Chinese Chemical Letters 35 (2024) 108970

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Developing a fluorescence substrate for HRP-based diagnostic assays ®)
with superiorities over the commercial ADHP st

Zhichao Zhou?4! Fuqgian Chen¢!, Xiaotong Xia¢, Dong YeP, Rong Zhou%&f* Lei Lif,
Tao Deng€, Zhenhua Ding?*, Fang LiuP*

3 Department of Radiation Medicine, Guangdong Provincial Key Laboratory of Tropical Disease Research, School of Public Health, Southern Medical

University, Guangzhou 510515, China

b School of Pharmaceutical Sciences, Guangzhou University of Chinese Medicine, Guangzhou 510006, China
¢ Artemisinin Research Center, Guangzhou University of Chinese Medicine, Guangzhou 510006, China
dState Key Laboratory of Respiratory Disease, the First Affiliated Hospital of Guangzhou Medical University, Guangzhou Medical University, Guangzhou

510120, China

¢ Guangzhou Laboratory, Bio-Island, Guangzhou 510030, China
fNanshan Pharmaceutical Innovation Research Institute of Guangdong Province, Foshan 528225, China

ARTICLE INFO

ABSTRACT

Article history:

Received 5 July 2023

Revised 23 August 2023
Accepted 24 August 2023
Available online 27 August 2023

Keywords:

Fluorescence immunoassay
HRP fluorescence substrate
Hydroresorufin

Amplex red/ADHP
SARS-CoV-2

The combination of horseradish peroxidase (HRP) and a fluorescence substrate has been attract-
ing great interests in developing sensitive biochemical analysis and immunoassays. 10-Acetyl-3,7-
dihydroxyphenoxazine (ADHP or Amplex red) is the most sensitive fluorogenic substrate known for
HRP in current market, however, it suffers from some drawbacks, such as non-specific reactivity
to carboxylesterase and limited fluorescence stability. In the present study, a novel HRP substrate
10-cyclopropylcarbonyl-dichloro-dihydroxyphenoxazine (AR-2), has been prepared, which exhibited im-
proved sensitivity than ADHP in sensing HRP. Moreover, the fluorescence of AR-2/HRP demonstrated im-
proved tolerance to physiological relevant pH fluctuation as compared to ADHP/HRP. Successful detec-
tion of uric acid/urate oxidase reaction indicated excellent application prospect of AR-2/HRP for monitor-
ing H,0,-generating biochemical reactions. More interestingly, an enzyme-linked immunosorbent assay
(ELISA) using AR-2 as the fluorescence reporter has been successfully used in detecting IgG against se-
vere acute respiratory syndrome coronavirus 2 (SARS-CoV-2) from human serum samples. Overall, AR-2
exhibits improved performances over the commercial ADHP, which will be an ideal alternative to ADHP

