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HIGHLIGHTS

e A sensing platform for alkaline
phosphatase detection is developed
based on SERS-fluorescent dual-
mode signals.

e Dual-mode sensing platform is used
to evaluate alkaline phosphatase
inhibitor.

e Dual-mode sensing platforms can
combine the advantages of SERS and
fluorescence.

e The dual-mode sensing platform
could be further applied to sense
other diseases relating to alkaline
phosphatase level.
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ABSTRACT

Alkaline phosphatase (ALP), as an important biomarker, is closely associated with various diseases. Multi-
mode sensing platforms can combine the advantages of different technologies and solve their inherent or
practical limitations. Herein, we developed a sensing platform for the determination of alkaline phos-
phatase (ALP) in human serum based on SERS-fluorescent dual-mode assay. Based on the fact that ALP
can trigger the in-situ reaction between o-phenylenediamine (OPD) and ascorbic acid (AA), we con-
nected gold nanoparticles (AuNPs) to 3,4-diaminobenzene-thiol (OPD(SH)) through an Au—S covalent
bond to synthesize a nanoprobe (OPD(S)-AuNPs). The nanoprobe provides a unique interactive ammo-
nium group for the diol group of AA, which was then used to generate an N-heterocyclic compound that
can exhibit good SERS and fluorescence signals without adding SERS reporter and fluorophores or
quantum dots (QDs). When being excited at different wavelengths as 360 nm and 785 nm, the fluo-
rescence and SERS signals can be separately generated, which can avoid the disturbance from each other.
The response of the fluorescence system was linear from 1.0 to 20 mU mL~" (R? = 0.994) with a detection
limit of 0.3 mU mL~!, while that of the SERS system was linear from 0.5 to 10 mU mL~! (R? = 0.998) with
a detection limit of 0.2 mU mL~ The sensing platform developed was further employed in ALP inhibitor
evaluation.
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1. Introduction

Alkaline phosphatase (ALP) is a ubiquitous membrane-bound
glycoprotein that can non-specifically catalyze the hydrolysis or
dephosphorylation of various phosphoryl monoesters in alkaline
media [1—4]. Abnormally elevated ALP levels are closely linked to
many diseases, such as diabetes [5], liver insufficiency [6], bone
diseases [7], hepatitis [8], and dynamic breast [9]. Abnormally
reduced ALP levels are also associated with blood system diseases,
such as Wilson's disease and leukemia [10,11]. Therefore, sensitive
determination of ALP can play a significant role in the clinical
diagnosis of ALP-related diseases. A variety of methods for the
determination of ALP have been developed, such as capillary elec-
trophoresis [12], electrochemical method [13], chromatography
[14], colorimetry [15], and chemiluminescence method [16]. These
methods have good accuracy and reproducibility in the determi-
nation of ALP, thus are sufficient for potentially applying in clinical
trials. However, these methods also have limitations, as they
require multi-step sample pretreatment, time-consuming fixation
processes, laborious synthesis procedures, and complicated in-
struments, which have greatly limited their practical applications
in the diagnosis of ALP-related diseases.

In recent years, fluorescence method that is convenient, fast and
highly sensitive, and surface-enhanced Raman spectroscopy (SERS)
that has high sensitivity and multiplexing capability in molecular-
specific fingerprint spectroscopy, have been widely used in bio-
logical analysis [17—20]. However, the separate use of these two
methods still suffers from some shortcomings. In fluorescence
method, the organic fluorophores may lead to problems of photo-
bleaching and quenching [21], while quantum dots (QDs) have
problems such as in vivo toxic application and difficulty in surface
modification [22]. Compared with fluorescence method, SERS
method is still a low-throughput imaging technique that requires a
longer acquisition time [23].

Therefore, SERS-fluorescent dual-mode sensing platform is a
promising rapid and sensitive quantitative analysis tool, which has
great potential in high-throughput multiplex analysis and biolog-
ical imaging. By effectively integrating multiple functions on a
sensing platform through multifunctional nanomaterials, the ad-
vantages of different technologies can be combined while solving
their inherent or practical limitations. However, the SERS-
fluorescent dual-mode sensing platform has some difficulties. For
example, the construction of probes is complex, and requires the
modification of organic fluorophores or QDs and SERS reporter on
noble metal nanoparticles with surface plasmon effects [24]. The
protective layer (Silica shell) is usually added on the modified metal
surface to protect the fluorophores or QDs and SERS reporter from
environmental influences [25,26]. Besides, when excitation laser in
resonance with the electronic excitation of the fluorophores is
used, the fluorescence signal can overshadow the resonance Raman
signal, interfering with the detection of SERS in biological analysis
[27].

