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ABSTRACT: Alkaline phosphatase (ALP) is a significant biomarker in clinical diagnostics, and the abnormal level of ALP enzyme
in serum is closely related to various diseases such as bone or liver cancer, bone metastases and extrahepatic biliary obstruction.
Herein, a simple and portable photothermal biosensor was developed for sensitive detection of ALP enzyme based on the formation
of polydopamine (PDA) nanoparticles using thermometer or temperature discoloration sticker as readout. MnO2 nanosheet was firstly
prepared using a novel one-pot strategy which showed operational simplicity and low time-consuming. Then dopamine (DA) was
quickly polymerized into PDA nanoparticles in the presence of MnO: nanosheet. When the model analyst ALP was present, the
substrate 2-phospho-L-ascorbic acid trisodium salt (AAP) was catalytically hydrolyzed into L-ascorbic acid (AA), resulting in the
inhibition of the formation of the PDA nanoparticles owing to the fact that MnO2 nanosheet was reduced into Mn?* by generated AA.
Thus, a portable biosensor based on the photothermal properties of PDA nanoparticles for ALP enzyme detection was established
with a detection limit as low as 0.1 U/L (thermometer) and 1 U/L (temperature discoloration sticker). In addition, it also showed
excellent sensing performance for the ALP assay in human serum. Such a simple, label-free, cost-effective, and sensitive assay could
exhibit real potential application for ALP detection and early diagnosis in the world, especially in developing countries or remote

regions.

Alkaline phosphatase (ALP) is an necessary hydrolase in hu-
man body, that could split the phosphate functional groups from
a range of substrate molecules including nucleic acids, proteins
etc. I3 In addition, ALP enzyme is also confirmed as significant
biomarker in the diagnosis of various diseases, such as liver
dysfunction and cancer, * leucocythemia, 3 Alzheimer’s disease,
6 biliary obstruction 7 and bone metastasis from prostate carci-
noma.  Therefore, developing the portable and sensitive bio-
sensor for ALP detection will benefit the diagnoses of some dis-
eases and biomedical research.

The colorimetric methods based on the generation of colored
products catalyzed by ALP enzyme was widely used in clinical
tests because of its simplicity and low cost. *!* Besides, other
colorimetric methods were also developed for visual readout of
ALP due to the local surface plasmon resonance (LSPR) of gold
and silver nanoparticles. '*!> However, the colorimetric meth-
ods remain some limits such as low sensitivity and easy inter-
ference. ' To improve the detection sensitivity, a range of ana-
lytical methods have been developed for ALP detection such as
fluorescence, '™?! electrochemistry, # electrochemilumines-
cence, 2 surface enhancement Raman scattering (SERS)*%
and inductively coupled plasma mass spectrometry (ICP-MS).
26 Although these methods showed high sensitivity and preci-
sion, it was difficult to be utilized in the point of care (POC)
detection due to the limited respects such as the expensive mod-

ification, vulnerable interference and large instrument and pro-
fessional operator. 2”2 Currently, few papers have focused on
the simple, portable and low-cost method for POC detection of
ALP. Thus, it is still highly desirable to develop more rational,
direct, and sensitive methods for detecting ALP levels, espe-
cially using the commercially and easily available common de-
vices.