in HRP-based fluorescence biochemical analysis and immunoassays.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The reaction between horseradish peroxidase (HRP) and a
proper chemical substrate has been widely applied for quantitative
measurements in vitro diagnostics and biochemical analyses [1-5].
Among all HRP techniques, the fluorescence assays have attracted
increasing interests due to their excellent sensitivity and reason-
ably large linear detection ranges [6,7]. A dihydroxyphenoxazine
(or hydroresorufin) analogue 10-acetyl-3,7-dihydroxyphenoxazine,
also known as ADHP or Amplex red, is the most popular fluo-
rescence substrate of HRP, which is supplied as the reporter in
most fluorescent enzyme-linked immunosorbent assay (ELISA) Kits
in current market [8-12]. Additionally, HRP/ADHP has been exten-
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sively used to form multi-enzyme detection systems for monitor-
ing H,0,-generating biochemical reactions, such as the reaction
of glucose (GLU) with glucose oxidase (GOx) and the reaction of
uric acid (UA) with urate oxidase (UAO) [13-17]. The reaction be-
tween ADHP (non-fluorescent), HRP and H,0, generates fluores-
cent resorufin that provides the basis for detection. Up to now,
the preparation and application of ADHP-based assays have led to
more than 1100 published papers since its first development at
1994 (Fig. S1 in Supporting information). However, ADHP is suf-
fering from some drawbacks that can greatly affect the accuracy of
detection, especially for the detection in complex biological sam-
ples [18-22]. For example, it has been found that ADHP can react
with carboxylesterases (CES) to produce resorufin, which is regard-
less of HRP and H,0, [20]. The reaction could be explained as fol-
low: First, CES recognized and removed the acetyl group, forming
a hydroresorufin intermediate; Second, the unstable hydroresorufin
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was oxidized by molecular oxygen (0O,) in air. With these features,
the H,0, levels in biological samples with CES expression will be
over-valued when using ADHP/HRP for analysis. In addition, it has
been noted that the fluorescent product resorufin is easily subject
to further oxidation in the presence of high levels of H,0, or per-
oxidase, which leads to fluorescence unstable [23]. For these rea-
sons, developing a new generation of fluorescence substrates for
HRP is thus attracting great attentions. Until now, several types
of HRP fluorescence substrates have been reported, and some of
them have been evaluated in fluorescence immunoassays [24]. A
table to summarize the recent developments in this field can be
found in the supporting information (Table S1 in Supporting infor-
mation). For example, Yoo et al. reported a naphthalene aldehyde-
based N,N-dimethylhydrazone molecule as a substrate for detect-
ing HRP/H,0, through fluorescence turn-on manners [25]. How-
ever, the fluorescence of the reaction product peaked at 375 nm
within ultraviolet-to-blue range, which was subject to interfer-
ences from biological molecules. A recent study found that the re-
action between polyethyleneimine (PEI) and p-phenylenediamine
(PPD) could generate green fluorescent copolymers upon cataly-
sis by HRP/H,0,. It thus offers a way to develop a new fluores-
cent ELISA, which has been successfully applied for determining
cardiac troponin I and severe acute respiratory syndrome coron-
avirus 2 (SARS-CoV-2) N protein [26]. Although some of recent
HRP/fluorescence substrate systems have shown higher sensitivity
than typical colorimetric assays, there is still lack of direct compar-
isons between the new developments and ADHP. Discovering novel
alternatives with improved performances over the most common
commercial substrates is highly challenged.

Modification on hydroresorufin scaffold is another possible way
to offer HRP substrates with improved properties for sensing
(Scheme S1 in Supporting information), however, a systematic
study is still lacking. The fact that ADHP has undesirable reactivity
to CES has been pointed out several years ago, but there have no
new developments to overcome it. Herein, several hydroresorufin
analogues (AR-1 to AR-5) have been prepared and tested as fluo-
rescence substrates to HRP (Scheme 1). The most promising one,
10-cyclopropylcarbonyl-dichloro-dihydroxyphenoxazine (AR-2), ex-
hibited excellent sensitivity to HRP/H,0, reaction and showed su-
periorities over the commercial ADHP in real applications, includ-
ing the sensing of UA/UAO reaction and the detection of IgG to
SARS-CoV-2 in serum samples. The experiments have been de-
scribed in details and the results have been discussed as well.

Halogenation on the aromatic rings of a dye often leads to
significant influences on photophysical and photochemical prop-
erties. The most common cases are xanthene fluorophores and
their halogenated analogues [27-29]. For example, 2/,7’-dichloride
modification on fluorescein can lower the phenolic pK,, making
these analogues less sensitive to biologically relevant pH fluctu-
ations [30]. A similar effect also exists on coumarin dyes [31].
Moreover, halogenation sometimes can improve the photo-stability
of a dye [31,32]. With these considerations, this study began
with the preparation of a dichloro-resorufin (resorufin-Cl) and a
dibromo-resorufin (resorufin-Br). Both resorufins were easily pre-
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O Halogenation tunes phenolic pKa

O Unusual R’ supresses CES response

Scheme 1. Schematic graph shows the design principles of hydroresorufin ana-
logues.
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Table 1
Photophysical properties of resorufin, resorufin-Cl and resorufin-Br.

Structure Aabs Aem SS 5 [
HO. O. O
10991
N
HO. O O
T X
Cl N Cl
HO O O
T X XX
Br N Br
Notes: A, is the wavelength of maximum absorbance; Aem is the wavelength of
maximum emission; SS stands for stokes shift; ¢ is the molar extinction coefficient

(L mol~! cm1); @y stands for fluorescence quantum yield. All the parameters were
measured in phosphate buffered saline (PBS) at pH 7.4.

