AFP, CA125 and target cTnT (all
of them were 0.20 ng L™ '). As expected, the immunosensor
exhibited obvious responses to target ¢InT and the mixture
containing target (Fig. 4B), indicating good specificity and
negligible nonspecific binding.

3.7 Detection of cTnT in clinical serum samples

To investigate the analytical reliability and application potential
of the FL biosensing method based on FDD@Cy5, the concen-
trations of ¢TnT in 30 human serum samples from healthy
people and patients (the clinical cutoff values of ¢TnT was
14 ng L~ ") were tested. When the ¢TnT levels were higher than
the calibration range, the serum samples were appropriately
diluted with 0.01 M pH 7.4 PBS. The results obtained by
proposed method were compared with the reference values
measured by commercial ECL methods. As shown in Fig. 5, the
correlation coefficients (R* > 0.99) and the slope close to 1
indicated acceptable accuracy of the proposed assay.

4. Conclusions

This work reported a highly sensitive and specific FL biosensing
approach for detection of ¢InT based on an immunosensor
chip and a fluorescent DNA dendrimer. By loading plenty of Cy5
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molecules on the DNA dendrimer, a 4-fold FL signal amplifi-
cation could be achieved. The protocol displayed a wide detec-
tion range and the limit of detection down to 0.10 pg L™ '.90
samples could be tested within 2 h, providing a throughput of
45 tests per h. The immunosensor chip coupled with FDD@Cy5
was available to measure ¢TnT in clinical serum samples, with
high throughput, small consumption, great accuracy, sensitivity
and selectivity. Although this study was specific only to c¢TnT, it
could be easily expanded to detection of other protein analytes
by changing the antigen and corresponding antibodies, indi-
cating potential application in extensive bioanalysis.
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