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Abstract

A catalyst-free co-reaction luminol-H,0,-K,S,04 chemiluminescence (CL) system was developed, with long-life and high-
intensity emission, and CL emission lasting for 6 h. A possible mechanism of persistent and intense emission in this CL
system was discussed in the context of CL spectra, cyclic voltammetry, electron spin resonance (ESR), and the effects of
radical scavengers on luminol-H,0,-K,S,04 system. H,O, and K,S,04 co-reactants can promote each other to continu-
ously generate corresponding radicals (OH®, '0,, 0,°~, SO,*7) that trigger the CL emission of luminol. H,0, can also be
constantly produced by the reaction of K,S,05 and H,O to further extend the persistence of this CL system. CL emission
can be quenched via ascorbic acid (AA), which can be generated through hydrolysis reaction of L-ascorbic acid 2-phosphate
trisodium salt (AAP) and alkaline phosphatase (ALP). Next, a CL-based method was established for the detection of ALP
with good linearity from 0.08 to 5 U-L~! and a limit of detection of 0.049 U-L~". The proposed method was used to detect

ALP in human serum samples.
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Introduction

Due to the low detection limit, high-throughput detection,
and fast analysis, chemiluminescence (CL) has been con-
sidered a prospective analytical method [1]. However, most
CL reactions are flash-type and quenched quickly, which
usually results to measurement errors that greatly impede
their applications [2]. In contrast, the glow-type CL has
long-lasting emission that improves analytical accuracy and
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reproducibility. Hence, developing high-intensity glow-type
CL systems is an active research topic of CL.

Some enzymes involved CL reactions and the peroxy-
oxalate ester CL reagents are often used in CL sensing due
to long-lasting emission [3]. For enzyme-involved CL reac-
tions, the mechanism of long-life CL emission is likely the
excessive substrates and conversion of enzymes [4]. How-
ever, this kind of CL system requires stricter conditions in
order to avoid enzyme inactivation [5]. Among CL systems
with peroxyoxalate esters, the mechanism of long-lasting CL
emission is the successive supply of excess oxalate and fluo-
rophore. These continuously generate activated intermediate
complexes [6]. However, the poor solubility of peroxyoxa-
late esters in water greatly hinders the prospect of this kind
of CL system in biosensing [7].

In 2017, Cui et al. made great progress in the develop-
ment of long-lasting CL systems and proposed a slow-
diffusion-controlled CL mechanism [8]. Based on this
mechanism, Ding et al. proposed a new long-life CL sys-
tem, which was composed of Dox-ABEI chimeric magnetic
DNA hydrogel (MDH) [9]. The Liu group employed MOF-
Pt as a catalyst to improve long-lasting CL of ABEI/Co**/CS
hydrogels. The CL intensity was enhanced via synergistic
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Scheme 1 Schematic demon-
stration of the CL behavior and
the ALP detection of luminol-
H,0,-K,S,054 system
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catalysis of MOF-Pt and Co”* [10]. Moreover, catalysts such
as Cu-MOF and g-CNgx nanosheets were used to catalyze
H,0, to continuously produce OH®, O,"~, and '0,. The OH’
and O,°~ were then recombined into 'O, to prolong the CL
duration time of the luminol-H,0O, system [11, 12]. All of
these CL systems realized long-lasting CL emission via
the slow diffusion of hydrogels or extra catalysts, which in
turn requires a complicated preparation process. Therefore,
developing a simple long-lasting and catalyst-free CL reac-
tion process is particularly critical.

