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ABSTRACT

Herein, a sodium hexametaphosphate ((NaPOs)s) modulated fluorescence responsive probe based on the in-
tegration of reduced graphene quantum dots (rGQDs) and chitosan (CS) via self-assembly/disassembly for label-
free alkaline phosphatase assay was constructed. The cationic-charged CS can couple with anionic rGQDs and
quench their fluorescence intensity through electrostatic attraction and structure transformation. This self-as-
sembly system above could be decomposed when (NaPOs)s present, because (NaPOs)g could competes with
rGQDs for the binding sites on the CS, leading to the disassembly of the rGQDs/CS system, as well as to the
system exhibiting a turn-on fluorescence signal. By introducing alkaline phosphatase (ALP) into the system,
(NaPO3)g can be hydrolyzed to give phosphate anions. The decomposition effect of enzymatic products on the
rGQDs/CS system is weakened. Thus the self-assembling system shows a decreasing photoluminescence (PL)
signal compared with the rGQDs/CS-(NaPO3)e disassembling system. The concentration of ALP can be reflected
by the variation of the PL intensity of rGQDs/CS system mixed with the enzymatic hydrolysis products. The
dynamic detection range for ALP is 20-500 mU mL ™!, with a detection limit (LOD) of 7.8 mU mL . The present
fluorescence probe based on the rGQDs/CS system for ALP has excellent selectivity and strong anti-interference
capability. When applied to real samples analysis, the present strategy exhibits satisfactory results. In addition,
the rGQDs/CS system was used to fabricate paper-based test strips for visual detection of ALP activity, validating
its great potential in the application of on-site ALP assays.

1. Introduction

their sensitivity and simplicity. Currently, the fluorescence biosensors
designed for ALP determination can be divided into three categories

Alkaline phosphatase (ALP) belongs to the group of hydrolases that
are located primarily in human liver and other human organisms [1].
The main function of ALP is to dephosphorylate various monopho-
sphate esters substrates into inorganic phosphates [2] such as adenosine
triphosphate (ATP), ascorbic acid-2-phosphate (AAP) and p-nitrophenyl
phosphate (pNPP). The abnormal levels of ALP in serum are regarded as
an important diagnostic indicator for physiologic or pathologic changes
such as hepatic disease (hepatitis and liver dysfunction), bone disease
(osteoporosis, osteomalacia and bone tumor), and ovarian and breast
cancer [3-5]. Therefore, serum ALP determination is frequently a part
of routine blood tests and has clinical implications [6]. Fluorescence
assays are usually chosen preferentially for ALP determination due to
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according to the detection mechanism: 1) the hydrolysate of ALP can
separate the fluorescent probes and the quenching agents, interrupting
the energy transfer or electron transfer process between the two; al-
ternatively, the hydrolysate quenches the fluorescence probes directly,
leading to a change in the photoluminescence (PL) signal. This sensing-
mode is commonly observed in the “turn-off-on” and “turn-off” sensing
assay [7-13]; 2) the substrate of ALP can enhance the PL intensity of
the probes, but the hydrolysis process disintegrates the probes, resulting
in a decreased PL signal. This mode is commonly observed in the bio-
sensors based on the ATP template-synthesized metal clusters [14]; 3)
the electronegativity of the probe or the entire fluorescence detection
system changed because ALP hydrolyzes the phosphate group at the
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Scheme 1. The schematic illustration of fluorescent assay for monitoring ALP activity based on the self-assembly of chitosan and rGQDs.

edge of the fluorescence probes or the phosphates released into the
solution by the enzymatic hydrolysis of ALP, causing the fluorescence
intensity of the probe changes due to aggregation or sedimentation.
This sensing-mode is commonly occurred in the biosensors based on
aggregation-induced-emission (AIE) materials [15-17]. While these
sensing platforms are ingenious and clever, their drawbacks such as
introduction of heavy metal ions or the use of tedious synthesis process
blocks their practical application in clinical diagnosis. Therefore, de-
velopment of a convenient fluorescence biosensor with better bio-
compatibility for serum ALP determination is urgently required.