The thermometer is one of the most common measurement
in daily life, owing to its easy operation, low cost and short
time-consuming etc. It has reported that some biomarkers could
be measured using temperature as readout. *-** However, most
of the methods were still limited in these aspects including low
photothermal generation efficiency, complex entrapment and
decoration steps of photothermal reagents, low signal-to-back-
ground ratio owing to the leakage of photothermal reagents and
so on. Therefore, it is of great significance to develop a conven-
ient and highly sensitive POC assay for quantitative and quali-
tive ALP analysis using temperature signals. Herein, taking ad-
vantages of the photothermal effect with polydopamine (PDA)
nanoparticles, a very simple and portable biosensor based on
the formation of PDA nanoparticles was developed for ALP en-
zyme detection using thermometer (quantitative analysis) or
temperature discoloration sticker (qualitative analysis) as
readout. The temperature discoloration sticker was composed
of five thermochromic dyes (the temperature of discoloration
was 31 °C, 33 °C, 35 °C, 37 °C and 41 °C, respectively), and
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then was coated on Ep tube wall. The thermochromic dye
showed original color below the temperature of discoloration,
while it gradually appeared achromatic color above the temper-
ature of discoloration. As shown in Scheme 1, in the absence of
ALP, PDA nanoparticles could be synthesized by the oxidiza-
tion of dopamine with MnO: nanosheets, showing the strong
photothermal efficiency. However, in the presence of ALP, 2-
phospho-L-ascorbic acid trisodium salt (AAP), which was one
of the most frequently used specific substrates in the ALP ac-
tivity assays, 337 was transformed to L-ascorbic acid (AA).
Subsequently, the generated AA could reduce MnO: to Mn**
and it was also oxidized to dehydrogenated ascorbic acid (DHA)

(Scheme S1). And the produced Mn?* and DHA could not oxi-
dize dopamine into PDA nanoparticles. PDA nanoparticles had
the light-to-heat conversion under the NIR irradiations, result-
ing the temperature change of the solution. Thus, the concentra-
tion of ALP detection was facilely achieved based on the
change values of temperature. With the concentration of ALP
increasing, the temperature change raised greatly, and the tem-
perature discoloration sticker changed from colorless to differ-
ent color. This work may provide a new insight on the applica-
tion of PDA nanoparticles to develop the facile and sensitive
biosensor.
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Scheme 1. Schematic illustration of rapid and portable photothermal biosensor for sensitive detection of ALP

EXPERIMENTAL SECTION

Materials and Reagents. 2-Phospho-L-ascorbic acid trisodium
salt (AAP) and alkaline phosphatase (ALP) enzyme from bo-
vine intestinal mucosa were obtained from Sigma-Aldrich (St.
Louis, MO, U.S.A.). Dopamine and KMnO4 were purchased
from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China).
Polyvinyl pyrrolidone (PVP) was purchased by Sangon Biotech.

Co., Ltd. (Shanghai, China). The human serum samples were
collected from healthy volunteers. All the chemical reagents
were of analytical grade and used without further purification.
Ultrapure water (18.2 MQ - cm) was used to prepare all reagents
in the experiments. Five kind of thermochromic dyes and port-
able infrared laser (780 nm) were purchased from Taobao
(China, website: http://www.taobao.com/).
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Preparation and Characterization of MnO: Nanosheets.
The redox method was used for synthesizing the MnO:
nanosheets. In detail, 1.6 mM PVP solution (pH 3.0) was ad-
justed by sulfuric acid. The mixed solution was heated to 85 °C
for 15 minutes. Then, 0.5 mM KMnO4 was added and incubated
for 2 h at 85 °C. Next, the mixture solution was centrifuged at
10,000 rpm for a quarter to purify MnO2 nanosheets. The pre-
cipitate was washed three times with ethanol and ultrapure wa-
ter, then dried in a vacuum freeze dryer. The characterization of
MnO: nanosheets was acquired by JEM-2100Plus (JEOL, Ja-
pan). Dynamic light scattering (DLS) and Zeta potential of
MnO:z nanosheets were also performed using a Zeta-sizer Nano
ZS90 (Malvern Instruments, UK).

Synthesis and Characterization of PDA Nanoparticles. An
existing synthetic route was used for the synthesis of PDA na-
noparticles. **3? 20 pg/mL MnO; nanosheets was added into 20
pg/mL dopamine solution. After incubating at room tempera-
ture for 30 min, PDA nanoparticles were formed. Next, the ad-
dition of 10 pL 0.1 M HCI was used for halting the polymeri-
zation reaction. The transmission electron microscopy (TEM)
and energy dispersive X-ray spectroscopy (EDS) characteriza-
tion of PDA nanoparticles was acquired by JEM-2100Plus
(JEOL, Japan). DLS and Zeta potential of PDA nanoparticles
were also performed using a Zeta-sizer Nano ZS90 (Malvern
Instruments, UK).