In this study, we report a sensing platform for sensitive and
selective assay of ALP activity by SERS-fluorescent dual-mode
method. Gold nanoparticles (AuNPs) are often used as SERS sub-
strates due to their unique optical and electrical properties [28].
Based on the fact that ALP can trigger the in-situ reaction of o-
phenylenediamine (OPD) and ascorbic acid (AA), we synthesize a
nanoprobe (OPD(S)-AuNPs) using an Au—S covalent bond to con-
nect between 3,4-diaminobenzene-thiol (OPD(SH)) and AuNPs. The
probe provides a unique interactive ammonium group for the diol
group of AA to generate an N-heterocyclic compound that can
exhibit good SERS and fluorescence signals without adding fluo-
rophores or QDs and SERS reporter. When being excited at different
wavelengths as 360 nm and 785 nm, the SERS and fluorescence
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signals can be separately generated, which can avoid the distur-
bance from each other. The enhancement of the SERS and fluo-
rescence signals was found to be directly associated with the level
of AA released from the ALP-triggered hydrolysis. Besides, the
platform developed here was employed in ALP inhibitor evaluation.

2. Experimental section
2.1. Preparation of OPD(S)-AuNPs

AuNPs with a particle size of about 46 nm were synthesized
according to the method previously reported [29]. Briefly, 50 uL of
0.1 g mL~! HAuCly solution was mixed with 50 mL of ultrapure
water and then boiled. After that, 300 pL of sodium citrate solution
(1 wt%) was quickly added into the boiling HAuCl, solution, which
caused the solution color to change from light yellow to blue-black
and finally to wine red. The mixture was then boiled for about
10 min before being cooled down to room temperature. The ob-
tained AuNPs were centrifuged, resuspended in 50 mL of ultrapure
water, and then stored at 4 °C until subsequent use. Then, 600 uL of
OPD(SH) was added to 2 mL of the synthesized AuNPs solution, and
the mixture was diluted to 3 mL with Tris-HCI buffer (50 mM,
pH = 9). The mixture was vigorously shaken in the dark at room
temperature for 30 min. The dual-readout nanoprobe (OPD(S)-
AuNPs) was fabricated.

2.2. Determination of AA concentration

AA (100 pL) at concentrations from 0 to 200 uM was added into
Tris-HCl buffer (400 pL, 50 mM, pH = 9.0). The mixture was mixed
with 500 pL of OPD(S)-AuNPs solution. The resulting mixtures were
stored in the dark for 30 min, and their photographs under 365 nm
ultraviolet light were then taken before being subjected to fluo-
rescence and SERS measurements.

2.3. Assaying ALP activity

ALP (100 pL) with activities from 0 to 200 mU mL~' and 100 pL
of AA2P (10 mM) was added into Tris-HCl buffer (300 pL, 5 mM,
pH = 9) containing 5 uM MgCl,. After incubating at 37 °C for
50 min, the mixture (500 puL) was mixed with 500 pL of OPD(S)-
AuNPs solution. The resulting mixtures were kept in the dark for
30 min before their photographs under 365 nm ultraviolet light
were taken; after that, they were subjected to fluorescence and
SERS measurements.

2.4. Selectivity evaluation

Some potential interfering molecules, including K+, Na*, Ca®*,
Cl~, trypsin, lysozyme, ACP, GOx, AChE, Glu, Tyr, BSA, Gly, and ATP,
were used in the selectivity evaluation of the fluorescence method-
based ALP assay. The influences of some ions, including Na*t, K*,
Ca*, and Cl~, on SERS-based ALP assay were also assessed. The
concentration of ALP used in these experiments was 200 mU mL ™.