The luminol-H,0, system is a typical CL system. Lind
et al. demonstrated that the decomposition reaction of
peroxide adduct in the luminol-H,0O, CL system is a rate-
determining kinetic step in the production of excited state
[13]. Roberts group studied the reaction kinetics of luminol-
H,0, CL system in the presence of K,S,0g. They found
that the reaction was first order with respect to luminol and
persulfate, zero order to hydrogen peroxide and base [14].
By using ammonium persulfate to enhance the intensity of
luminol-H,0O, CL system, Dai et al. developed a CL imag-
ing method for the rapid detection of haptoglobin phenotyp-
ing [15]. However, none of these studies investigated the
long-life CL of luminol-H,O, system. Here, the long-lasting
mechanism of the luminol-H,0,-K,S,04 system was inves-
tigated (Scheme 1). In this CL system, H,0, and K,S,04
co-reactants can continuously produce such radicals as
OH°®, 102, 0,7, SO,* to oxidize the luminol, which leads
to intense and long-lasting emission. In addition, K,S,04 can
react with H,O to generate H,0,, which can extend the CL
duration time. As a reactive hydrolase, alkaline phosphatase
(ALP) is widely distributed in human tissues and body fluids
and can dephosphorylate various proteins and non-proteins.
Levels of ALP in human serum are vital indicator of several
diseases. The normal range of serum ALP in healthy adults
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is 40-150 U-L™!. Abnormal ALP concentrations can induce
many diseases, including bone disease, breast cancer, diabe-
tes, and prostate cancer [16]. Therefore, the determination
of ALP in serum is critically important because it can influ-
ence treatment and recovery. Fluorescence, electrogenerated
chemiluminescence, colorimetry, and surface-enhanced
Raman scattering have all been proposed for ALP detection
[17]. Most previous methods have suffered from a complex
synthesis, and thus, it is highly desirable to develop a sim-
ple and convenient method for ALP detection. L-ascorbic
acid 2-phosphate trisodium salt (AAP) can be hydrolyzed by
ALP, resulting in the production of ascorbic acid (AA),[18]
that can restrain reactive oxygen species (ROS) and quench
the CL signal of a luminol-H,0,-K,S,04 system. In turn,
a method for sensitive and selective detection of ALP was
established (Scheme 1).

Experimental
Reagents and apparatus

The reagents and apparatus are descripted in the supplemen-
tary information.

Chemiluminescence measurements

All of the CL signals were measured via a BPCL lumines-
cence analyzer, and the PMT was operated at—900 V. In a
typical CL measurement, 50 pL of 0.8 mmol-L~! K,S,0q, 50
uL of 0.8 mmol-L™! H,0,, 50 uL of pH 10 BR buffer solu-
tion, and 100 uL of H,O were added into a quartz cuvette.
Next, 250 uL of 1.0 mmol-L~! luminol solution was rapidly
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injected through the static injection method to generate CL
emission.

Detection of alkaline phosphatase

To achieve ALP detection, 100 puL of pH 8.5 BR buffer, 100
uL of 3 mmol-L™'AAP, and 700 uL H,O were mixed and
then added to 100 pL of different concentrations of ALP.
The resulting solution was then incubated at 37 ‘C with 300
r-min~! for 0.5 h. Finally, 50 uL of pH 10 BR buffer, 50
uL of 0.8 mmol-L~! H,0,, 50 uL of 0.8 mmol-L™"' K,S,0,
and 50 pL of the incubated solutions were mixed. Upon 250
uL of luminol (1.0 mmol-L™") was injected into the quartz
cuvette, the CL signal was collected via a BPCL analyzer.

Detection of alkaline phosphatase in human serum
samples

Three samples of human blood were obtained from vol-
unteers in accordance with the institutional committee of
Southwest University. All three samples were only employed
in this work. All of the experimental steps were performed
in accordance with the relevant laws and the institutional
regulations of ethical standards of the institutional commit-
tee of Southwest University (approval number: yxy202114).

Blood samples from volunteers were first collected in
5 mL glass tubes and allowed to clot at room temperature

for 2 h, and the clotted samples were then centrifuged for
10 min at 3000 r/min~'. Next, the mixture containing 50 pL
3 mmol-L~! AAP, 50 uL human serum sample, 50 uL pH 8.5
BR buffer, and 350 uLL H,O were incubated at 37 °C and 300
r/min~"! for 0.5 h. Then, 50 pL of 0.8 mmol-L~! K,S,0¢ and
H,0,, 50 pL of pH 10 BR buffer solution, 50 uL the above
mixed solution, and 50 pL. of H,O were added into the quartz
cuvette. Finally, 250 uL of 1.0 mmol-L~! luminol solution
was promptly injected into the cuvette via a static injection
method to initiate CL. Each sample was detected in parallel
three times, and human serum samples were obtained from
healthy volunteers.

Results and discussion

Chemiluminescence performance of luminol-H,0,-
K,S,04 system

All the CL experiments were measured through static injec-
tion to evaluate the CL property of luminol-H,0,-K,S,04
system. Increased CL intensity in the luminol-H,0,-K,S,04
system was observed (red curve), which was 1745 and
30 times to the signal of luminol-H,0, system (green
curve) and luminol-K,S,04 system (black curve), respec-
tively (Fig. 1A). In addition, the CL signal of luminol-
H,0,-K,S,04 system decays to half after approximately

Fig.1 A CL kinetic curves of A
luminol-H,0,-K,S,05 (red b
curve), luminol-H,0, (green 40000 ]
curve), and luminol-K,S,04 350004
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4 h (Fig. 1A), thus proving the excellent CL behavior of the
luminol-H,0,-K,S,04 CL system. The concentrations of
luminol, H,O,, and K,S,04 were increased for visual obser-
vation of persistent CL. Blue light was observed through
naked eyes in the dark for 370 min (Fig. 1B).