Compared to the traditional fluorescence materials, such as fluor-
escent dyes, quantum dots, metal nanoclusters, etc., graphene quantum
dots (GQDs), a novel kind of carbon-based nano fluorescent materials,
have attracted considerable attention due to their benefits such as un-
ique fluorescence properties, ease of production, low cytotoxicity and
excellent biocompatibility [18-20]. These advantages have led to
widespread GQDs use in biomedical fields, including the applications of
constructing bionanocomposites, which is a promising strategy based
on the construction of composites including biomolecules and nano-
materials [21,22]. The fascinatingly functional properties of GQDs have
attracted particular attention in the fields of materials science and
biological analysis [23]. By coupling nanomaterials with a diverse
range of biomolecules, such as DNA [24], polypeptide [25], protein and
biopolymers [26,27], researchers can combine the advantages of both
components. Among these, chitosan (CS) is considered as one of the
most promising components of bionanocomposites due to its unique
physiochemical characteristics and biological activities [28]. The high
contents of amino functional groups of CS make it positively charged
under acidic or weak alkaline condition. This property is beneficial for
the integration of CS with nano entities bearing negative charges by
strong electrostatic interaction, and the adhesive behavior of CS is the
basis of bionanocomposite formation [29]. Furthermore, its non-
toxicity, biodegradability and antibacterial properties make it a desir-
able material for application in bioconjugation with nanomaterials in
diverse applications such as electrochemical biosensing, bionano-
composites film formation, drug delivery and bioimaging [30-33].

In the current study, we designed a sodium hexametaphosphate
((NaPO3)e) modulated fluorescence responsive biosensor based on self-
assembly/disassembly mode of reduced graphene quantum dots
(rGQDs)/CS system for ALP (see Scheme 1). The rGQDs with bright blue
emission and rich negative charged hydroxyl were prepared by che-
mically reducing GQDs with NaBH,. The combination of rGQDs and CS
via self-assembly offers a seminal breakthrough in the development of
probes for ALP. The rGQDs act as both the fluorescent elements and the
self-assembly building blocks. The CS charged biopolymer simulta-
neously exhibits both electrostatic attraction and structure transfor-
mation-induced fluorescence quenching of the rGQDs. Meanwhile,

(NaPO3)g which acts as the disassembly agent of the hybrid in this work
also serves as the substrate of the phosphatase to enable its biological
functions. When present, (NaPO3)s competes with rGQDs for the
binding sites on the CS, resulting in the disassembly of the combination
between rGQDs and CS. Consequently, the rGQDs exhibit a turn-on PL
signal. By introducing ALP into the system, (NaPOs)g could be hydro-
lyzed to give phosphate anions, causing the influence of the dis-
assembly agent on the rGQDs/CS system reduced by consuming part of
the disassembly agent. So that the PL signal of rGQDs is decreased
compared with the disassembly state of the rGQDs/CS system. The
quenched PL intensity of GQDs is proportional to the concentration of
ALP. The dynamic detection range for ALP is 20-500 mU mL ™, which
is much wider than most of the recently reported sensing platforms, and
the detection limit (LOD) of 7.8 mU mL ™! is relatively low. Thus, an
(NaPO3)s modulated fluorescence responsive probe based on rGQDs/CS
system for ALP was constructed. The present strategy shows high se-
lectivity for ALP. When applied to real samples analysis, the method
exhibits satisfactory results. In order to broaden its application, espe-
cially in the field of food safety detection, paper-based fluorescent
sensors for ALP activity detection is urgently needed. These kind of
sensors have potential for in situ fluorescent detection due to their
simple fabrication, low cost, pocket friendly size and easy storage [34].
With the help of a hand-held ultraviolet lamp, the test strip can provide
more intuitive detection results, making them more suitable for prac-
tical use. Herein, we immersed the filter paper in the rGQDs/CS solu-
tion to deposit the sensing hybrid on the filter paper, and then use the
paper-based fluorescence test strips for ALP activity detection. The
developed approach has good selectivity, low cost, is toxin-free and has
a broad detection range. It also provides a new approach for the ap-
plication of the hybrid system of GQDs and biopolymers.