570 588 18 5050 0.35
582 602 20

42,000 0.33

584 602 18 57,000 0.09

pared through a simple two-step synthetic procedure from the
commercial materials with reasonable isolated yields (general pro-
cedure A, Supporting information). The measurements indicated
that chloride and bromide modification could result in slight red-
shifts to the absorbance and fluorescence spectra (Table 1, Fig. S2
in Supporting information). Density-functional theory (DFT) cal-
culations of the highest occupied molecular orbital-lowest unoc-
cupied molecular orbital (HOMO-LUMO) gap were in consistence
with the experimental observation (Fig. S3 in Supporting infor-
mation). The photophysical properties of all three resorufins were
then measured. As shown in Table 1, the fluorescence quantum
yield of resorufin-Cl (0.33) is close to resorufin (0.35), but that
of resorufin-Br (0.09) is significantly lower than resorufin-Cl and
resorufin (Table 1 and Table S2 in Supporting information). It is
worth noting that the molar extinction coefficient (&) of resorufin-
Cl (42,000 L mol~! cm~1) is much higher than that of resorufin
(5050 L mol-! ¢cm~!) when measured at corresponding wave-
length of their maximum absorbance. It is known that the molec-
ular brightness can be defined as the product of the molar ex-
tinction coefficient and the quantum yield [33]. Therefore, it is
not hard to expect that resorufin-Cl has improved brightness than
resorufin. The fluorescence under 300 nm UV light irradiation
clearly shows the elevated brightness of resorufin-Cl over resorufin
(Fig. S4 in Supporting information). It is certain that resorufin-Cl
is a promising scaffold for fluorescence substrate design. In to-
tal, five hydroresorufin-Cl analogues with acyl substituents on N
atom (AR-1/2/3/4/5) have been prepared (Fig. 1a and Supporting
information). To potentially suppress the recognition and nonspe-
cific cleavage reaction by CES, the acetyl group was replaced with
biologically unusual cyclic alkanoyl groups (cyclopropylcarbonyl,
cyclobutanecarbonyl, cyclopentanecarbonyl and cyclohexylcarbonyl,
respectively) during the preparation.

All the synthesized substrates and ADHP were evaluated in
sensing of HRP/H,0, reaction. As shown in Fig. 1b, all probes
can respond to HRP/H,0, through fluorescence turn-on manners.
However, the degrees of fluorescence enhancement from AR-1, AR-
4 and AR-5 are less than that of ADHP. Among all, AR-2 shows
the highest reactivity, and reaches the plateau of detection curve
within 5 min. Moreover, the maximum fluorescence intensity of
AR-2 reaction solution is higher than that of ADHP at the same
conditions. AR-3 exhibits similar fluorescence enhancement as AR-
2, however, a longer reaction time is required to reach the intensity
plateau. The result indicates that HRP prefers the hydroresorufin-Cl
substrate with an acyl group of three-membered ring rather than
those with a smaller or a larger acyl substituent. Both Figs. 1c and
d show that the fluorescence enhancement correlates well with the
increase of HRP concentration from both AR-2 and ADHP reactions.
There is a linear relationship between the fluorescence intensity of
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Fig. 1. (a) The structures of synthetic substrates AR-1/2/3/4/5 and the commercial ADHP. (b) The kinetic response curves of the fluorescence substrates toward HRP/H,0,
reaction. (c) The detection curve (red line) and the linear regression (black line) of AR-2 fluorescence versus the concentration of HRP. (d) The detection curve (red line)
and the linear regression (black line) of ADHP fluorescence versus the concentration of HRP. The final concentrations of AR-2 and ADHP were both at 50 pmol/L, and the
concentration of H,0, was 500 pmol/L. The concentration of HRP in (b) was 5 ng/mL. The data are expressed as mean + standard deviation of three replicates.
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Fig. 2. (a) Reaction kinetic curves by monitoring the fluorescence of AR-2 (50 pmol/L) or ADHP (50 pmol/L) in the presence of pure CES (0.5 U/mL). (b) Kinetic measurement
of the fluorescence of AR-2 or ADHP from the incubation with fresh lysate of mouse liver tissues. (c) Fluorescence imaging of mouse primary hepatocytes by AR-2 and ADHP.
Scale bar: 80 pm. The concentrations of CES inhibitor PMSF and BNPP are both at 100 pmol/L.