The intensity and duration of CL systems are associated
with pH, as well as H,0,, K,S,0q, and luminol concentra-
tions. Hence, the influences of pH values and H,0,, K,S,04,
and luminol concentrations for the luminol-H,0,-K,S,04
system were investigated (Fig. S1A, B, C, and D). The opti-
mal pH value was 10. The appropriate concentration of H,0,
was 0.8 mmol-L~!. Considering the stability of the proposed
CL method for ALP detection, the optimal concentrations of
K,S,05 and luminol were 0.8 and 1 mmol-L™", respectively.
In addition, the CL intensity remained stable within 1 min
(Fig. S2) and all of the CL signals were collected at 275 s
in this work.

Chemiluminescence mechanism of luminol-H,0,-
K,S,04 system

This long-lasting CL system was mainly composed of
H,0,, K,S,04, and luminol; to adequately study the persis-
tent CL mechanism, the CL spectra of the proposed system
was thus measured. The maximum emission wavelength
was ~425 nm, which indicated that the luminophores in
this luminol-H,0,-K,S,05 system were the excited 3-ami-
nophthalate anions (3-APA*) (Fig. 2A), consistent with
previous reports [19]. The CL reactions containing H,O,
usually involve redox reactions of ROS such as OH®, 102,
and O,°*7[20]. In this system, possible sources of the ROS
were associated with dissolved oxygen and H,0,. First, to
investigate the influence of dissolved oxygen, the CL inten-
sity of luminol-H,0,-K,S,0; systems in air-saturated,
O,-saturated, and N,-saturated conditions were measured.
Obviously, visible distinctions were observed among these

three conditions. The highest CL emission was observed in
O,-saturated CL system, and the weakest CL signal appeared
in N,-saturated CL system (Fig. 2B). The experimental phe-
nomena illustrated that the CL intensity was enhanced and
accompanied by an increase in dissolved oxygen content,
thus indicating that dissolved oxygen was one of the sources
of ROS.

A cyclic voltammogram (CV) was also applied to further
study the radical generation in luminol-H,0,-K,S,04 sys-
tem (Fig. 2C). The CV reduction peak in the K,S,04 solu-
tion in BR was at— 1.4 V, which indicated that S,04°~ can
be reduced to generate sulfate radical anion (SO,*7) [21].
The reduction and oxidation peaks of H,0, solution were
at—0.8 and 1.6 V, respectively. Only one reduction peak was
observed at—0.7 V upon mixing H,0, and K,S,0Og, and this
might belong to the reduction of H,O,. The oxidation peak
of H,0, was then shifted from 1.6 to 1.2 V; these results
indicated that the addition of K,S,0; improved the produc-
tion of ROS [22]. The reduction peak of K,S,0y4 also disap-
peared, which suggested that 82082_ could be easily reduced
into SO,*~ upon addition of H,0, [23]. Therefore, H,0,
and K,S,0q act as co-reactants in this CL system; they can
work cooperatively to generate ROS and SO,*~, respectively.
Thus, a catalyst-free CL co-reaction system was developed.

The presence of OH®, !0,, and 0,°~ was verified via the
radical inhibition experiments. The quenching efficiency
was significantly enhanced with increased concentration of
AA, a common radical scavenger (Fig. S3A). This result
confirmed the production of ROS in this CL system. The
inhibition ratio notably increased upon addition of thiourea,
which is an efficient scavenger of OH®; this result indicated
the containment of OH® in this system (Fig. S3B). The CL
intensity of the luminol-H,0,-K,S,04 system was also
obviously decreased upon addition of tryptophan, one of
scavengers of 'Oz,[24] thus, revealing the involvement of
1O2 in the reaction (Fig. S3C). Similarly, the CL emission
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Fig.2 A The CL spectra of the system: luminol-H,O, (green curve),
luminol-K,S,04 (black curve), and luminol-H,0,-K,S,04 (red
curve). B The CL intensity at 275 s of CL reactions of luminol-H,0,—
K,S,04 system under N,-saturation solution (green column), air-
saturation solution (black column), and O, saturation (red column).
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C The CV curves of the H,O, alone (green curve), K,S,0; alone
(black curve), and mixture of H,0, and K,S,04. Reaction conditions:
1.0 mmol-L ™" luminol, 0.8 mmol-L ~! H,0,, 0.8 mmol-L~' K,S,04,
and pH 10 BR buffer
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of this system was effectively inhibited in the presence of
benzoquinone, demonstrating that O,°~ was also involved in
the CL reaction (Fig. S3D). Hence, ROS were proven to be
crucial intermediates in this co-reaction system.

