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Direct in situ fluorescent enzyme-linked immunosorbent assay (ELISA) is rarely investigated and reported.
Herein, a direct in situ high-performance HRP-labeled fluorescent immunoassay platform was constructed. The
platform was developed based on a rapid in situ fluorogenic reaction between Polyethyleneimine (PEI) and p-
Phenylenediamine (PPD) analogues to generate fluorescent copolymer nanoparticles (FCNPs). The formation
mechanism of FCNPs was found to be the oxidation of eOH radicals, which was further proved by nitrogen
protection and scavenger of eOH radicals. Meantime, the fluorescence wavelength of FCNPs could be adjusted
from 471 to 512 nm by introducing various substitution groups into the PPD structure. Using cardiac troponin I
(cTnI) and SARS-CoV-2 nucleocapsid protein (N-protein) as the model antigens, the proposed fluorescent ELISA
exhibited a wide dynamic range of 5-180 ng/mL and a low limit of detection (LOD) of 0.19 ng/mL for ¢Tnl, and
dynamic range of 0-120 ng/mL and a LOD of 0.33 ng/mL for SARS-CoV-2 N protein, respectively. Noteworthy,
the proposed method was successful applied to evaluate the cTnI and SARS-CoV-2 N protein levels in serum with
satisfied results. Therefore, the proposed platform paved ways for developing novel fluorescence-based HRP-
labeled ELISA technologies and broadening biomarker related clinical diagnostics.

alkaline environment, which limit its application (Chen et al., 2018,
2020). Alternative enzyme, HRP, gets relatively more common appli-

