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ciency still remains a challenge. To address this issue, herein, we synthesize an acridone derivative 10-
benzyl-2-amino-acridone (BAA). The synthesized BAA exhibits an intrinsic visible-light-stimulated oxi-
dase-like activity, which is capable of oxidizing various chromogenic substrates without destructive
hydrogen peroxide (H0,) under visible light stimulation, resulting in colored products. The reaction
system can be regulated by switching light on and off, which is milder and more reliable means than

Ifgj-/l;‘glrg;i-2-amino-acridone others H,0,-dependent. The photocatalytic mechanism of BAA is investigated in detail. However, L-
Visible-light-stimulated oxidase-like ascorbic acid (AA), an antioxidant generating from the acid phosphatase (ACP)-mediated hydrolysis of 2-
activity phospho-L-ascorbic acid (AAP), is able to inhibit the catalytic activity of BAA. Based on the above
ACP activity detection properties, a facile, photo-switchable and low-cost colorimetric sensing strategy is developed for ACP
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detection. The linear range is 0.05—2.5 U/L (r = 0.9994), and the limit of detection (LOD) is 0.0415 U/L.
Moreover, the proposed sensing system can be applied for monitoring ACP activity in practical samples,
demonstrating promising applications in clinical analysis and biosensor platform.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Colorimetric sensor was a promising tool in cancer diagnosis
field given its brilliant merits such as simplicity, intuition and
convenience [1]. Especially, enzymatic reaction opened up new
possibilities for the construction of colorimetric sensors, which has
been widely applied for the detection of tumor markers such as
small molecule, DNA and protein [2—4]. However, most of these
enzymes were natural enzymes, which still suffered some intrinsic
limitations containing high cost, poor stability and easily denatured
[5,6]. Substantial researchers, therefore, were devoted to exploit
promising alternatives such as nanozymes [7—9], metal-organic
frameworks [10], and small molecule mimic enzymes [11].
Although great achievements have been made, they still have many
shortcomings. For example, some enzymes were dependent on
H,0, for high catalytic activity. As we all known, Hy0;, a strong
oxidant, was unstable and destructive, which not only could be
easily decomposed and lost its oxidative capacity, but also caused
the inactivation of biological macromolecules in the sensing system
[12,13]. And some were difficult to efficiently modulate their cata-
lytic activities [ 14]. To overcome these shortcomings, a new tunable
and mild means for inducing catalytic activity is appealing.

Compared with these enzymes, as described above, the photo-
induced oxidase mimic was a viable candidate for the develop-
ment of biosensors, which showed numerous merits [15,16]. For
example, the catalytic system could be adjustable by controlling
light irradiation intensity and time, which was a simple, rapid,
green and safe means for obtaining the catalytic activity. On the
other hand, the reaction process avoided the use of unstable and
destructive H,0,, which was more suitable for biosensing systems.
Up to now, a large variety of nanomaterials such as gold nano-
particles [17], CdS quantum dots [18], TiO, [13], and AgX nano-
particles [19] have been found possessing photo-induced oxidase-
like activity that can catalyze the oxidation substrate without H,0,
by visible light triggering. However, these inorganic nanozymes
were restricted by weak visible absorption [14,15] and uncertain
toxicity [20]. At present, the organic small molecules have emerged
as ideal candidates for photoresponsive oxidase mimics due to their
strong visible light absorption [14]. For example, Liu et al. proposed
a visual sensing strategy based on photocatalytic activity of fluo-
rescein for detection of carboxylesterase [21]. Zhang et al. discov-
ered dsDNA-SYBR Green I complex holding photocatalytic activity
and used it for label-free and universal colorimetric bioassay [22].
Therefore, the design and synthesis of organic small molecules with
photoinduced mimic enzyme activity have became a research
hotspot in recent years.