2. Experiment
2.1. Reagents and materials

All of the chemicals used were of analytical reagent grade and re-
quired no further purification. Graphene powder, chitosan, (NaPO3)s,
ATP, pyrophosphate (PPi), PO,>~, pyrophosphate (TTP) 2-Amino-2-
(hydroxymethyl)-1,3-propanediol (Tris), NaBH,, urea, reduced glu-
tathione (GSH), glucose, ascorbic acid (AA), aspartic acid(Asp), gluta-
mate (Glu), glycine (Gly), cysteine (Cys) and phenylalanine (Phe) were
obtained from Beijing Dingguo Biotechnology Co. Ltd. ALP is acquired
from TCI (Shanghai, China) Development Co. Ltd. and stored at —20 C
for cryopreservation. Deionized water with a resistivity higher than
18 MQcm ™! was used in the experiments. The stock solutions were
diluted to the desired concentration with deionized water prior to use.
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2.2. Apparatus

PL excitation and emission spectra are measured in a 1cm path
length quartz cuvette with a Shimadzu RF-5301 PC spectro-
fluorophotometer assembled with a Xenon lamp in the right-angle
geometry. The morphology of rGQDs was observed with a JEOL-3010
electron microscope operating at 300 kV. Transmission electron mi-
croscopy (TEM) samples were prepared by dropping the aqueous rGQDs
solution onto ultrathin films of carbon carbon-coated copper grids and
allowing the excess solvent to evaporate in air. Atomic force micro-
scopy (AFM) measurements were performed using a NanoScope
Multimode AFM (Veeco, USA) using the tapping mode AFM. Dynamic
Light Scattering (DLS) experiments were carried out with Malvern
Instrument Zetasizer Nano ZS. UV-vis absorption spectra are obtained
with a UV-2450 spectrophotometer (Shimadzu, Japan). FT-IR spectra
were recorded with a Bruker IFS66V FT-IR spectrometer equipped with
a DGTS detector (32 scans). All pH measurements were carried out with
a Starter-2C pH meter obtained from Ohaus Instruments Co. Ltd.,
Shanghai, China. A ZF-5 portable three-use ultraviolet analyzer ac-
quired from LOSON instrument Co. Ltd., Nanjing was used. All of the
optical measurements were carried out at room temperature under
ambient conditions.

2.3. Preparation and purification of rGQDs

GQDs were synthesized by cutting down graphene oxide (GO)
through the hydrothermal approach as described in previous reports
[35]. According to the reports in the literature [36], GO was prepared
using graphite powder based on a modified Hummers' method. The
resultant GO powder (0.05g) was treated in concentrated H»SO4
(10 mL) and concentrated HNO3 (3.3 mL). The mixture was subjected to
ultrasonic treatment for 4h and then transferred to a high-pressure
reactor at 100 °C for 24 h. The mixture was naturally cooled to room
temperature when the reaction was finished and was transferred into
130 mL of deionized water. The pH of the solution was adjusted to
neutral by continuous addition of sodium bicarbonate. Dialysis was
performed for 3 days to remove salt ions completely using a dialysis
membrane (retained molecular weight: 1000 Da).

NaBH, can selectively reduce the carbonyl and epoxy moieties on
the surface and edge of GQDs to hydroxyl groups in order to obtain
rGQDs. Therefore, NaBH, (1g) was added to the as-prepared GQDs
solution (30 mL) and stirred for 4 h at room temperature. After the re-
duction, the product was transferred to a dialysis tube for complete
elimination of the ions for 3 days. The final product solution was ob-
tained with the concentration of 0.5 mgmL ™',

2.4. Self-assemble and disassemble of rGQDs/CS bionanocomposites

The rGQDs fluorescent probe was prepared in a mixture (2mL)
containing 0.05 mg mL ™! rGQDs and 2.5 mM Tris-HCI (pH 7.4). Under
the optimum incubation time and pH, the PL intensity of the rGQDs/CS
bionanocomposites was assessed with continuous addition of CS from 5
to 1500 ng mL ™.