1. Introduction

Owing to its excellent accuracy, practicality, low cost and high-
throughput, enzyme-linked immunosorbent assay (ELISA) has been
extensively employed in food safety analysis, environmental monitoring
and biomedical diagnosis (Jarvenpaa et al., 2012; Li et al., 2020; Cohen
et al., 2020; Vargas et al., 2019; Han et al., 2019; Chen et al., 2021).
Usually, ELISA uses an enzyme, typically horseradish peroxidase (HRP)
or alkaline phosphatase (ALP), to convert the corresponding substrate
into a product with color or fluorescence for quantification (Liu et al.,
2019; Yuan et al., 2012). Unfortunately, ALP-labeled enzymes can only
hydrolyze product with phosphate groups and need to be in the strict
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cation in diagnosis, biosensing due to its high specific activity, stability,
small molecular weight and easy preparation of pure enzyme (Cosnier
et al., 2021; Li et al., 2017; Xianyu et al., 2018). HRP has a faster cat-
alytic rate than ALP, which make it generating a strong signal in a short
time. However, sensitivity of HRP based ELISA retards its application.
Until now, there are many HRP based methods applied in bioassays,
such as chemiluminescence, square-wave voltammetry, fluorometry,
colorimetry and electrochemistry (Lin et al., 2012; Kergaravet et al.,
2012; Chen et al., 2019; Fornera and Walde, 2010; Wang et al., 2018).
Among these assays, colorimetric immunoassay is the routine method
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adopted in laboratories and industry/clinic for detecting target analytes.
Generally, HRP catalyzes the substrates with the presence of Hy0,. 3,3/,
5,5'-tetramethylbenzidine (TMB) is the most typical chromogenic sub-
strate in HRP-induced immunoassay system. Nevertheless, the tradi-
tional colorimetric immunoassay suffers from low sensitivity due to the
limitation of substrate though great endeavors have been put (Chen
et al., 2017; Fu et al., 2018; Ellis et al., 2009; Welch et al., 2016). For
example, Shiddiky’s group developed an enhanced colorimetric molec-
ular sensor for detecting auto-antibodies by coupling HRP with
gold-containing nanoporous iron oxide nanoparticles (Shiddiky et al.,
2017). In contrast with colorimetric immunoassay, fluorescence
immunoassay has drawn increasing attention owing to the advantages of
high sensitivity, fast response, and real-time monitoring (Murfin et al.,
2019; Liu et al., 2020; Zhou et al., 2020). Yang and his colleagues
developed a fluorescent immunoassay for alpha-fetoprotein (AFP) based
on fluorescein and p-phenylenediamine (Yuan et al., 2012). Chen groups
designed a fluorescent ELISA to analyze insecticidal protein toxin uti-
lizing polymer dots and PPD (Chen et al., 2019). However, the
above-mentioned biosensors achieve target detection by the internal
filtration effect (IFE), which is an indirect fluorescence immunoassay.
Additionally, the fluorophores of biosensors interact with the HRP,
which often disturbs fluorescence detection (Zhu et al., 2012; Yuan
et al., 2012; Shiang et al., 2009). It means that HRP reactions can be
self-limiting due to loss of in situ fluorescent substrate of the enzyme.
Hence, it is very necessary to develop fluorescent substrates of HRP for
constructing direct in situ fluorescence immunoassay.
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Herein, we developed a facile and direct in situ HRP-induced fluo-
rescent immunoassay platform. The proposed fluorescent ELISA was
based on the in situ fluorogenic reactions between polyethyleneimine
(PEID) and p-phenylenediamine (PPD) triggered by HRP in the presence
of HyO, to rapidly generate potent green fluorescent copolymer nano-
particles (FCNPs) (Scheme 1A). The FCNPs were formed through
oxidation of eOH radicals as proved by nitrogen protection and scav-
enger (ascorbic acid) of eOH radicals. Meantime, the fluorescence
wavelength of FCNPs could be adjusted from 471 to 512 nm by intro-
ducing various substitution groups (electron-donating groups and
electron-withdrawing groups) into the PPD structure. Additionally, we
speculated that the strong fluorescence original of FCNPs was also
attributed to PEI with many cationic reactive primary amino groups and
high charge density. The in situ fluorogenic reaction platform could not
only reduce the interference of background signal, but also exhibit
outstanding features such as stability, wavelength-tunability, highly
fluorescence quantum yield. Noteworthy, using the cTnl and SARS-CoV-
2 nucleocapsid protein (N protein) as the models, the proposed fluo-
rescent ELISA displayed high sensitivity for detecting cTnl and SARS-
CoV-2 N protein with a low limit of detection (LOD) of 0.19 ng/mL
and 0.33 ng/mlL, respectively. Overall, as developed fluorescent plat-
form provide great potential for rapid and sensitive analysis of other
protein biomarkers in clinical diagnostics, fundamental discovery, and
other biomedical applications.

370 nm 510 nm
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Scheme 1. (A) Principle of HRP-triggered formation of FNCPs. (B) The chemical structure of PPD derivatives. The order of the substituent X is from neutral to strong
ED or EW properties. (C) Fluorescence spectra of PPD derivatives and PEI catalyzed by HRP in the presence of H,O,. (D) Calculated CIE coordinates from the FL
spectra of the different wavelength-tunable FCNPs. Inset: the corresponding photographs of wavelength-tunable FCNPs under ultraviolet light.
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2. Experimental section
2.1. Reagents and instruments

All chemicals and related instruments have been listed in Supporting
Information.

2.2. Preparation of FCNPs and calculation its relative quantum Yyield

Briefly, horseradish peroxidase (120 mU/mL) and hydrogen
peroxide (500 uM) were dissolved in Tris-HCI buffer (10 mM, pH = 7.4).
After incubating at 25 °C for 15 min on a shaker, Polyethyleneimine (5
mg/mL, MW = 70000) and p-phenylenediamine (60 pM) were added in
it. The polymeric nanocluster was obtained by mixture at room tem-
perature within minutes. The relative quantum yield of FCNPs was
calculated by the following equation:

D, :E X @ X @p

Ap Fp
Where @ is the fluorescence quantum yield, F is the integrated area of
emitted fluorescence spectra, and A is the absorbance at the excitation
wavelength. The subscript P and D implied product of PEI-PPD and
quinine sulfate, respectively.