Acridone derivatives, as a class of nitrogen-containing hetero-
cyclic organic small molecules, have been attracted tremendous
attentions due to their series of features such as simple structure,
flexible modification, conjugated planes, and tunable electron
donor-acceptor system [23,24]. With the development of research,
increasingly properties of acridone derivatives, such as favorable
pharmacological activities [25], fast electrochemical response [26],
and high fluorescence signal [27], have been uncovered for the
construction of various biosensors. However, there are few reports
concerning the enzyme-mimicking property of acridone

derivatives. Recently, our group was also devoted to the study of
acridone derivatives and found that 10-methyl-2-amino-acridone
(MAA) possessed visible-light-induced oxidase-like activity, but its
catalytic activity for TMB was low owing to the substituents [28,29].
To improve catalytic efficiency of acridone derivative, we synthe-
sized 10-benzyl-2-amino-acridone (BAA). The synthesized BAA
showed an intrinsic visible-light-stimulated oxidase-like activity,
which could catalyze various substrates including 3,3',5,5'-tetra-
methylbenzidine (TMB), ophenylenediamine (OPD) and 2,2’-azino-
bis (3-ethylbenzthiazoline-6-sulfonic acid) diammonium salt
(ABTS), and its catalytic efficiency for TMB was higher than our
previous work. Hence, we constructed a photo-switchable, low-
cost, selective and visual colorimetric sensing approach for moni-
toring ACP activity by using BAA as colorimetric probe. As shown in
Scheme 1, under light irradiation, the BAA could produce O3~ and
h'* reactive species for oxidizing colorless TMB to blue products
oxidized TMB (oxTMB). However, the catalytic activity of BAA could
be suppressed by AA obtaining from the ACP-mediated hydrolysis
of AAP, resulting in the generation of oXTMB decreased and
accompanying with a visible color change, which was able to
directly readout by the naked eye. That is, in presence of ACP, the
ultraviolet absorption and color of reaction solution could be
changed, thus realizing the ACP detection. This study provided a
new ideal on the enzyme-mimicking property of acridone de-
rivatives in future biosensors fields.

2. Experimental section
2.1. Chemicals and materials

Acridone (AR, 98%) was provided from Macklin Reagent Com-
pany. Benzyl bromide was purchased from West Asia Chemical
Industry Co. Ltd. (Shandong, China). Proteinase K, lysozyme, urease,
a-glucosidase, catalase (CAT), horseradish peroxidase were bought
from Beijing Solarbio Sciences & Technology Co. Ltd. (Beijing,
China). Sodium sulfide was purchased from Aladdin Reagent Co.
Ltd. (Shanghai, China). TMB was derived from Tokyo Chemical In-
dustry (TCI, Shanghai). AAP, ACP, pyrophosphatase, alkaline phos-
phatase, superoxide dismutase (SOD),N-ethylmaleimide (NEM),
glutathione (GSH) and 1-Cysteine were obtained from Sigma-
Aldrich Chemical Co. Ltd. (Shanghai, China). N, N-dimethyl form-
amide (DMF), sodium acetate, acetate acid, nitric acid, absolute
ethanol, EDTA, ammonium oxalate (AO), potassium iodide (KI),
isopropanol (IPA), tert butanol (TBA), NaN3, OPD, ABTS were ob-
tained from Sinopharm Chemical Reagent Co. Ltd. (Shanghai,
China). ACP assay kit was provided by Beyotime Biotechnology Co.
Ltd. (Shanghai, China). The reagents used in all experiments were
analytical grade and could be used directly without further treat-
ment. All the water used in the experiment was ultra-pure water
(18.2 MQ, Milli-Q, Millipore).

2.2. Apparatus

The preparative high performance liquid chromatography
(HPLC) (LC-20AP, Shimadzu, Japan) was used to separate and purify
BAA. Photocurrent signals were recorded using an Electrochemical
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Scheme 1. Schematic illustration of the colorimetric sensing strategy for ACP detection.

analyzer (CHI 660E, Shanghai Chen Hua Instrument Co. Ltd. China).
The visible light irradiation source was provided by a xenon lamp
(300 W, Beijing NewBide Technology Co. Ltd. China) equipped with
an ultraviolet cutoff filter (A > 400 nm). The UV—vis absorption
spectra were measured by Microplate Reader (Multiskan Go,
Thermo Fisher Scientific, USA).

2.3. Synthesis of BAA

The BAA was synthesized referring to our previous works with
an appropriate modification [24,28]. The detail experimental pro-
cess was provided in Supporting Information.