Detection of ALP in Aqueous Buffer and Human Serum
Samples. PDA nanoparticle-based assay for detection of ALP
activity was investigated under the next procedures. For the
ALP detection, 20 pg/mL MnOz, 23 pg/mL AAP and different
concentrations of ALP were incubated in Tris-HCI buffer (pH
7.4) at 30 °C for 40 min. Then, 20 pg/mL dopamine was added.
After being blended, the mixture was incubated at 25 °C for 0.5
h. Next, 0.1 M HCI (20 pL) was added into the solution. Then,
the reaction solution was irradiated using 780 nm laser for 10
min and the temperature change was monitored by thermometer
or temperature discoloration sticker.

For avoiding protein interference, the serum samples were
treated. Firstly, the trichloroacetic acid (quality fraction 15%)
and N-ethylmaleimide (47.5 pg/mL) was added into 1 mL se-
rum for deactivating the enzymes/proteins in the serum. After
centrifuged for a quarter at 12 000 rpm, the supernatant was
modulated to pH 7.4. Then, different concentrations of ALP
were added into the treated serum samples and the spiked sam-
ples (30%) were obtained. Next, the ALP in the spiked samples
were detected using the above-mentioned method.

RESULTS and DISCUSSION

Characterization of MnO: Nanosheets. MnO: nanosheets
were synthesized using a one-pot method that KMnO4 was re-
duced in PVP solution. Compared to the previous methods, *>-4?
our proposed method has some obvious merits including the
mild reaction conditions (no need for high pressure) and low
time-consuming. The synthesized MnO> nanosheets was char-
acterized using a series of techniques. As shown in Figure S1,
compared to KMnOas, MnO: nanosheets emerged a new absorp-
tion peak at 400 nm, which was consistent with previous re-
ports.> TEM image in Figure 1A clearly showed typical
nanosheet morphology of MnO:z nanosheets. EDS measurement
of the synthesized MnO: confirmed the presence of Mn and O
elements with the atomic ratio of 1:2 (shown in Figure 1B).
DLS measurement of MnO: nanosheets exhibited a hydrody-
namic diameter of 206 + 50 nm and the zeta potential of such

Analytical Chemistry

nanosheets was -25 + 5 mV (shown in Figure S2). The results
indicated that MnO2 nanosheets were successfully synthesized.
In addition, such MnO: nanosheets had excellent dispersibility
and were not agglomerated for three weeks.

(B)

Energy / l.e\

Figure 1 The characterization of MnO> nanosheets. (A) TEM
image of the as-prepared MnOz nanosheets. Scale bar: 100 nm.
(B) EDS spectrum of the synthesized MnO: nanosheets.

Characterization of PDA Nanoparticles. PDA nanoparticles
were synthesized though oxidizing dopamine using MnO:
nanosheets. The PDA nanoparticles were spherical in shape and
well dispersed in water, and the sizes of PDA nanoparticles
were mostly distributed in the range from 6 to 12 nm, with an
average size of 9 nm (Figure 2A). In Figure 2B, the high-reso-
lution TEM (HRTEM) images showed that PDA nanoparticles
exhibited identically well-resolved lattice fringes with inter-
planar spacings of 0.23 nm.
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Figure 2. The characterization of PDA nanoparticles. (A) TEM
image of the as-prepared MnO: nanosheets. Scale bar: 50 nm.
(Insert: Size distribution of PDA nanoparticles in diameter
measured by TEM). (B) High-resolution TEM image of PDA
nanoparticle. (C) EDS spectrum of the synthesized PDA nano-
particles. (D) Photothermal stability experiment of PDA nano-
particles over multiple ON/OFF cycles in laser irradiation (780
nm, 0.7 W/cm?).
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As shown in Figure 2C, compositional analysis of PDA nano-
particles by EDS measurement showed the signals of C, N and
O elements. The synthesized PDA nanoparticles were also char-
acterized by UV-vis absorption spectroscopy, as shown in Fig-
ure S3. Compared to dopamine, PDA nanoparticles showed
weak intense absorption value at 220 and 280 nm because of the
formation of quinone units. And compared to MnO: nanosheets,
the absorption peak of PDA nanoparticles at around 400 nm de-
creased significantly. In addition, PDA nanoparticles exhibited
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a hydrous particle diameter distribution (15 = 3nm) which were
nearly to the TEM results and negative charge (-34 £ 10 mV)
(shown in Figure S4). The results indicated that PDA nanopar-
ticles were successfully synthesized.