AR-2 and HRP concentration at pictogram-level (0.01-1.0 ng/mL).
Whereas, the linear relationship for ADHP reaction system is found
at the HRP concentration ranging from 0.02 ng/mL to 1.0 ng/mL,
which is narrower than that of AR-2. In addition, the calibration
curve’s slope of AR-2 system (4.72x103) is 1.59-fold to that of
ADHP (2.96x103). In general, a steeper calibration curve (with a
larger slope) corresponds to higher sensitivity toward the changes
in HRP concentration [34]. With excellent sensitivity, we then ex-
amined the reactivity of AR-2 and ADHP toward CES. Consistent
with previous observation, ADHP indeed responds to CES through
HRP and H,0, independent manners. This reaction can convert
ADHP to its fluorescent product resorufin (Fig. S5 in Supporting
information). Inhibiting CES activity by an inhibitor phenylmethyl-
sulfonyl fluoride (PMSF) [35] can significantly suppress the fluo-
rescence increase. Surprisingly, AR-2 does not respond to CES as
non-obvious fluorescence turn-on was observed both in the pres-
ence and in the absence of PMSF (Fig. 2a). As shown in Fig. S6
(Supporting information), the analogue with an acetyl group (AR-
1) has obvious nonspecific reactivity toward CES, which is similar
to ADHP. In contrast, all the ARs (AR-2 to AR-5) with cyclic alka-
noyl substituents do not respond to CES. The original purpose of
introducing naturally unusual acyl groups was to design substrates

with suppressed unwanted responsiveness toward CES. The result
is indeed of great support to the design principle.

In a further study, this nonspecific reactivity has been exam-
ined by incubating ADHP and AR-2 with the lysate of fresh mouse
tissues, respectively (Fig. 2b). It is known that CES are expressed
in many types of tissues or cells. To measure H,0, or H;0,-
generating reaction in tissues/cells, HRP/substrate system is often
mixed directly with the fresh lysates. CES activity can greatly af-
fect the quantification accuracy if the HRP substrate itself has non-
specific responsiveness to CES. Therefore, HRP substrates without
CES responsiveness are desirable. As expected, fluorescence turn-
on from ADHP was observed, where 15 min incubation could lead
to 80-fold increase in fluorescence intensity. Whereas, only a slight
increase of fluorescence was observed from AR-2. CES inhibitor
PMSF cannot suppress the fluorescence from AR-2, indicating that
the slightly elevated fluorescence is not due to the CES’s activity.
This is mostly attributed to the reaction between AR-2 and intrin-
sic oxidant species in the lysates. Actually, ADHP has previously
been used to image the reactive oxygen species (ROS), such as
superoxide anions in living cells. We recognized that non-specific
reactivity of ADHP toward CES might greatly affect the accuracy
of ROS imaging. This concern has been evidenced by fluorescence
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Fig. 3. Reaction kinetic curves of ADHP/HRP/H,0, reaction (a) and AR-2/HRP/H,0,
reaction (b) by monitoring the fluorescence. The reaction was performed in PBS
buffer with different pH values. The final concentrations of substrate, HRP and H,0,
were set at 50 pmol/L, 500 ng/mL and 10 mmol/L, respectively.

imaging in mouse primary hepatocytes. As found in Fig. 2c, ob-
vious red fluorescence in the cells was observed in the presence
of ADHP. Co-incubation with bis(p-nitrophenyl)phosphate (BNPP),
a specific inhibitor to CES, could dramatically suppress the fluo-
rescence from ADHP. In contrast, only weak and background level
fluorescence was observed from AR-2 treated cells either in the
presence or in the absence of BNPP. To summarize, ADHP indeed
responds to CES regardless of HRP and H,0,, while, AR-2 does not
show responsiveness toward CES. Moreover, AR-2 is live-cell com-
patible at the common concentrations for cell imaging (Fig. S7 in
Supporting information). Rather than only CES, in a further evalu-
ation, some other proteins or enzymes such as human serum al-
bumin (HSA), GOx and alkaline phosphatase (ALP) were applied
to examine the selectivity and anti-interference capability of AR-
2/HRP/H;0, reaction. As illustrated in Fig. S8 (Supporting infor-
mation), those interfere species did not lead to obvious influence
to fluorescence readout, which indicated excellent selectivity and
anti-interference capability of this reaction.