2.5. Assaying ALP activity in serum

Serum samples were centrifuged at 10000 rpm for 10 min at
room temperature. The ALP with different activities used in section
2.4 was replaced with serum samples. The serum samples were
diluted with ultra-pure water under the same conditions to ensure
that the ALP level was within the same linear range as that of the
above ALP activity assay.
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2.6. Evaluation of ALP inhibitor

To evaluate the inhibitory effect of Na3VO4 on ALP, 50 pL of
Na3VO,4 aqueous solution at different concentrations (from 0 to
20 mM) was initially added into ALP aqueous solution (50 pL, 200
mU mL~!) incubated in a 37 °C water bath. After 30 min, the
Na3VOgy-treated ALP and 100 pL of AA2P (20 mM) were added to
Tris-HCl buffer (300 pL, 50 mM, pH = 9) containing 5 uM MgCl,. The
reaction solution was incubated at 37 °C for 50 min before being
mixed with 500 pL of OPD(S)-AuNPs solution. The resulting mix-
tures were kept in the dark for 30 min, and their SERS and fluo-
rescence signals were measured, respectively, to evaluate the
inhibition effect of Na3VO4 on ALP.

3. Results and discussion
3.1. Specific optical reaction between OPD(S)-AuNPs and AA

OPD(SH) has a 1,2-diamine structure and can easily react with
AA to form an N-heterocyclic compound (3-(1,2dihydroxyethyl)-6-
(methylthio)furo[3,4-b] quinoxalin-1(3H)-one). The principle of
the specific reaction between OPD(S)-AuNPs and AA is illustrated in
Fig. 1A. According to a previous report, an N-heterocyclic com-
pound is highly fluorescent [30]. Due to sulfur in its structure,
OPD(SH) can be adsorbed onto the surface of AuNPs through an
Au—S covalent bond. We found that the mixture solution of OPD(S)-
AuNPs and AA exhibited an apparent emission peak at 480 nm
when excited at 360 nm, generating a spectacularly intense blue
emission under ultraviolet light (Fig. 1B). To verify that the fluo-
rescence intensity obtained from this experiment was generated

A
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due to the quinoxaline derivative produced by AA and OPD(SH), we
selected several substances that may emit fluorescence in the same
solution and detected their fluorescence signals. Fig. S1 shows that
in the absence of AA, AuNPs solution and OPD(S)-AuNPs solution
did not exhibit fluorescence signals. After OPD(S)-AuNPs aqueous
solution was incubated with AA, a clear emission peak appeared at
about 480 nm. Besides, when the AuNPs solution was incubated
with AA, the fluorescence intensity was still weak. These results
prove that OPD(S)-AuNPs could react with AA, and the reaction
generated specific fluorescence emission.

We chose the chemically synthesized AuNPs with a particle size
of about 46 nm, as they generate high-intensity LSPR signal, to
obtain SERS signals (Fig. S2A). OPD(SH) could be adsorbed onto the
surface of AuNPs through an Au—S covalent bond, resulting in the
synthesis of OPD(S)-AuNPs (Fig. S2B). The UV—vis absorption
spectra of AuNPs and OPD(S)-AuNPs are shown in Fig. S2C. As can
be seen, the UV—visible absorption of AuNPs was around 532 nm;
but after being modified with OPD(SH), the absorption was only
slightly redshifted from 532 nm to 534 nm. And it can be seen in
Fig. S2B that there is no obvious aggregation of OPD(S)-AuNPs. This
indicates that the morphology of AuNPs both before and after
modification was not changed and OPD(S)-AuNPs were successfully
synthesized.

OPD(S)-AuNPs were selected as an SERS substrate to detect the
concentration of AA. We found that in the absence of AA, AuNPs
solution and OPD(S)-AuNPs solution exhibited very weak SERS
signals. However, after OPD(S)-AuNPs solution was incubated with
AA, the SERS intensity was enhanced, and the characteristic peaks
appeared (Fig. 1C). To reliably assign the SERS peaks, DFT calcula-
tions by Gaussian 16 program with B3LYP level of theory and
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Fig. 1. (A) Schematic illustration of the reaction between OPD(S)-AuNPs and AA. (B) Fluorescence emission spectra of a mixture solution of OPD(S)-AuNPs with AA (Inset: the
corresponding photographs captured under 365 nm ultraviolet light). (C) SERS spectra of AuNPs solution, OPD(S)-AuNPs solution, OPD(S)-AuNPs solution incubated with AA, and

simulated SERS spectrum of OPD(S)-AuNPs solution incubated with AA.
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6—311 + G (d, p) basis were conducted. The vibrational assignments
are given in Table S1. Comparing the experimental SERS spectra
with the simulated SERS spectrum of the product (Fig. 1C), we
observed that most of the Raman vibrations were in good agree-
ment with the experimental results. These results show that the
specific reaction of OPD(S)-AuNPs and AA exhibited strong SERS
signals.