2.3. Analytical performance

All analysis performance processes have been listed in Supporting
Information.
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3. Results and discussion
3.1. Establishment and optimization of HRP sensing system

To prove the feasibility of PEI and PPD as substrates for HRP activity
detection in the presence of HyOy, we measured the absorption and
fluorescence spectra of the system. As showed in Fig. 1A and B, the
hybrid solution of PEI and PPD (line a), and the hybrid solution of PEI,
PPD and HRP (line b) did not present absorption peak at 370 nm and
fluorescence signal at 510 nm. The hybrid solution of PEI-PPD-H50,
(line ¢) had an absorption peak at 370 nm but no fluorescence signal at
510 nm. While adding HRP into the mixed solution of PEI-PPD-H;0,
(line d), a sharp absorption peak at 370 nm and a strong fluorescence
signal at 510 nm was observed, indicating that the HRP catalyzed H204
to produce hydroxyl radicals (¢OH) which led to oxidative polymeri-
zation reaction between PPD and PEI Besides, the color and fluores-
cence change of solutions under visible light and ultraviolet light also
confirmed the corresponding process (inset image of Fig. 1A and B).
Thus, an HRP sensing design is successfully constructed based on the
effective fluorogenic and chromogenic reaction using PPD and PEI as the
substrates (Scheme 1A).

The catalytic activity of HRP toward PEI and PPD in the presence of
H50, was tested in the Tris-HCI buffer (pH 7.4) at 25 °C. After incuba-
tion of the solution containing HRP and H205, the mixed solution of PEI
and PPD exhibited vigorous fluorescence at 510 nm. The increase
gradually levelled off in 15-20 min, indicating oxidation induced
polymerization of PEI-PPD to form FCNPs in the presence of HyO2. By
contrast, in the presence of only HRP or Hy0,, the solution showed no
apparent fluorescence changes, implying that the direct oxidation of PEI
and PPD by HRP or H,0 alone was kinetically sluggish (Fig. 1C). The
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Fig. 1. (A) Absorption and (B) fluorescence emission spectra of PEI + PPD (a), mixture of HRP + PEI + PPD (b), mixture of H,O, + PEI + PPD (c) and the mixture of
HRP + H,0, + PEI + PPD (d), respectively. The final concentrations of PEI, PPD, HRP and H,O, in the reaction solutions are 5 mg/mL, 60 pM, 120 mU/mL and 500
pM, respectively. (C) Time-fluorescence curve of PEI-PPD in Tris-HCI buffer system with H,O, (gray), HRP (pink) and HRP-H,0, (orange). (D) Fluorescence intensity
of FNCPs change at different pH (3-10). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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result confirmed that eOH played a vital role in oxidative polymeriza-
tion of PEI and PPD.

To obtain better sensing performance, we optimized the pH and in-
cubation time of reaction. As shown in Fig. 1D and Fig. S1, with the
increase of pH and incubation time, the fluorescence intensities at 510
nm of the copolymer dot also increased. The pH and the incubation time
were chosen 7.4 and 15 min, respectively. Then, we also optimized the
concentration of PEL, PPD and H»0,. As displayed in Fig. S2, Fig. S3 and
Fig. S4, as the concentration of PEI, PPD and H,0, increased, the value
of F1/F0 increased rapidly. 5 mg/mL of PEL, 60 uM of PPD and 500 pM of
H0, were selected in the subsequent experiments.