As previously described, the fluorescence product resorufin
from ADHP/HRP reaction can undergo further oxidation in the
presence of relatively high concentrations of HO0, or HRP, lead-
ing to fluorescence decrease. The degree of fluorescence suppres-
sion highly depended on pH values, where low pHs could acceler-
ate the decrease [21,36]. A similar phenomenon was observed in
this study. As found in Fig. 3a, elevated HRP and H,0, can lead to
fast fluorescence turn-on from ADHP/HRP/H,0, reaction, however,
further reaction under neutral and acidic pHs can lead to rapid in-
tensity decrease. Even under the physiological conditions (pH 7.4),
15 min reaction has resulted in decrease by 14%. In contrast, AR-
2/HRP/H,0, system works smoothly under pH ranges from 6.5 to
8.0. Further lowering pH to 6.0 can cause significant fluorescence
diminution, but the degree of reduction is still much less than
ADHP at the same conditions (Fig. 3b). It is assumed that the rad-
ical species generated from HRP/H,0, might react back with re-
sorufin, which could result in further oxidation or polymerization,
however, these non-fluorescent products are hard to be identified
[36]. Electron withdrawing substitution is supposedly able to de-
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crease the electron density of the conjugation system, rendering it
greater tolerance to oxidation. This could be one of the reasons to
explain the improved stability of resorufin-Cl. Besides, we have no-
ticed that pH effect might be another possible reason to explain
the differences between AR-2 and ADHP in Fig. 3. As shown in
Fig. S9a (Supporting information), decreasing the pH from 7.0 to
6.0 can suppress the fluorescence intensity of resorufin by 44%,
while, that from resorufin-Cl is only 8%. Computational estimation
has also indicated that Cl substitution on resorufin can dramati-
cally decrease the phenolic pK; from 6.35 to 4.81 (Fig. S9b in Sup-
porting information). Phenolic deprotonation is necessary for this
sort of molecules to emit bright fluorescence in aqueous medi-
ums [37]. Therefore, it is not hard to understand that the fluo-
rescence of resorufin-Cl is much stable than resorufin when pH
changes between neutral and weak acid. It is worth noting that,
in a recent study, we have reported a dihydrodichlorofluorescein
analogue (DCFH-1) with great sensitivity, selectivity and pH stabil-
ity as a HRP substrate [24]. However, this substrate shows unex-
pected weak responsiveness toward HRP in the absence of H,0,
(Fig. S10 in Supporting information). The above results indicate
that resorufin-Cl is an advanced fluorescent skeleton to construct
HRP substrate and AR-2 is a promising HRP substrate for analytical
practices.

HRP/substrate is the most widely used reporter system for H,0,
and H,0,-generating biochemical reactions. H,O, generation is a
basic reaction in living organisms that can be found in numerous
enzymatic reactions. For a proof of concept, UA/UAO reaction sys-
tem was chosen in this study. ADHP and AR-2 were applied as HRP
substrate individually to construct UA detection assays (Fig. 4a). For
a typical test, HRP, substrate, and UAO were mixed firstly followed
by the addition of UA. The fluorescence was measured after 15 min
incubation at room temperature. As shown in Fig. 4, the fluores-
cence intensity of the reaction solution is UA concentration depen-
dent. Excellent linear relationships between intensity and UA con-
centration (0-10 pmol/L) have been found in both ADHP and AR-
2 systems. Although they have a same linear range, the standard
curve’s slope of AR-2 is 1.38-fold to that of ADHP, which indicating
a higher sensitivity of AR-2-based assay (Figs. 4b and c).

Besides, HRP is a well-known enzyme label for optical im-
munoassays, such as ELISAs. ADHP, as a substrate to HRP, has
been widely used to construct fluorescent ELISA kits. With excel-
lent HRP-sensing ability of AR-2, we then look into its applica-
tion potency in fluorescent ELISAs. In this study, the serum im-
munoglobulin G (IgG) to SARS-CoV-2 spike protein was chosen as
the target. Anti-virus IgG antibodies are known to play important
roles against virus infection, monitoring IgG serum levels is thus
important for diagnosis and guidance of therapy, which has been
extensively studied in the fight against coronavirus disease 2019
(COVID-19) [38,39]. HRP substrate in the commercial ELISA kit for
SARS-CoV-2 IgG was replaced with ADHP and AR-2, respectively,
to form modified ELISA kits (Fig. 5a). Before IgG detection from
human serum samples, the calibration curves were established ac-
cording the instruction of kit. As found from Fig. 5b, an excellent
linear correlation between fluorescence intensity and relative unit
(RU) values of IgG is found when IgG concentration ranges from 5
RU/mL to 400 RU/mL. The standard curve’s slope of AR-2 assay is
1.17 times to that of ADHP, which indicating a higher sensitivity of
AR-2-based detection (Fig. 5c). In addition, the fluorescence signals
from AR-2-based assays have relatively higher signal to noise ratios
(SNRs) than ADHP-based assays along the linear range. It is known
that the higher the SNR, the better the signal quality (Table S3 in
Supporting information).