Furthermore, as shown in Figure S5, the temperature of PDA
nanoparticles rose obviously with the prolongation of NIR laser
time, while the temperature of MnO: nanosheets or dopamine
increased unobviously. The results illustrated that the PDA na-
noparticles showed an excellent NIR laser-driven photothermal
effect. Besides, the photostability of PDA nanoparticles was
also tested. No obvious photobleaching of PDA nanoparticles
was observed after exposure to a 780 nm laser for 15 cycle times
(shown in Figure 2D). It illustrated that the PDA nanoparticles
has excellent photothermal stability.

Investigation of the Feasibility. The feasibility was investi-
gated (shown in Figure 3). Compared to the absence of ALP
enzyme (black dots), the temperature change values after the
NIR laser irradiation decreased when ALP enzyme was added
to the reaction system (purple triangles) (shown in Figure 3A).
Evidently, when ALP was added into the reaction solution, it
could catalyze AAP to AA. Subsequently, the generated AA
could reduce MnO> to Mn?*, Since the produced Mn?* could not
oxidize dopamine into PDA nanoparticles, showing weak pho-
tothermal efficiency. Furthermore, the feasibility was also stud-
ied by temperature discoloration sticker as the readout. The
photograph and infrared image of the reaction system with or
without ALP were shown in Figure 3B. In the absence of ALP,
both the photograph and infrared image of the reaction system
showed the dramatic color change after laser irradiation. Con-
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versely, no obvious color change was displayed after laser irra-
diation when ALP was present. The above results demonstrated
the feasibility of the proposed assay.
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Figure 3. The investigation of the feasibility of the proposed
biosensor. (A) Temperature change value in laser irradiation
(780 nm, 0.7 W/cm?) of different circumstances. (B) The pho-
tograph and infrared image of the reaction system with or with-
out ALP and laser.

ALP Detection Using Thermometer. To optimize the per-
formance of the biosensor, the effect of some parameters (in-
cluding the concentration of MnO: nanosheets and dopamine,
buffer solution, Mg?" concentration, the reaction time) was in-
vestigated by photothermal assay. The results (in Figure S6)
showed that 20 pg/mL were selected as the optimal concentra-
tion of MnO:> nanosheets and dopamine, respectively. Besides,
10 mM Tris-HCI buffer (pH 7.4), the reaction time for 40 min
among ALP, AAP and MnO: nanosheets, Mg?" concentration
(5 mM), the power density (0.7 W/cm?) and irradiation time (10
min) of 780 nm NIR lamp were chosen as the optimal condi-
tions (as shown in Figure S7).

10U/L 20U/L 50 U/L 100 U/L 200 U/L 300 U/L

9 2 %2 B v e
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Figure 4. (A) The infrared image of PDA nanoparticles during 10 min of laser irradiation (780 nm, 0.7 W / cm?) in the presence of
different concentrations of ALP, ranging from 0.0 to 300.0 U/L, (B) Relationship between temperature change values (ATo - AT) and
the ALP concentration, (C) Selectivity investigation of the proposed biosensor. The concentration of these proteins was 2 mg/mL.
Error bars were standard deviation of three repetitive experiments. (ATo was the temperature change values in the absence of ALP
enzyme, and AT was the temperature change value in the presence of ALP enzyme).
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Then, ALP detection was investigated using photothermal as- was 0.1, which was lower than 3¢ value. Therefore, the detec-
say platform based on the PDA nanoparticles with a thermom- tion limit (LOD) for ALP detection was estimated to be 0.1 U/L
eter under the optimal experimental conditions. As shown in using thermometer as readout, which was equal to or better than