As the emission spectral of reaction could be modulated by intro-
ducing various substitutions, we administrated electron donating groups
(EDGs) and electron withdrawing groups (EWGs) to achieve wavelength
tunability of FCNPs. The structures of substituent were showed in
Scheme 1B, as named in bold type. As indicated in Table S1, FCNPs-1
exhibited the emission maximum at 510 nm. By introducing chlorine
into the system, the resulting FCNPs-2 showed a blue-shifted emission
maximum of 502 nm. However, by replacing chlorine moiety with sul-
fonic acid or nitro, leading to a blue-shift emission maximum of 491 and
471 nm of FCNPs-3 and FCNPs-4, respectively. The blue-shift of 11 and
31 nm could be attributed to the stronger electron withdrawing of the
sulfonic acid group and nitro than the chlorine group. Moreover, upon
adding a methyl group FCNPs-5 showed to a bathochromic shift (peak at
512 nm). This could be attributed to the donor capacity of the methyl
group. Therefore, the introduction of different substituents in the PPD
structure realized the tunability of fluorescence emission wavelength of
FCNPs from 471 to 512 nm (Scheme 1C). Thus, it is feasible to build a
wavelength-tunable sensing platform which is attributed to the degree
of conjugation caused by different electron donating groups and electron
withdrawing groups on the benzene ring (Lei et al., 2019; Feng et al.,
2013). In addition, in view of the FCNPs of different wavelengths, we
calculated the transparent color perception of the sensing platform
through CIE, which further confirmed the construction of the wave-
length tunable sensing platform (Scheme 1D).

3.2. Characterization of FCNPs

The FCNPs were synthesized in the presence of HRP and H205. The

1.6 Y 1200
Ex Em ’; |
g 1.24 900
g N~
208 600 &
= =
2 =
2 N 2
<« 0.4 300 =
=
0.0 o =

400 500 600 700

Biosensors and Bioelectronics 198 (2022) 113823

optical properties of FCNPs were characterized by absorption and
fluorescence spectra. As seen from Fig. 2A, the obtained FCNPs dis-
played an absorption peaks at 370 nm and the light yellow mixture
solution display intensively green fluorescence under 365 nm (inset of
Fig. 2A). The maximum excitation and emission wavelength of FCNPs
were located at 370 nm and around 510 nm, and the relative fluores-
cence quantum yield (QY) was about 12.4% with quinine sulfate (QY =
54%) as a reference. The TEM and AFM confirmed morphology of
FCNPs. The FCNPs had a diameter of 3 nm (Fig. 2B) and a height of
about 2.5 nm (Fig. 2D, E and 2F), indicating that the FCNPs were
approximate elliptical structure. In addition, the high resolution TEM
(HRTEM) image displayed lattice fringes, which was close to the facet of
graphite. It showed that the nanoparticles separated well from each
other. The diffraction rings were indexed to the planes of the FCNPs
crystal structure (Fig. 2C). The FCNPs were further characterized by
FTIR to evaluate the groups. As shown in Fig. 2G, the signals at 1598
cm ! and 1501 cm ™! were derived from the stretching vibration of C=N
double bonds. The absorption peaks at 1189 cm ‘and 1285 cm ™! were
assigned to the stretching vibrations of C-N bonds, which implying that
Michael addition reaction might occur between aromatic ring and amine
group. Besides, the FT-IR measurement of the stretching vibration mode
showed that the fluorescent FCNPs also had other functional groups,
such as N-H (3307 cm~! and 3038 cm’l) and C-H (2704 cm’l).
Furthermore, time scanning further confirmed the stability of FCNPs
after reaction completely terminated (Fig. S5).

3.3. Mechanism investigation of FCNPs formation

PEI and PPD mixture incubated for 1 day at room temperature
generated strong green fluorescence under UV light (Figs. S6A and S6B).
We speculated that FCNPs were formed via oxidation polymerization of
PEI and PPD. To confirm that, we conducted nitrogen protection. As
shown in Fig. 3B, the mixture solution of PEI and PPD displayed
extremely low fluorescence with nitrogen protection compared with the
regular group (with oxygen), suggesting the indispensability of the ox-
ygen for this process. Furthermore, we introduced ascorbic acid, the
scavenger of eOH radicals (Song et al., 2016) into the reaction. As
showed in Fig. S7A, fluorescence of FCNPs gradually decrease with
increasing of ascorbic acid, suggesting that the eOH was effectively
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Fig. 2. (A) Absorption (black), fluorescence excitation (blue), and emission (red) spectra of the FNCPs. Inset photos display the FNCPs under sunlight (left) and 365
nm ultraviolet light (right), respectively. (B) TEM image of the FNCPs. The scale bar is 50 nm. Inset is the size distribution histogram. (C) HRTEM image of FNCPs. (D)
AFM image of FNCPs. (E) Corresponding height image and (F) Height distribution. (G) FTIR of FNCPs. (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)
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inhibited by ascorbic acid. The above results indicated that ¢OH radicals
were the main active substances which triggered formation of FCNPs
was the oxidation polymerization of PEI and PPD.