3.2. ALP detection principle of the sensing platform

Based on the above principles, the SERS and fluorescence in-
tensity before and after the addition of AA were obviously different.
AA2P is one of the most frequently used substrates in the turn-on
ALP activity assays, as it can be hydrolyzed and transformed into
ascorbic acid (AA) [31,32], which is a molecule that lays a founda-
tion for the determination of ALP activity by SERS and fluorescence
methods.

We designed a sensing platform using OPD(S)-AuNPs as a
nanoprobe for the determination of AA and ALP (Fig. 2). In the
sensing platform, OPD(S)-AuNPs play dual roles. On the one hand,
OPD(S)-AuNPs are also used as a fluorescence probe to form a
quinoxaline fluorophore in the dephosphorylation of AA2P cata-
lyzed by ALP and in the controllable in-situ fluorescence reaction
with AA. On the other hand, OPD(S)-AuNPs not only serves as a
SERS probe, but also provides a unique interactive ammonium
group for the normal diol of AA, which is a compound used to
generate N-heterocyclic compound that can exhibit good SERS
signals. Based on the obvious difference between the signals
generated before and after the addition of AA, we can expect the
superior performance of our SERS and fluorescence methods in
assaying AA and ALP.

3.3. Assays of AA by the sensing platform

Under the optimal experimental conditions, the calibration plots
of the assay achieved using both the SERS system and the fluo-
rescence system were constructed. The respective text and figures
on the optimizations are given in the Electronic Supporting Mate-
rial. The intensity of fluorescence was used to evaluate the perfor-
mance of the proposed fluorescence system, where FL intensity
represents the difference of the fluorescence intensity at 480 nm of
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the culture medium containing different concentrations of AA. The
intensity of SERS was used to evaluate the performance of the
proposed SERS sensor, where Alsggrs represents the difference of the
SERS intensity at 1059 cm~! of the culture medium containing
different concentrations of AA.

As shown in Fig. 3A, the fluorescence intensity at 480 nm
(excitation at 360 nm) gradually increased with increasing AA from
0 to 200 pM. The correlation had excellent linearity from 0.5 to
50 uM with a regression equation y = 11.16x + 148.20 (correlation
coefficient R? = 0.992) (Fig. 3B). The limit of detection (LOD) was
0.21 uM (as calculated by 3c/slope, where ¢ is the standard devi-
ation of the blank samples). Additionally, the SERS intensity at
1059 cm~! gradually increased with the increase of AA concen-
tration in a range from O to 200 pM (Fig. 3C). The correlation had
excellent linearity from 0.5 to 30 uM with a regression equation
y = 3146.11x + 45.65 (correlation coefficient R* = 0.994) (Fig. 3D).
The limit of detection (LOD) was 0.15 puM (calculated by 3c/slope,
where ¢ is the standard deviation of the blank samples). These
results prove that OPD(S)-AuNPs can react with AA to generate N-
heterocyclic compounds in an alkaline environment. The product
not only can generate good SERS signals, but also can emit specific
fluorescence signals. The good linear relationship under both SERS
and fluorescence methods lays the foundation for ALP
determination.

3.4. ALP activity assayed by the universal sensing platform

As designed, the intensity of fluorescence signal centered at
480 nm and that of SERS signal at 1059 cm~! gradually increased
with the increase of ALP activity, due to the increase of the AA2P
hydrolysis and the concentration of AA produced.