The negatively charged rGQDs were captured by the positively
charged CS through electrostatic assembly, giving rise to fluorescence
quenching of rGQDs. When (NaPOs)e is introduced into the self-as-
semble system, the disassemble process is triggered. To determine the
appropriate concentration of (NaPOs)g for use in the future (NaPOs)e-
modulated rGQDs/CS system, the effects of (NaPOs)s were studied.
Solutions of Tris-HCl buffer (200 pL, 2.5 mM, pH 7.4), rGQDs (200 pL,
0.05mgmL~"), CS (10uL, 1 ugmL™") were added sequentially to a
centrifuge tube (2 mL) to incubate for 5 min. Then, various amounts of
(NaPOs)e solution were introduced to the above mixture. The PL in-
tensity was recorded after persistent shaking for 25 min. The PL spectra
were recorded in the emission wavelength range of 360-600 nm with
the excitation at the wavelength of 310 nm.
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2.5. Fluorescence detection for ALP activity

The determination of ALP activity was carried out by the enzymatic
hydrolysis of (NaPO3)e by ALP. The enzymatic reaction was performed
by incubating mixtures with different concentrations of ALP and
(NaPO3)g solution for 3h with constant shaking. Then the prepared
rGQDs/CS sensing ensemble and the adequately reacted product mix-
ture of the enzymatic reaction were successively added to a 2 mL cali-
brated test tube, brought to volume with deionized water and equili-
brated for 25minat room temperature. The final concentration of
(NaPOs3)g in the tube was 5puM and that of ALP ranged from 20 to 500
mU mL ™. The PL spectra of the GQDs were recorded for wavelengths
ranging from 360 nm to 600 nm and the PL intensity at the emission
peak was used for the quantitative analysis of ALP under the optimized
conditions. All of the measurements were repeated three times and the
standard deviation was calculated for the error analysis.

2.6. Fetal calf serum samples detection

For practical biological samples detection, fetal calf serum (FCS) for
commercial use was pretreated according to a previous report with a
minor modification. To eliminate the interferences and improve the
recovery, the FCS was split into several centrifuge tubes and centrifuged
at 10,000 rpm for 10 minat room temperature. Equivoluminal acet-
onitrile (CH3CN) was added to the separated supernatant of the FCS
samples to precipitate the protein. After being well-mixed by fierce
shaking, the mixture was centrifuged at 10,000 rpm for 10 min at 4 °C.
The supernatant was filtered twice and adjusted to neutral pH with a
buffer solution. Different concentrations of ALP were added to the 25
times diluted FSC samples to prepare the spiked samples. Real samples
detection was carried out using the procedure described above.

3. Results and discussion
3.1. Characterization of rGQDs

The as-prepared GQDs were obtained from GO sheets through hy-
drothermal synthesis due to its simplicity and suitability for mass pro-
duction. After purification, GQDs were then reduced to rGQDs by
NaBHy. The schematic diagram in Fig. S1 showed the preparation and
purification process of rGQDs. The morphologies of rGQDs were char-
acterized by TEM and AFM and are shown in Fig. 1a—c. The rGQDs in
the images show good monodispersity, with a narrow lateral size dis-
tribution ranging from 2.0 to 4.4nm and average particle sizes of
2.8 nm (shown in the size distribution histogram in Inset 2). The high-
resolution TEM (HRTEM) image of rGQDs in Inset 1 showed an ordered
crystal lattice, confirming that rGQDs are highly crystalline. The lattice
spacing of 0.227 nm corresponds to the (1120) lattice fringes of gra-
phene, which is in good agreement with the work of Li et al. [37].
Fig. 1b shows the AFM image of well-dispersed rGQDs. The height
profile (Fig. 1c) reveals that the typical topographic height of the rGQDs
are mainly distributed between 0.9 and 2.4 nm, implying that most of
the rGQDs consist of 1-2 graphene layers. Compared to the original
GQDs introduced in our previous work [38], these two kinds of GQDs
have similarities in diameters and heights.