The reaction process of FCNPs was further investigated by intro-
ducing common reductants as the terminating agent. Under the similar
experimental conditions, the fluorescence intensity of the sensing sys-
tem was suppressed after adding reductants. These results illustrated
that ascorbic acid and glutathione had a good capacity as a terminating
agent and could make fluorescence intensity of the system leveled off for
a long time (Fig. S7B).

To further study the effect of different precursors on the formation of
FCNPs, we administered substrates with similar structure to PPD and
PEL First, we examined the impact of isomers of phenylenediamine,
including OPD, MPD and PPD on the formation of FCNPs. Under the
same reaction conditions, MPD and OPD didn’t lead to similar fluoro-
genic (Fig. 3D). The amino group was an electron-donating group when
located in ortho and counter position. It attached to the benzene ring
with an unshared electron pair led to p-n hyper conjugation on the
benzene ring and increased the density of the electron cloud on the ar-
omatic ring (Maity et al., 2020; Rahemi et al., 2020). Thus, this could
help to explain why MPD and PEI did not produce fluorescence. As for
the gap between PPD and OPD, it might be due to the higher steric
hindrance of the ortho-substituents, which led to a decrease in conju-
gation (Roberto et al., 2018). When PPD interacted with PEL, FCNPs was
formed due to p-n hyper conjugation and lower steric hindrance.
Moreover, several tests were conducted to illustrate the generation
process of the FCNPs. The PPD was incubated with HRP and H,05 for 15
min before adding PEI, the mixed solution of PPD displayed an intense
absorption at around 500 nm. After reaction with PEI, the system
showed an absorption peak around 370 nm, which was consistent with
that of the FCNPs (Fig. S8A). Besides, in the presence of HRP and H,05,
the mixed solutions of PPD did not generate fluorescence. But after
adding PEI, a strong fluorescence emission peak near 510 nm was pre-
sent, same as that of FCNPs (Fig. S8B). Summarily, the results revealed

that PPD firstly formed an intermediate, and then interacted with PEI to
form FCNPs. There were other studies addressing oxidation of PPD with
absorption peaks at 500 nm in the presence of HRP and H205, which was
consistent with our results. In addition, as mentioned before, the FT-IR
spectrum of FCNPs showed a sharp peak at 1501 cm ™' and 1598 cm™!
(C=N stretching vibration), which further confirmed the formation of
the Bandrowski’s base intermediate. Thus, the results demonstrate that
during the formation of FCNPs, PPD first undergoes oxidative poly-
merization to form a Bandrowski’s base intermediate, and then reacts
with PEI to form the final product (Zhang et al., 2017).

To further verify the mechanism, substances with similar structure to
PPD with PEI were investigated. As shown in Fig. S9A, after incubation
with HRP and H0,, addition PEI into the mixed solution contain 2,5-
Diaminobenzene-1,4-diol dihydrochloride or 2,3,5,6-Tetramethyl-1,4-
phenylene- diamine could hardly generate a fluorescence signals. We
speculated that this was because the reaction sites on the benzene ring
structure of DMDDC or TMPDA in the mixed solution were replaced by
carboxyl and methyl groups, and no further oxidation could occur. In
other words, PEI reacts with oxidized intermediates to form FCNPs,
instead of directly reacting with PPD to produce fluorescence (Scheme
1).