2.4. Optical behavior of BAA

The sample solutions were transferred to quartz fluorescent
cuvettes for detection by Cary Eclipse fluorescence spectropho-
tometer (Agilent, USA). The fluorescence measurement conditions
were as follow: the excitation wavelength was 380 nm with an
emission spectrum ranging from 400 nm to 690 nm, and the
excitation and emission slits both were 5 nm. The UV—vis ab-
sorption spectrum was obtained by Cary 60 ultraviolet spectro-
photometer (Agilent, USA) ranging from 230 to 500 nm.

2.5. Visible-light-stimulated oxidase-like activity of BAA

The visible-light-stimulated oxidase-like activity of BAA was
studied by various substrates (TMB, OPD and ABTS). Typically,
400 pL of 10 mM acetate buffer solution (pH = 4.0), containing
10 pM BAA and 500 uM TMB (or 500 pM OPD or 1 mM ABTS), was
reacted for 3 min under visible light. Then, the blue (or yellow or
green) product was tested by Microplate Reader.

2.6. Colorimetric detection of ACP

Firstly, the mixture solution with 100 pL of AAP (4 mM) and

100 puL of various ACP concentrations was incubated at 37 °C for
30 min. Afterwards, 176 pL of 10 mM acetate buffer solution
(pH = 4.0), 4 pL of 1 mM BAA and 20 pL of 10 mM TMB were
introduced into the above solution and reacted for 3 min under
visible light. Finally, the mixed solution was measured by Micro-
plate Reader and the Ags value was gathered.

2.7. ACP inhibitor investigation

Firstly, 200 pL of 10 mM acetate buffer solution (pH = 4.0)
containing 2 mM AAP, 5 U/L ACP, and different concentrations of
NaF was incubated at 37 °C for 30 min. After adding 176 pL of
10 mM acetate buffer solution (pH = 4.0), 4 uL of 1 mM BAA and
20 pL of 10 mM TMB, the above mixture solution was reacted for
3 min under visible light and followed by recording the Ags; value.

2.8. Human serum sample detection

The drug-free human serum samples were derived from healthy
individuals (n = 12) and prostate cancer patients (n = 18) at Fuzhou
Second Hospital Affiliated to Xiamen University. Then, the samples
were filtered with 0.45 um filter for 3 times. Our study found that
filtration had no effect on ACP activity (Fig. S1). All serum samples
used in the experiment were diluted 50-fold with 10 mM acetate
buffer solution (pH = 4.0). As described above, these samples were
detected by using diluted human serum samples as ACP alterna-
tives. The above experiments were carried out complying with the
relevant laws and institutional guidelines and approved by the
Ethics Committee of Fuzhou Second Hospital Affiliated to Xiamen
University (20180016).

3. Results and discussion
3.1. Characterization of BAA

The synthesis route of BAA was exhibited in Fig. 1 via
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Fig. 1. The synthesis route of BAA.

substitution and reduction reactions. Firstly, the nitro and benzyl
groups were modified on 2, 10-positions of acridone by substitution
reaction, respectively. Then, utilizing the reducibility of NayS, the
nitro was transformed to amino group, and the pure BAA was ob-
tained by preparative HPLC (Fig. S2). To further confirm the struc-
ture of BAA, we utilized FT-IR, FAB-MS, 'H NMR, and *C NMR
spectroscopy for characterization (Fig. S3~S6). As expected, the
benzyl and amino groups were successfully modified on acridone.
In addition, in comparison with acridone and other intermediates,
the color of BAA solid exhibited a clear change (Fig. S7) and its
solution was transparent (Fig. S8), indicating that the introduction
of amino group improved its water solubility. Above results
demonstrated that BAA was synthesized successfully.