Figure 4A, the intensity value of infrared imaging with PDA the previous methods for ALP enzyme detection. (Table S1)
nanoparticles was gradually decreased as the increase of ALP

s ) To evaluate the selectivity of the proposed assay, the effect
concentration in the range from 0.0 to 300.0 U/L. It displayed

of several enzymes/proteins, including horseradish peroxidase

an excellent linear relationship between the temperature change (HRP), glucose oxidase (Gox), glucoamylase (GA), lysozyme
valges (ATo - AT) and the 1ogarithm of ALP level with concen- (LZM), C-reactive protein (CRP) and bovine serum albumin
trations of 0.5 U/L to 200.0 U/L (Figure 4B). ATy was defined (BSA) was investigated. As shown in Figure 4C, compare to
as the temperature change after the NIR laser irradiation in the blank sample, the temperature change values (ATo - AT) had no
absence of ALP enzyme. AT was defined as the temperature significant change after adding other enzymes/proteins, while a

change after the NIR laser irradiation in thf: presence of ALP dramatic ATo - AT increasing was showed in the presence of
enzyme. The methqd covered the range of clinical useful values ALP. It demonstrated that the other proteins have negligible ef-
of ALP concentration (50-135 U/L for the female; 45-125 U/L fect on the temperature change values of the PDA nanoparticle,

for the male), * implying that it could be used in clinical detec- suggesting that the biosensor had excellent selectivity towards
tion of ALP enzyme. When the concentration of ALP enzyme ALP enzyme.

was 0.1 U/L, it was measured that the (ATo - AT) was 0.6 using
thermometer, which was greater than 3o value (¢ = 0.14). How-
ever, as 0.05 U/L ALP enzyme was detected, the (ATo - AT)
Table 1 Detection of ALP enzyme in human serum sample based on photothermal assay.

Added ALP Found ALP Recovery RSD
Serum samples
(U/L) (U/L) (%) n=3,%)
1 1 1.0 100 33
2 10 9.9 99.0 22
3 50 51.3 102.6 5.1
4 100 98.6 98.6 43
In addition, the developed PDA photothermal biosensor was increase of ALP concentrations. In addition, after laser irradia-
also tested for ALP enzyme detection in human serum samples. tion, the intensity value of infrared imaging was gradually de-
The serum samples were regarded as having no ALP enzyme creased as the increase of ALP concentration (Figure 5).

due to eliminating any protein interference through trichloroa-
cetic acid. In addition, the ALP enzyme in serum samples was
also investigated using the standard addition method. As shown
in Table 1, the recoveries of ALP in serum sample varied from
98.6% to 102.6%, and the relative standard deviation (RSD)
was from 2.2% to 5.1%. The results indicated that the method
had potential applications for ALP enzyme detection in real
samples. Given that ambient temperature was one of the most
non-negligible elements when the temperature was acted as
readout signals, the effect of ambient temperature was investi-
gated. The results demonstrated that the POC assay was little
affected by the ambient temperature in interior temperature (20
°C to 30 °C) (shown in Figure S8).

OUA 1UL 2U/A SUML 10U/L 20 U/L 50 U/L 100 U/L 200 U/L 300 U/L

Photothermal image

ALP Detection Using Temperature Discoloration Sticker. g . =
Given the convenience of color changes in POCT, the proposed k: _ = I 3-'-‘ =
sticker as readout. The temperature discoloration sticker was ‘ ‘ ' ‘ f q
composed of different thermochromic dyes, and then was Visual image
coated on Ep tube. These thermochromic dyes on Ep tube dis-
played its original color below the temperature of discoloration.
As it was above the temperature of discoloration, the achro-
matic color was appeared. Here, the temperature discoloration
sticker showed pink (41 °C), red (37 °C), blue (35 °C), black (33 Photothermal image
°C) and green (31 °C) strips. After a series of ALP solution with
concentrations ranging from 0.0 to 200.0 U/L were added into
the reaction system and then was irradiated using 780 nm laser