Next, the role of PEI in the reactants was carefully studied. PEI, as a
water-soluble polymer, is a colorless or light yellow viscous liquid and
its molecular weight will change with the degree of polymerization. We
investigated the effect of molecular weight of PEI (MW = 600, 1800,
10000, 70000) on the reaction system. The FL intensity of FCNPs
gradually enhanced as the molecular weights increasing (Fig. 3D),
implying that long-chain PEI precursors were more liable to achieve
folding and warping. To eliminate the possibility of alkali-induced flu-
orophores formation, we introduced NaOH and other bases to replace
PEI in the system (Fig. 3E). The results showed that only PEI and EDA
could react with PPD in the presence of HRP and H50- to form a blue and
green fluorescent copolymer, respectively. PEL, as a polymer, had more
cationic reactive primary amino groups and higher charge density than
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EDA. So we speculated that the formation of the green fluorescent
copolymer was associated with the structure of PEI itself.

3.4. Quantitation analysis of HRP activity

After optimization, we use the assay to analyze HRP activity. The
relationship between HRP concentration and FL intensity at 510 nm was
investigated in detail. As presented in Fig. 4A, when HRP increased from
0 to 150 mU/mL, FL intensity of the system at around 510 nm
augmented gradually, and it displayed a two-stage good linear rela-
tionship (Fig. 4B). The linear fitting equation was to be F1/FO0 =
1.72009 + 5.2548Cypp (R;2 = 0.95896) and F1/F0 = 53.78294 +
0.24271Cyrp (Ro? = 0.97629). The limit of detection was 0.13 mU/mL,
which was superior to other reported ones (Table S2). Furthermore,
when the HRP concentration was 1 mU/mL, obvious fluorescent color
changes could be easily read under ultraviolet light (Fig. 4C). The
selectivity of our proposed assay was investigated by comparing with
other common biomolecules, such as ALP, ACP, Ppase, BSA, Pepsin, Cyt-
¢, Tyrosinase, Trypsin and GOx. All the tests were performed in 1.5 mL
centrifuge tubes. As shown in Fig. 4D, those biomolecules, except HRP,
with concentration of 120 mU/mL did not lead to noticeable fluores-
cence change. These results indicated that our detection system
exhibited the excellent selectivity and selectivity toward HRP.

3.5. Fluorescent immunoassay for cTnl and SARS-CoV-2 N protein

Inspired by comprehensive application of HRP in ELISA, we initiated
to explore the application of HRP activity based fluorescence turn-on
sensing system in the HRP-labeled immunoassay target antigen. The
cTnl, the biomarker of myocardial infarction (AMI), was adopted as our
target antigen (Kergaravet et al., 2012; Yuan et al., 2012; Anabel et al.,
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2021; Carlo et al., 2021). The mouse anti-cTnl monoclonal antibody,
goat anti-cTnl antibody and HRP-conjugated rabbit anti-goat IgG were
employed as the capture antibody, primary antibody and secondary
antibody, respectively. Fig. 5A vividly displayed the strategy of
HRP-labeled immunoassay for the detection of cTnl. The specific anti-
body was pre-immobilized on a 96-well plate to capture the target cTnl.
Subsequently, through the specific recognition of the antigen and anti-
body, the goat anti-cTnl antibody and HRP secondary antibody labels
were fixed on the plate. After that HyO,, followed by PEI and PPD, were
added into the plate. As expected, the fluorescence intensity gradually
increased with the increase of HRP concentration (Fig. 5B), implying
gradual binding of HRP labeled on the antibody. The inset graph dis-
played the linear relationship between the fluorescence intensity and
cTnl concentrations from 5 to 180 ng/mL. The fitted linear equation
could be expressed as F1/FO = 1.7885 + 0.0589C.1n1, R? = 0.99362
(Fig. 5C). The detection limit was 0.19 ng/mL, as calculated from 36/S,
which was superior to those previously reported assay for cTnl detection
(Table S3) (Liu et al., 2016; Wu et al., 2010, 2017; Guo et al., 2019; Song
et al., 2011; Dorraj et al., 2015; Zuo et al., 2016; Tsaloglou et al., 2014;
Periyakaruppan et al., 2013). Comprehensive consideration of perfor-
mance, cost, and detection time, our method still showed obvious
overall advantages compared with other fluorescence-based methods
(Liu et al., 2020; Jarvenpaa et al., 2012; Zhao et al., 2019; Liu et al.,
2020) (Table S4). To validate the sensing ability and specificity of our
sensor toward target antigen cTnl, nonspecific proteins, including alpha
fetoprotein, lysozyme, pepsin and trypsin were administrated, and some
co-existing reducing species, such as AA, GSH, Cys, as well as metal ions
(Fe3*, Cu?™) had been added the system for target sensing. None of those
substances induced obvious increase of fluorescence signal (Fig. 5D and
Fig. S11), suggesting excellent selectivity of our assay for detecting cTnl.