Next, we studied the optical properties of BAA. As shown in
Fig. S9, acridone displayed obvious absorption peaks at 250 nm and
380 nm (Fig. S9A, curve a) and showed blue emission (Fig. S9B,
curve a). Unlike acridone, the absorption (Fig. S9A, curve b) and
emission (Fig. S9B, curve b) behavior of intermediate 1 presented
slight red-shift ascribing to weak electron-donating effect of benzyl
[30]. While the intermediate 2 presented significantly weak UV—vis
absorption (Fig. S9A, curve c) and fluorescence emission (Fig. S9B,
curve c), which attributed to the strong electron-withdrawing ef-
fect of nitro group [31]. In comparison with acridone and other
intermediates, the UV—vis absorption peak of BAA showed a sig-
nificant red shift (Fig. S9A, curve d) and its fluorescence emission
changed from blue emission to green emission (Fig. S9B, curve d),
which were similar to our previous report [28]. It is because amino
group is an auxochrome group with strong electron-donating effect
[32], enabling its optical behavior changed greatly. Furthermore,
fluorescence of BAA showed a significant blue-shift under acidic
conditions. And its green emission declined, but a new blue emis-
sion spectrum was observed (Fig. S10). Note that it was similar to
related report that the amino group was prone to protonation un-
der acidic conditions, causing changes in fluorescence emission
[33]. Apparently, these experimental results further confirmed that

BAA was synthesized as expected.

3.2. Visible-light-stimulated oxidase-like activity of BAA

For sake of evaluate the photocatalytic activity of BAA, we
employed TMB, OPD and ABTS as chromogenic substrates, respec-
tively. As shown in Fig. 2A ~ C, under visible light triggering, the
BAA could oxidize TMB, OPD and ABTS in the absence of H,0,,
resulting in blue products oxTMB (Fig. 2A, inset a), yellow products
oxidized OPD (oxOPD) (Fig. 2B, inset a), and green products
oxidized ABTS (oxABTS) (Fig. 2C, inset a), respectively. Accordingly,
the absorption of oXTMB (Fig. 2A, curve a), oxOPD (Fig. 2B, curve a)
and oxABTS (Fig. 2C, curve a) were measured. In contrast, without
visible light irradiation, neither the absorption of oxTMB, oxOPD
and oxABTS nor their solution color have changed, showing that the
visible light was critical in reaction process and could regulate
catalytic activity of BAA (Fig. 2A ~ C, inset and curve b). While
without the BAA, the reaction solution showed almost colorless and
no obvious absorption (Fig. 2A ~ C, inset and curve c). All the above
results suggested that BAA endowed visible-light-stimulated oxi-
dase-like activity. For exploring the photocatalytic mechanism of
BAA, we selected TMB as chromogenic substrate. A series of scav-
engers were utilized to inhibit corresponding reactive species
originating from the catalytic reaction such as hydroxyl radicals
(sOH), singlet oxygen ('0,), H,0,, superoxide anions (0%~) and
photo-generated holes (h™) [34,35]. As illustrated in Fig. 2D, when
the ¢OH scavenger IPA or TBA, H,0, scavenger CAT, and 10, in-
hibitor NaN3 was added into the reaction system separately, the
oxidation of TMB was affected negligibly, indicating that «OH, H,0,
and '0, could not be generated in the catalytic process. However,
an obviously declined absorption peak of oXTMB was observed by
introducing of h* inhibitors such as EDTA, AO and KI, or nitrogen
atmosphere (N3), or 03~ inhibitor SOD, implying that h™, dissolved
oxygen (03), and O3~ were involved in the reaction process. It was
like to some mimetic oxidase reported in the literature [21]. In
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Fig. 2. The UV—vis absorption spectra of (A) TMB: (a) 10 uM BAA+500 pM TMB under visible light irradiation, (b) 10 uM BAA+500 uM TMB without visible light irradiation, and (c)
500 uM TMB under visible light irradiation. (B) OPD: (a) 10 uM BAA+500 pM OPD under visible light irradiation, (b) 10 pM BAA-+500 uM OPD without visible light irradiation, and
(c) 500 uM OPD under visible light irradiation. (C) ABTS: (a) 10 uM BAA+1 mM ABTS under visible light irradiation, (b) 10 uM BAA+1 mM ABTS without visible light irradiation, and
(c) 1 mM ABTS under visible light irradiation. Inset: the corresponding optical photographs of each solution. (D) Effects of different scavengers on the visible-light-stimulated
oxidase-like activity of BAA. (E) Photocurrent response of 10 pL 1 mM BAA modified on ITO electrode in 10 mM pH = 4.0 acetate buffer solutions under visible light illumina-
tion. (F) The catalytic mechanism of visible light-stimulated oxidase-like activity of BAA. (H) The electron excitation energy of 2-AA, MAA and BAA.