Electron spin resonance (ESR) experiments were meas-
ured to further confirm the generation of ROS and SO,°".
Due to the respective characteristic signals, 5,5-dimethyll-
pyrroline-N-oxide (DMPO) was used to capture OH® and
SO,°*” during the CL reaction process [25]. The DMPO-
OH* and DMPO-SO,*™ adducts were easily detected in the
luminol-H,0,-K,S,04 CL system (Fig. 3A and B), thus,
confirming that OH® and SO,*~ were generated in the CL co-
reaction system. 2,2,6,6-tetramethyl-4-piperidine (TEMP) is
a common scavenger of '0, and can react with 'O, to gen-
erate 2,2,6,6-tetramethyl-4-piperidine-N-oxide (TEMPO)
adduct product [26]. A typical 1:1:1 triplet signal of

Fig.3 ESR spectra of luminol- A

TEMPO was observed, thus indicating the production of lO2
(Fig. 3C and D). In addition, as shown in Fig. 3E and F, the
1:1:1:1 quartette signal of DMPO-0,°" also demonstrated
the presence of O,°”. Moreover, distinctly higher ESR sig-
nals were seen for OH®, 102, 0,7, and SO,*” in luminol-
H,0,-K,S,04 system (Fig. 3, lines of a) than the luminol-
H,0, (Fig. 3, lines of ¢) and luminol-K,S,04 (Fig. 3, lines of
b) systems, which further demonstrated that the coexistence
of H,0, and K,S,0; can promote each other to generate cor-
responding radicals. To prove the properties of the long-life
CL behavior in the luminol-H,0,-K,S,04 system, the ESR
spectra at different reaction intervals were measured to dem-
onstrate the continuous generation of ROS and SO,*~. Obvi-
ously, the CL intensities of the ESR signal from DMPO-
OH°*, DMPO-SO,*~, TEMPO-'0,, as well as DMPO-0,"" in
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the luminol-H,0,-K,S,0; system were obviously enhanced
with the reaction progress, thus leading to glow-type CL.
According to previous reports, H,0, was
produced when K,S,03 reacted with H,O0
(K,S,04+2H,0 —H,0,+2KHSO0,) [27, 28]. Hence, we
speculated that H,O, was generated through the reaction
between K,S,04 and H,O that prolongs the CL duration
time in this co-reaction system. We used 10-acetyl-3,7-dihy-
droxyphenoxazine (ADHP) as an excellent reagent for H,O,
detection, as reported previously [29]. Here, ADHP reacts
with H,O, to generate a red fluorescent oxidation product,
resorufin, with an emission maximum of ~ 585 nm [30]. Fig-
ure 4A shows that the fluorescence spectra of resorufin are
located at~585 nm upon oxidation of ADHP in the presence
of K,S,0y, thus, confirming the generation of H,0,. In addi-
tion, luminol was dissolved in NaOH solution in our work. It
was found that alkaline medium was essential to the reaction
of K,S,0;4 and H,O for the generation of H,0, (Fig. S4).
Catalase was also added into the luminol-K,S,0y4 sys-
tem and leads a decrease in CL signal (Fig. 4B), which
further revealed the production of H,0,. K,S,04 was also
added into luminol-H,0,-K,S,04 system after 340 min of
CL reaction, and then the dimmed light of the CL system
became brighter, thus, indicating that H,O, was generated
in this system (Fig. S5). These results confirm the continu-
ous production of H,0O, in this co-reaction CL system, and
the CL duration time was thus prolonged. Finally, the reac-
tion rate constants (k) of luminol-H,0,, luminol-K,S,0O,
and luminol-H,0,-K,S,04 systems were calculated [31] to
be 1.17, 0.75, and 0.19 h™!, respectively (Fig. S6). The k
values proved that the slow reaction rate of the co-reaction
CL system indicates the long-lasting characteristic of the
proposed CL system [32]. A possible mechanism for long-
lasting CL in luminol-H,0,-K,S,0¢ system was summa-
rized (Scheme S1) [22, 33, 34]. First, co-reactants H,O, and

A

——With K,S,0,
——Without K,S,0,

10000 -

8000

6000 -

4000

FL Intensity (a.u.)