In order to further verify the versatility of the proposed platform, we
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Fig. 4. (A) Fluorescence emission spectra of FNCPs toward various concentrations of HRP. (B) Linear range of F1/F0 against concentrations of HRP from O to 150
mU/mL. F1 and FO was the fluorescence intensity of the FNCPs in the presence and absence of HRP, respectively. (C) Photographs under ultraviolet light. (D)
Selectivity investigation of the sensing system for HRP activity. The concentrations of HRP and other proteins are both 120 mU/mL.



J. Liu et al.

Biosensors and Bioelectronics 198 (2022) 113823

A I P |- {C P
Hg—@—\u, A V2 Sl GV e :' 200 ng/mL é
b 150- - 9
. 129Y - 0.0589 Cppy + 17885 3
'E E 6 3 K-vs9s62 - A
i e YL P 8 1300 E T e
HRP-AB2 Ry R 3 =6 pd
=/ S &k \ =] v *E ] e
\ @ = 6501 3. s
Abl Ty 5 ] o
@ nigen = 0 > P ¢Tal Concentration (ag/mL)
Y 4 a oL : : : "
WF’"M“ IS a5 bbb bt 450 500 550 600 650 700 0 50 100 150 200
\EE b i b Wavelength (nm) ¢Tnl Concentration (ng/mL)
3.5
= 1600 ¥, = 0.0104C 0 + 20264
=z |D < 120 ng/mL 28] Rom g
001 Z1200 o
= 7] <]
Z1800- 5 =21
Z £ =l
;;31200- 5 Y, =0.1181Cy iy + 1.0396
- 14 20,0785
= 600 = / R, =0.9785
0+ T r -
% ™ 7 N 450 500 550 600 650 700 0 25 50 75 100 125
& & F Vb F g Wavelength (nm) N protein Concentration (ng/mL)

Fig. 5. (A) Schematic representation of fluorescent immunoassay. (B) Fluorescence emission spectra and (C) F1/F0 at 510 nm as a function of c¢TnlI activities (0-200
ng/mL). Inset: the linear relationship from 5 to 180 ng/mL. (D) Selectivity investigation of the developed fluorescent immunoasay against cTnl or other control
enzymes/proteins (200 ng/mL). (E) Fluorescence emission spectra and (F) F1/F0 value change as a function of SARS-CoV-2 N protein (0-120 ng/mL).

used the SARS-CoV-2 N protein replace the cTnl as the model antigen.
The mouse anti-N protein antibody, rabbit anti-N protein antibody and
HRP-conjugated goat anti-rabbit IgG were employed as the capture
antibody, primary antibody and secondary antibody, respectively. As
shown in Fig. 5E, the fluorescence spectra of the system were recorded at
different concentration of N protein from 0 to 120 ng/mL. An up-to-3.5-
fold fluorescence intensity enhancement was observed. A linear rela-
tionship between F1/F0 and the N protein concentration was achieved
(Fig. 5F). The fitted linear data were expressed as F1/Fy = 1.0396 +
0.1181Cn_protein (R12=0.9785) ranging from O to 10 ng/mL and Fy/Fg =
2.0264 + 0.0104Cn-protein (Ro? = 0.9724) ranging from 10 to 120 ng/
mL, where F was the fluorescence intensity at 510 nm of system. The
detection limit of our fluorescence assay was 0.33 ng/mL and the
sensitivity was satisfactory.