addition, we carries on the photoelectric chemistry experiment, the off cycle, which confirmed that the system was involved in the
result was shown in Fig. 2E. A regulatable and stable rise/fall charge generation and transfer. In summary, the possible catalytic
photocurrent signal was obtained with the irradiation light on and mechanism of BAA-mediated substrate oxidation was shown in
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Fig. 2F. Under visible light triggering, the BAA could absorb photon
energy, which made electrons (e~) transition from the highest
occupied molecular orbital (HOMO) to the lowest unoccupied
molecular orbital (LUMO), and the photogenerated electrons
reacted with dissolved O, to create O3~ for catalyzing oxidation
TMB. Meanwhile, the photo-activated BAA also could yield h™ to
stay in HOMO that could be responsible for TMB oxidation, which
was consistent with the previous report [28].

Next, we further investigated a series of steady-state kinetic
parameters in catalytic reaction through changing TMB concen-
trations. Fig. S11 showed a representative Michaelis-Menten curve,
the relevant kinetic parameters such as Michaelis-Menten constant
Km, maximum initial velocity Vmax, catalytic constant K and
catalytic efficiency Kca¢/Ki, were calculated by the Lineweaver-Burk
equation. From Table 1 can see, the Kcat/Kp, value of BAA as oxidase
mimic was measured to be 0.0609, which was higher than MAA and
2-aminoacridone (2-AA). It revealed that the BAA had high catalytic
efficiency for TMB substrate, which was superior to our previous
work [28]. To further illustrate the above phenomenon, we
compared the electron excitation energy (EE) of BAA with MAA and
2-AA by quantum chemical calculation program Gaussin 09 [36].
Fig. 2H shows that the EE value of BAA was 5.45 eV, which was
lower than MAA (5.47 eV) and 2-AA (5.55 eV). It suggested that the
photo-activated BAA was the easiest to produce electrons for
generating 05~. The results showed that photocatalytic perfor-
mance of acridone derivatives were closely related to their func-
tional groups.

3.3. Inhibitory effect of AA on the visible-light-stimulated oxidase-
like activity of BAA

AA, also called vitamin C, is an excellent antioxidant and plays a
vital role in the redox metabolism in vivo [37]. Some experiments
were performed to investigate the inhibitory effect of AA on cata-
lytic reaction system in this work. As shown in Fig. 3A, along with
the increase of AA concentration the absorption of oxTMB
decreased. As expected, it could clearly observed that the blue
products gradually became colorless (inset in Fig. 3A). Corre-
spondingly, a good linear relationship between AAgs, and the AA
concentrations was plotted in Fig. 3B (where AAgs; is the difference
of absorbance value at 652 nm without and with AA in the reaction
solution). The linear equation was AA = 0.0168 [AA]+0.0606
(r = 0.9991) ranging from 1.0 to 30.0 uM and LOD was 0.86 uM.
After that, we investigated the inhibitory mechanism of AA in the
reaction system. As shown in Fig. 3C, after illumination, the pro-
duced oxTMB was reduced as the adding of AA, and the blue so-
lution became colorless. While the illumination again, the solution
returned to blue. To further explain the above phenomena, we also
used fluorescein as a mimic enzyme possessing the same mecha-
nism as BAA [21]. As expected, the absorbance of oxTMB also
decreased with the introducing of AA, and accompanied by obvious
color changes (Fig. S12). These results demonstrated that the
oXTMB could be reduced by AA and the reaction system was
controllable and regenerated by adjusting visible light. And its
possible reaction mechanism was shown in Fig. S13, which was

Analytica Chimica Acta 1155 (2021) 338357

discovered that AA could react with 05~ to directly influence on the
catalytic system. To understand this phenomenon, we conducted
an electron spin resonance spectroscopy (ESR) experiment. As
shown in Fig. 3D, a typical DMPO-035"~ peak was observed by using
DMPO as spin trapping agent, which further manifested that BAA
could catalyze O, to generate O35~ radicals under visible light irra-
diation. While the ESR signal was decreased obviously after adding
the AA, which confirmed that 05~ could be inhibited by AA. As a
result, we could suppose that AA was able to reduce oxTMB and
react with 037, resulting in decreasing the production of oxTMB,
thus inhibiting the reaction system.