20004

Wavelength (nm)

Fig.4 A The fluorescence spectra of ADHP at the present (red line)
and absent (black line) of K,S,Og4 solution. Reaction conditions:
0.8 mmol-L~! K,S,04, 2 mmol-L~! NaOH, pH 10 BR buffer, and
0.2 mmol-L~! ADHP. B The CL intensity at 275 s of the luminol-
K,S,04 system under different catalase concentrations. Reaction con-
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K,S,04 promoted each other to produce the corresponding
radicals (S0,°~, OH®, '0,, 0,°), thus, oxidizing luminol
to 3-APA* and producing CL emission. K,S,04 could then
react with H,O to continuously generate the H,O, during the
CL reaction process, further prolonging CL duration time.
Thus, a catalyst-free co-reaction CL system with an inten-
sive and long-lasting emission was developed.

Detection of alkaline phosphatase

It is well known that AA is a common radical scavenger that
can be generated through a reaction between ALP and AAP.
Thus, a co-reaction CL system can be employed to detect
ALP. Under optimum experimental conditions (Fig. S7),
changes in CL intensity (AJ) were enhanced with increas-
ing ALP concentration (Fig. 5A). The Al was linear with
the logarithm of ALP concentration from 0.08 to 5 U-L™! as
given by AI=13,883.3 g cp; p — 22,110.1, R*=0.992, and
the limit of detection (LOD) of ALP is 0.049 U/L (inset of
Fig. 5A). Herein, c,; p represents the ALP concentration,
and I, /; represent the CL intensity in the absence (/;) and
presence (/) of ALP, respectively.

The influence of potential interfering substance was inves-
tigated to evaluate the specificity of the proposed approach
for the ALP detection. We compared the A7 in the coex-
istence of ALP and some common interfering amino acids
or ions in the serum samples. The addition of these inter-
ference factors negligibly influenced Al (Fig. 5B). These
results indicated that the method of ALP detection reported
here is not affected by the interference substances in human
serum. To further investigate the selectivity of this method
for ALP, several interfering proteins and enzymes, includ-
ing bovine serum albumin (BSA, b), glucose oxidase (GO,
¢), human serum albumin (HAS, d), lysozyme (e), trypsin
(f), and acetylcholinesterase (AChE, g), were investigated
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K,S,04, and pH 10 BR buffer. The concentrations of catalase were 0
U-L™! (red column), 0.1 U-L~! (black column), 1 U-L™! (green col-
umn), 10 U-L~! (blue column)
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Fig.5 ALP detection in the Iuminol-H,0,-K,S,04 CL sys-  Ca’*, 1 mmolL~! Mg>*, 1 mmolL~! HPO,>~, 1 mmol-L~!

tem. A Calibration curve of ALP. Inset: linear calibration plot
for ALP ranged from 0.08 to 5 U-L~!, R®=0.992. B Interference
study of luminol-H,0,-K,S,0; CL system. Reaction conditions:
1.0 mmol-L. ™! luminol, 0.8 mmol-L~! H,0,, 0.8 mmol-L~! K,S,04,
pH 10 BR buffer, 3 mmol-L~! AAP, 5 mmol-L ' K*, 2.5 mmol-L ™!

under the same condition to the system (Fig. 5C). The results
demonstrated that none of these proteins or enzymes has an
obvious effect on the system compared with ALP, illustrat-
ing the high selectivity of this method for ALP detection.
We next verified the feasibility of this approach by studying
the recoveries of ALP through adding a determined amount
standard solution of ALP into human serum samples. As
shown in Table S1, the averaged spiked recoveries of ALP
ranged from 92.0 to 106.1%, illustrating that the proposed
approach could sensitively detect ALP in human serum sam-
ples. Versus previously reported methods (Table S2), this
assay is simple (requires no materials) and sensitive.

Conclusions

In summary, we prepared a catalyst-free co-reaction lumi-
nol-H,0,-K,S,04 CL system, showing long-lasting and
intense CL emission that can last for up to 6 h. The mecha-
nism of the long-lasting CL emission was attributed to the
concurrence of H,0, and K,S,04 that leads to the generation
of OH®, 102, 0,°7, and SO,*". Furthermore, owing to the
reaction of K,S,0¢ and H,0, the continuous production of
H,0, in this luminol-H,0,-K,S,04 system further enhances
the CL emission lifetime. This catalyst-free co-reaction
CL system was then successfully used to detect ALP. This
approach offers new methods to study long-lasting CL sys-
tems and harnesses their potential in related fields.
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