3.6. Detection of cTnl in clinical samples and SARS-CoV-2 N protein in
serum

Encouraged by the above results, we further applied the sensor to the
determination of cTnl in patient samples. ¢cTnl was a highly specific
principle biomarker for acute myocardial infarction (AMI) (Amodio
et al.,, 2007) having clinical cutoff level of about 0.06-1.5 ng/mL
(Christenson and Azzazy, 2009) and levels greater than 2 ng/mL indi-
cated an increased risk for serious heart disease. As shown in Fig. S10,
the result of our developed fluorescent ELISA exhibited a well linear
relationship when the concentration of cTnI was in the range from 0 to
100 ng/mL, implying its potential for detecting c¢Tnl in patient samples.
Subsequently, the cTnl levels in two control and four patients samples
were measured by utilizing our HRP based ELISA detection system and
TMB-based commercial standard ELISA kit (Table S5). Noteworthy, the
cTnl concentration determined with our system was in good agreement
with the results obtained by commercial TMB-based standard ELISA kit.
Additionally, we listed the cost of our methods and commercial kit tests
(Table S6, Table S7 and Table S8). Compared with the traditional ELISA
for testing a cTnl sample ($4.58, 20 min), the proposed sensor was
cheaper ($1.42) and faster (17 min). These results suggested that as
developed HRP based fluorescent ELISA detection system had reliable
cTnl assessing capability in clinical samples, and it held great potential

for sensitive detection of other disease biomarkers.

SARS-CoV could cause epidemics that threaten the life of the world,
such as the current Coronavirus Disease 2019. Detection of SARS-CoV-2
N protein is of great value for disease diagnosis. For SARS-CoV-2 N
protein sensing, diluted human serum samples (1%) was utilized. As
shown in Table S9, diluted human serum samples with different con-
centration of N protein (0-120 ng/mL) were applied to the system. The
results were consistent with the spiked N protein and exhibit an excel-
lent recovery in the range of 96.7-106.0%, indicating that the assay
could be successfully applied in N protein monitoring the real biological
sample. It suggested that our system was a universal fluorescent
immunoassay platform and held great potential for sensitive detection of
other disease biomarkers.

4. Conclusions

In summary, we constructed a high-performance direct in situ fluo-
rescent immunoassay platform based on a rapid fluorogenic reaction
between PEI and PPD analogues triggered by HRP. This fluorescent
immunoassay system displayed a few outstanding features: (i) A series of
facile and effective substrates of HRP-H;02 system are developed; (ii)
The obtained FCNPs by in situ fluorogenic reaction between PEI and PPD
analogues showed strong fluorescence and stability. (iii) The fluores-
cence wavelength of FCNPs could be adjusted from 471 to 512 nm by
introducing various substitution groups. (iv) Using cTnl and SARS-CoV-
2 N protein as the model antigen, the proposed fluorescent ELISA
exhibited a wide dynamic range of 5-180 ng/mL and 0-120 ng/mL for
cTnl and N protein detection with a low limit of detection (LOD) of 0.19
ng/mL and 0.33 ng/mL, respectively. (v) The proposed method achieved
cTnl detection in clinical samples with well consistency of traditional
methods, and for SARS-CoV-2 N protein detection it also gets satisfied
results. (vi) Compared with the traditional ELISA for testing a cTnl
sample ($4.58, 20 min), the proposed sensor is cheaper ($1.42) and
faster (17 min). This was the first attempt to use new substrates (PEI and
PPD) of HRP to design a high-performance universal fluorescent
immunoassay platform. It paved ways for developing new types of
fluorescence-based HRP-labeled ELISA strategy, which could be used in
the detection of pathogens, such as SARS-CoV-2.
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