3.4. ACP detection and inhibitor screening

ACP, as an essential and universal hydrolase, can catalyze the
hydrolysis of phosphomonoester to inorganic phosphate under
acidic conditions [39]. In the work, we selected AAP as ACP sub-
strate, which could be catalyzed by ACP to generate phosphate and
AA. As exhibited above, upon the introduction of AA, the photo-
catalytic activity of BAA could be hampered. That is, the ACP-
mediated enzymatic reaction would directly interfered TMB
oxidation. As shown in Fig. 4, the BAA could catalyze oxidation of
TMB to generate blue oxXTMB (Fig. 4A, curve a). And neither AAP
(Fig. 4A, curve b) nor ACP (Fig. 4A, curve c) influenced the reaction
system. However, in presence of both AAP and ACP, the catalytic
system could produce AA, the catalytic activity of BAA inhibited
(Fig. 4A, curve d). Moreover, in the absence of BAA, the mixed so-
lution of AAP and ACP no effected on the TMB oxidation (Fig. 4A,
curve e). At the same time, the above reaction process could be
readout directly with the naked eye (inset in Fig. 4A). All the phe-
nomena verified that a colorimetric sensor can be constructed for
ACP detection based on photocatalytic activity of BAA (Scheme 1).
Fig. 4B exhibited that the absorption of oXTMB was remarkably
decay as the ACP concentrations increased, and its the solution
color faded gradually. Meanwhile, the AAgs; was proportional to
ACP concentrations in the range from 0.05 to 2.5 U/L (Fig. 4C)
(where AAgs; is the difference of absorbance value at 652 nm
before and after adding ACP in the reaction solution). The linear
equation was AA = 0.1513 [ACP]+0.0359 (r = 0.9994). The relative
standard deviation (RSD) was 2.46% for detecting of 2 U/L ACP
(n = 5), proving that this method has good repeatability. And the
LOD was 0.0415 U/L (S/N = 3). Compared to other works (Table S1),
our proposed method for ACP activity detection exhibited a satis-
fying result [4,40—52]. Although some works were superior to our
method in some ways, they still suffered from some defects: (1) the
most electrochemical analysis had some inevitable problems, such
as complex sample interference and poor reproducibility [40—42].
(2) some of them depended on a large amount of H,0,, leading to a
harsh reaction condition [44,50]. (3) some detection systems
required the involvement of nanozymes with high biological
toxicity [45,52]. (4) some colorimetric reactions lacked controlla-
bility [51]. According to the above comparison, our proposed
method showed mild reaction conditions and good controllable. To
assess the selectivity of the sensing system, we utilized different
enzymes, such as urease, pyrophosphohydrolase, lysozyme, o-

consistent with those reported in literature [38]. Besides, we also glucosidase, proteinase K, CAT, alkaline phosphatase and
Table 1
Comparison of the Kp,, Vinax, Keat and Keat/K, of BAA and other acridone derivatives.

Catalyst Substrate Km [mM] Vinax [10°8 M S71] Keat [1072571] Keat/Km [mMM~1.571] Ref.

2-AA TMB 0.2119 + 0.006 4278 +0.136 0.4278 0.0202 [28]

MAA TMB 0.141 + 0.008 4.998 + 0.150 0.4998 0.0354 [28]

BAA TMB 0.294 + 0.005 17.909 + 0.108 1.7909 0.0609 This work
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Fig. 3. (A) UV—vis spectra of oxTMB in the presence of different AA concentrations. From a to f: 0, 1.0, 5.0, 10.0, 20.0, 30.0 puM. (B) The linear relationship between AAgs, and the AA
concentrations in the range from 1.0 to 30.0 uM. (C) The UV—vis spectra of (a) 10 uM BAA and 500 pM TMB reacted for 3 min under visible light illumination, (b) 10 pM BAA and
500 uM TMB reacted for 3 min under visible light illumination, then added 32.5 uM AA, and (c) 10 uM BAA and 500 uM TMB reacted for 3 min under visible light illumination, then
added 32.5 uM AA, and finally irradiated by visible light for 3 min again. Inset: the corresponding optical photographs of each solution. (D) The ESR spectra of (a) BAA and (b)