The intensity of fluorescence signal at 480 nm, which was ob-
tained after being excited at 360 nm, gradually increased with the
increase of ALP activity in a range from 0 to 300 mU mL~" (Fig. 4A).
The correlation between the fluorescence intensity and ALP activity
was linear from 1.0 to 20 mU mL~! with a regression equation
y = 28.60 X + 168.22 (correlation coefficient R? = 0.994) (Fig. 4B).
The limit of detection (LOD) calculated by 3o/slope, where ¢ is the
standard deviation of the blank samples, was 0.3 mU mL~. The
SERS intensity at 1059 cm~! gradually increased with the increase
of ALP activity in a range from 0 to 200 mU mL~' (Fig. 4C). The
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Fig. 2. Schematic illustration for the determination of ALP activity based on the ALP-triggered OPD(S)-AuNPs reaction with AA.
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correlation between the two was excellently linear from 0.5 to 10
mU mL~! with a regression equation y = 1.77x + 22122.60 (cor-
relation coefficient R?> = 0.998) (Fig. 4D). The LOD calculated 3o/
slope was 0.2 mU mL~. These results indicate the good response
and effectiveness of the sensing platform in the determination of
ALP activity. We further compared ALP determination capability of
our method with that of other reported methods, and the data are
shown in Table 1. Compared with the single-mode systems, our
sensing platform has a wider linear range and higher sensitivity.
Furthermore, we compared other systems and found that the
detection limit of our platform is similar to or lower than that of
other methods, and only a few of these probes are based on both
SERS and fluorescence methods.

3.5. Selectivity

Various interfering species, including several inorganic ions (K*,
Na®, Ca®*, and Cl7), enzymes (trypsin, lysozyme, ACP, GOx, and
AChE), and biomolecules (Glu, Tyr, BSA, Gly, and ATP), were used in
this experiment. The concentration of K*, Na*, Ca®*, CI-, Glu, Tyr,
BSA, Gly, and ATP used was 10 mM, whereas that of trypsin, lyso-
zyme, ACP, GOx, and AChE was 500 mU mL~. The results from the
selectivity experiments are shown in Fig. 5. As shown, the incu-
bation with the above interferences did not cause a remarkable
signal change; and the apparent fluorescence change was observed
only when ALP was introduced. This indicates that the fluorescence
system has good selectivity toward ALP. Considering nanoparticle
solution, the presence of ions at a high concentration may cause the
imbalance of the surface charge of the nanoparticles, in turn

causing them to aggregate, resulting in the decrease of their SERS
activity. Thus, we also detected the influence of some ions,
including Na*, K*, Ca**, and Cl~ (each at 10 mM), on ALP assay by
the SERS method (Fig. 5B). The concentration of the interfering ions
selected in the experiment exceeded that of the ions in diluted
normal human serum [41]. These results show that both the fluo-
rescence and SERS methods have high selectivity toward ALP.

3.6. ALP activity in serum obtained by the dual-mode sensing
platform

Abnormal fluctuation of ALP activity in serum can be used as an
important criterion for disease diagnosis, and the normal activity of
ALP in human serum range from 40 to 190 mU mL~! [42]. To
demonstrate the applicability of the system in assaying real sample,
ALP activity in real human serum sample was investigated. We
diluted the human serum sample 10 times to ensure that the final
ALP concentration in the sample remains within the linear mea-
surement range. The results are illustrated in Fig. 6A. An ELISA
calibration curve was constructed using ALP standard solution at
concentrations ranging from 0 to 1000 mU mL~. The optical den-
sity at 450 nm was plotted against ALP concentration, as shown in
Fig. 6B. Based on the plot, which was linear, the concentrations of
ALP in human serum were calculated; and the results are given in
Table 2. The results from the three methods were not significantly
different, indicating the sensing platform could reliably assay ALP
in the serum sample. Thus, it can be inferred that the system
developed in this work is highly suitable for assaying ALP activity in
clinical diagnosis.
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3.7. Screening of ALP inhibitor

To confirm its effectiveness, our sensing platform was employed
to screen ALP inhibitors. Na3VOy4 is a common ALP inhibitor that has
been used in various inhibitor screening experiments [43]. The
half-maximal inhibitory concentration (ICsg), which is the con-
centration of an inhibitor required to inhibit 50% of an enzyme, was
used as a parameter to evaluate the inhibitor used in this study.