Based on the calibration curves, the IgG antibody against SARS-
CoV-2 spike protein (S-IgG) from serum samples (samples 1 and 2
are from the persons without infection, samples 3 to 8 are from
the patients who have just recovered from SARS-CoV-2 infection)
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Fig. 4. (a) Schematic figure shows the dection of UA/UAO reaction by HRP/AR-2 or ADHP. (b) The detection curve of fluoresence intensity of ADHP/HRP in the presence of
UA at different concentrations. (c) The detection curve of fluoresence intensity of AR-2/HRP in the presence of UA at different concentrations. The insets in b and c represent
the linear calibration curves. The concentration of UAO was set at 5 U/mL, the fluorescence substrates and HRP were set at 50 pmol/L and 5 ng/mL, respectively. The data

are expressed as mean =+ standard deviation of three replicates.

Table 2
Detection of IgG against SARS-CoV-2 spike protein from serum samples.

Sample No. FL intensity (a.u) S-IgG (RU/mL)

AR-2 ADHP AR-2 ADHP
1* -3.60 0.49 —6.46 7.03
2% 0.23 —2.66 —5.50 6.10
3w 924.33 683.57 226.68 207.93
4xx 575.40 427.50 139.01 132.62
5% 218.10 160.00 49.24 53.94
6%* 69.97 48.00 12.02 21.00
7 822.26 725.10 201.04 220.15
8 1508.14 1280.71 373.37 383.56

* Negative samples: serums from the persons without SARS-CoV-2 infection;
** Positive samples: serums from the patients with infection.
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Fig. 5. (a) Schematic figure shows the detection of S-IgG (the IgG against SARS-
CoV-2 spike protein) using the modified ELISAs. (b) The standard detection curve of
fluorescence intensity from AR-2 versus RU of IgG. (c) The standard detection curve
of fluorescence intensity from ADHP versus RU of IgG. The data are expressed as
mean + standard deviation of three replicates.

have been quantified by the modified ELISA kits. The fluorescence
readout and the calculated RU values of IgG are listed in Table 2,
where the signals from blank wells have been subtracted from
the measurements. Increased fluorescence intensity has been ob-
served from all the serum samples with infection (positive sam-
ples), while, there are no meaningful fluorescence increase from

the negative samples. Both AR-2 and ADHP based assays can suc-
cessfully distinguish positive and negative samples according to the
fluorescence changes. RU values of IgG were then calculated ac-
cording to the functions in Fig. 5, which indicated a similar trend
as the fluorescence observation. The RU values of all positive sam-
ples were further analyzed by Deming regression, in which the
RU values from AR-2 and ADHP assays were set as x-values and
y-values, respectively (Fig. S11 in Supporting information). Correla-
tion coefficient (r) was found to be 0.995 (>0.975), which indicated
that the results from both methods exhibited excellent consistency
[40]. In a word, AR-2 is undoubtedly a promising HRP substrate for
setting up fluorescent ELISAs. AR-2/ELISA will become a promis-
ing alternative to replace ADHP/ELISA, especially for those requir-
ing relatively higher sensitivity and SNR.

To overcome the drawbacks of the most commonly used HRP
fluorescent substrate ADHP, several new chloride hydroresorufin
analogues have been designed and prepared. Among all synthetic
substrates and ADHP, the analogue with a cyclopropylcarbonyl
group on N atom shows the most promising sensitivity toward HRP
detection. More importantly, AR-2 has improved anti-interference
ability in practical applications when compared with ADHP. Fur-
thermore, AR-2/HRP/H,0, system has enhanced fluorescence sta-
bility than ADHP/HRP/H,0,, especially upon sensing of high con-
centrations of HRP or H,0,. AR-2/HRP has been used as the re-
porter in fluorescence analysis of UA/UAO reaction, which shows
greater sensitivity than ADHP-based assays. In addition, AR-2 has
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been used to construct a fluorescence ELISA for successfully detect-
ing the IgG against SARS-CoV-2 virus from human serum samples.
In summary, AR-2 provides a great opportunity to improve HRP-
based fluorescence biochemical analysis, which will become one of
the most attractive alternatives to ADHP in real diagnostic applica-
tions.
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