BAA + AA with spin trap DMPO after visible light irradiation for 5 min.

horseradish peroxidase, as ACP alternatives under the same con-
dition. Fig. 4D exhibited that the absorption signal of oXxTMB was
changed dramatically as the ACP added and the other enzymes
showed negligible variations. Furthermore, some proteins, com-
mon metal ions and small molecules (except GSH, L-cysteine and
AA) also did not produce an evident signal change (Fig. S14).
Although GSH and i-cysteine had obvious interference to the
sensing system (Fig. S14 (18—19)), the interference of thiol species
could be eliminated by using NEM as the masking agent [4,54]. As
shown in Fig. S14 (20—21), after incubation of GSH or r-cysteine
with NEM, the UV absorption of oxTMB gave a negligible signal
change. For AA, it has an effect on the detection system at high
concentration. However, considering that its physiological level in
plasma is about 50 pM [55], and its instability in vitro plasma [56],
and the samples were diluted 50 times in the actual sample testing,
we investigated the effect of 1 uM AA on the sensing system. The
result showed that the low concentration of AA has little effect on
the detection system (Fig. S14 (22)). These results demonstrated
that the proposed colorimetric biosensor showed a good selectivity
for ACP detection.

To verify the feasibility of this sensing system for the screening
of potential ACP inhibitors, we selected NaF as an ACP inhibitor. It is
generally known that the NaF could affect the hydrolysis of AAP by
ACP [47]. As shown in Fig. S15, with the adding of NaF into the
reaction solution, the generation of AA could be prevented, the Agsa
value of oXTMB would be increased. And the half-maximal inhibi-
tion value (ICs0) was calculated to be 35.6 pM. The result apparently
manifested that the colorimetric sensing system could be utilized
for screening the corresponding ACP inhibitor.

3.5. ACP activity assay in human serum sample

To validate the feasibility of the proposed colorimetric system in
practical application, we investigated ACP activity in human serum
samples deriving from healthy individuals (n = 12) and prostate
cancer patients (n = 18). Fig. 5 showed that the average ACP
expression level in healthy individual and prostate cancer patient
(mean + SD) were 5.17 + 0.234 U/L and 9.32 + 0.541 U/L, respec-
tively. And the experiment had statistical significance (p < 0.0001).
Obviously, it was the same as previous reports that the ACP con-
centration from prostate cancer patient was higher than that from
healthy control group [57,58]. Also, the data agreed fairly well with
results obtained using the standard ACP assay kit (Table S2).
Therefore, the sensing system is of great potential for clinical
application.

4. Conclusions

In short, we synthesized an acridone derivative with benzyl and
amino groups, called BAA. We found that the synthesized BAA
exhibited an intrinsic photocatalytic activity, which catalyzed
oxidation of different substrates without destructive H,O, under
visible light illumination. The catalytic mechanism showed that O3~
and h* were the main reactive species for oxidizing TMB. The
experimental result of Michaelis-Menten kinetics indicated that the
BAA had a higher catalytic efficiency for TMB substrate than our
previous work. And we found that the functional groups could
regulate the photocatalytic performance of BAA. On the basis of
catalytic activity of BAA, we developed a cost-effective, green, and
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Fig. 5. The ACP concentrations in serum samples from heathy controls (n = 12) and
prostate cancer patients (n = 18). P < 0.0001, P-value was calculated by unpaired two-
tailed t-test.

facile colorimetric sensor for monitoring ACP activity in serum
samples. This study not only broadened the application of acridone
derivatives, but also provided a research basis for future biosensors
and biomedical fields. Considering the modification flexibility of
the structure of acridone derivatives, we will be introduce appro-
priate groups to further improve its photocatalytic activity. Besides,
we also found that BAA possessed high electrochemical activity,
stable photochemistry and good non-linear optical properties,

which was a promising multi-functional probe and was expected to
be used in the construction of multi-mode sensing platform.
Meanwhile, we believe that it was a potential and feasible to
construct a new biosensor platform for real-time detection of
multiple biomarkers based on acridone derivatives, aptamer tech-
nology, and DNA self-assembly technology.
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