— =
assay was also demonstrated using temperature discoloration -

Figure 5. The visual and infrared images of different concen-
trations of ALP ranging from 0.0 to 200.0 U/L before and after
laser irradiation (780 nm, 0.7 W/cm?). The color of strips from

fo.r 10 min, the .color change of the temperature discoloration top to bottom were pink (41 °C), red (37 °C), blue (35 °C), black
sticker was monitored. The results showed that the green, black, o o .
(33 °C) and green (31 °C), respectively.

blue, red and pink strip gradually appeared from white with the

ACS Paragon Plus Environment



oNOYTULT D WN =

Analytical Chemistry

When the temperature discoloration sticker was used for the
readout, the color change could be observed for the detection of
1 U/L ALP. While no obvious color change could be observed
for the detection of 0.5 U/L ALP. Thus, the LOD for ALP de-
tection was estimated to be 1 U/L using temperature discolora-
tion sticker as readout. More importantly, the temperature dis-
coloration sticker in Ep tube could also exhibit a distinguishable
color change by naked eye in low ALP concentration (1.0 U/L),
of which was equal to and even better than that of the previous
papers for ALP enzyme detection using colorimetric method.
Similarly, it covered the range of clinical useful values of ALP
concentration, * implying that the test strip could be used in
clinical detection of ALP. In theory, the detection range and the
LOD could be adjusted by changing the different thermo-
chromic dyes.

To demonstrate the selectivity of the proposed assay, the ef-
fect of several proteins was also investigated (shown in Figure
6). The temperature discoloration sticker demonstrated five dif-
ferent colors as the ALP was present. Nevertheless, only one
color was obviously observed in the presence of HRP, Gox, GA,
LZM, CRP and BSA, respectively, which was similar to the
blank sample. It demonstrated that the other proteins have neg-
ligible effect on the assay, implying that the biosensor had ex-
cellent selectivity towards ALP. In addition, different concen-
trations of ALP in the human serum samples, which were
treated using the above-mentioned processing steps, were also
tested. The results showed that ALP concentration in the human
serum sample could be detected in the range of 1.0-100.0 U/L
(shown in Figure S9). As the concentration of ALP enzyme in-
creasing, the different color strip in the temperature discolora-
tion sticker gradually appeared, suggesting that the assay
showed the excellent performance in human serum. The results
demonstrated that the proposed assay could be used for simple
and visual detection of ALP enzyme.

HRP GOx GA LZM CRP BSA  BLANK

.

Wiwwwwwl

Figure 6. Selectivity investigation of the proposed biosensor.
The visual image of the reaction solution during 10 min of laser
irradiation in the presence of different protein. The concentra-
tion of these proteins was 2 mg/mL. The color of strips from top
to bottom were pink (41 °C), red (37 °C), blue (35 °C), black (33
°C) and green (31 °C), respectively.

CONCLUSIONS

In conclusion, a simple and portable photothermal biosensor
was developed based on the formation of PDA nanoparticles for
sensitive detection of ALP enzyme. The developed method
showed some merits including simplicity, cost-effective, excel-
lent selectivity and sensitivity. The detection limit of the bio-
sensor was 0.1 U/L by thermometer. Even as low as 1 U/L ALP
enzyme could be detected by temperature discoloration sticker,

which covered the range of clinical useful values of ALP con-
centration. Furthermore, the proposed approach also showed
excellent sensing performance for the detection of ALP in hu-
man serum. The biosensor based on photothermal effects of
PDA nanoparticles could be extended for POC detection of
other targets. This strategy may not only provide a new avenue
for biomolecules sensing in biological application detection, but
also be beneficial to the development of POC devices.
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