With increasing NazVO4 concentration and a constant ALP ac-
tivity (200 mU mL™), the fluorescence (Fig. 7A) and SERS (Fig. 7C)
intensity decreased in a concentration-dependent manner, clearly
demonstrating NazVO4 could exert its inhibitory effect on ALP. As
depicted in Fig. 7B and D, the plots between fluorescence intensity
and Algggs value versus log Na3VO,4 concentration had a sigmoidal
pattern. The ICsg values of the inhibitor against 200 mU mL~! ALP
detected by the fluorescence system and the SERS system were

Table 1
Comparison of the developed method for the determination of ALP with other reported methods.
Method Materials Mode Determination of ALP Ref.
Linear range (mU mL™!) Detection limit (mU mL™!)
Single-mode Goo—Cu(II) Colorimetry 20—-200 0.84 [33]
UC NPs Luminescence 62.5-87.5 19 [34]
DNA/AgNCs Fluorescence 30-0.24 5 [35]
Au NR@Ag Colorimetry 5-100 33 [15]
hemicyanine Fluorescence 10—2000 3 [36]
Dual-mode CoOOH Fluorescence 0.04—160 0.026 [37]
Colorimetry 0.04—-160 0.032
PAPP Fluorescence 0.1-40 0.03 [38]
Colorimetry 0.2—-100 -
4-MPBA-Au@Ag NPs SERS 0.5-10 0.10 [39]
Colorimetry - 5.0
Au-NPs@GMP-Tb Fluorescence 0—400 0.4 [40]
Colorimetry 5—-400 1.2
OPD(S)-AuNPs SERS 0.5—10 0.2 This work
Fluorescence 1.0-20 0.3
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Table 2

Results for clinical serum samples obtained from the sensing platform and the ELISA method (n = 3).

Samples Elisa Result (mU mL™1) SERS Result Fluorescence Result
Detection level (mU mL~") Relative error (%) Detection level (mU mL~") Relative error (%)

1 50.02 + 1.34 48.32 + 244 96.60 52.36 + 0.45 104.68

2 57.94 + 0.99 56.37 + 1.21 97.29 55.45 + 1.45 95.70

3 72.34 +1.52 69.38 + 1.12 96.91 7121 +2.21 98.44

4 98.20 + 2.84 97.75 + 1.65 99.54 103.27 + 0.88 105.16

5 11438 + 2.65 113.66 + 2.95 99.37 115.23 + 2.49 100.74

6 120.98 + 3.02 122.89 + 3.63 101.58 118.28 + 1.97 97.77

2.097 mM and 1.984 mM, respectively, which are consistent with
the values reported previously [44]. These results essentially
demonstrate that the sensing platform developed in this study,
which used OPD(S)-AuNPs as the nanoprobe, could also evaluate
the effect of inhibitor on an enzyme.

4. Conclusion

In summary, a fluorescence-SERS dual-mode sensing platform for
determination of ALP activity and screening ALP inhibitors was

successfully developed. Based on the fact that ALP can trigger the in
situ reaction between 3,4-diaminobenzene-thiol and ascorbic acid, a
nanoprobe was synthesized from gold nanoparticles and 3,4-
diaminobenzene-thiol connected through an Au—S covalent bond.
The enhancement of SERS and fluorescence signals may be the result
of the diol group of AA, N-heterocyclic compounds generated from
the reaction between the ketone group of AA and the 1,2-diamine
group in benzenethiol. The constructed sensing platform can
applied to the fluorescence and SERS system which had high selec-
tivity and sensitivity with remarkable LODs of 0.3 mU mL™" and 0.2
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Fig. 7. Effect of inhibitor on ALP evaluated by the sensing platform. (A) Fluorescence spectra of Na;VO4-treated ALP with increasing concentration from 0 to 20 mM. (B) Plot of
fluorescence intensity versus log Na3VO,4 concentration. (C) SERS spectra of Na3VO4-treated ALP with increasing concentration from 0 to 20 mM. (D) Plot of Alsgrs value versus log

Na3VO0, concentration. Error bars indicate standard deviations (n = 3).

mU mL~, respectively. In the sensing platform of diluted human
serum sample, excellent recoveries between 95.70% and 104.76%
were obtained, indicating the method could promisingly be applied
to assay biological samples. The dual-mode sensing platform is
efficient and simple without adding fluorophores or QDs and SERS
reporter. Under different wavelength excitations, SERS and fluores-
cence signals can be generated separately, avoiding mutual inter-
ference. The sensing platform is a promising tool that should be
applied in the diagnosis of various ALP-related diseases.
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