Then, FTIR measurements were carried out to verify the structure
changes of GQDs and rGQDs. In Fig. 2a, both GQDs and rGQDs exhibit
the stretching vibration bands of hydroxyl groups (-OH) that corre-
spond to the absorption peaks at 3458 cm ™ '. In addition, the bending
vibration bands of -OH become stronger in the rGQDs spectra for the
peaks at 1383 cm ™ '. However, the vibration absorption bands of C=0
(1635cm™ 1) and C-0-C (1117 cm~! and 1206 cm™!) become very
weak in the rGQDs spectrum after NaBH, reduction. These results de-
monstrate that while the carbon skeleton of graphene is still present
during the reduction progress, NaBH, can selectively reduce the car-
bonyl and epoxy moieties to hydroxyl groups. According to the research
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Fig. 1. (a) TEM images of rGQDs. The inset 1 of (a) is the HRTEM image of GQDs, the inset 2 of (a) is the size distributions of rGQDs; (b—c) The AFM image of GQDs
and their corresponding topographic height profile analysis along the line shown in the image.

results reported by Zhu's group [37], the significantly increased amount
of —OH groups on rGQDs makes the defect state emission of original
GQDs transfer to the intrinsic state emission, suppressing the irradiative
process. All of these changes make the blue emission play the leading
role in rGQDs and enhance the fluorescence quantum yield. It is ob-
served from Fig. 2b that compared to the weak PL intensity of the
original GQDs, rGQDs result in a remarkably increased PL intensity that
is approximately 1.5 times higher than that of GQDs and is accom-
panied with a significantly blueshifted emission peak (the peak position
of rGQDs is at approximately 460 nm, which is 70 nm blueshifted from
530 nm of GQDs). The inset of Fig. 2c shows the photograph of the
aqueous solutions of GQDs and rGQDs taken under irradiation by a
365 nm lamp. GQDs exhibit weak green fluorescence, while the rGQDs
exhibit blue fluorescence with higher brightness. To further explore the

optical properties of the GQDs, the UV-vis absorption and PL spectro-
scopy were studied. As illustrated in Fig. 2¢, two absorption peaks are
present in the UV-vis absorption spectrum of rGQDs: the peak ca.
230 nm is due to the m—n* transition of aromatic C-C bonds, and the
shoulder ca. 310 nm is attributed to the n-x* transition of excited
surface defects. However, unlike most fluorescent carbon nanoparticles,
the as-prepared rGQDs display photoluminescence that is independent
of the excitation wavelength change. As shown in Fig. 2d when the
excitation wavelength varies from 280-370 nm, the PL peaks exhibit
nearly no shift, whereas the PL intensity declines. The maximum
emission intensity was obtained at 460 nm with the excitation wave-
length of 310 nm. To consider the integrity of the spectral shape and the
sensitivity of the assay, 310 nm was chosen as the excitation wave-
length in the following study.
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Fig. 2. (a) FT-IR spectra of as-prepared GQDs and rGQDs; (b) Normalized PL emission spectra of GQDs and rGQDs at the same concentration under 310 nm excitation
wavelength. The inset of (e) is photographs of the GQDs (left) and rGQDs (right) solution taken under 365 nm UV light; (¢) UV-Vis absorption, PL excitation and
emission spectra of the rGQDs; (d) PL emission spectra of the rGQDs under different excitation wavelengths ranging from 280 nm to 370 nm. Experiments were

performed at room temperature.

3.2. Self-assembly progress of rGQDs/CS biocomposites

The proof-of-concept experiment are performed to validate the
feasibility of our sensing strategy. The histogram in Fig. 3 demonstrates
the self-assembly/disassembly process after the rGQDs/CS system is
mixed with (NaPOs)s and (NaPOs3)e-ALP hydrolysates, respectively.
Since the electrostatic attraction and structure transformation-induced
PL quenching of rGQDs, the addition of 1 pgmL~ ' CS in to rGQDs so-
lutions generates the rGQDs/CS system, causing the 2.8-fold increase of

-1
- (750/n71U mL)
3
(300 mU mL!)
25 =
— 2
S~
>
=5
1
0.5 J J
a > L >
0 rGQDs rGQDs/CS  rGQDs/CS-(NaPOs)s  rGQDs/CS-(NaPO;)¢+ALP

Fig. 3. The PL intensity ratio (Ip/I) of rGQDs, rGQDs/CS, rGQDs/CS-(NaPOs)e
system, and rGQDs/CS- (NaPOs3)s+ALP system in 5 mM Tris-HCl buffer
(pH 6.2). The concentration of rGQDs, CS, (NaPO3) ¢ and ALP were
50 ugmL~?, 1 pgmL~!, 5uM, 300 mU mL ™ *and 750 mU mL~?, respectively.

the original value. Subsequently, the introduced 5uM (NaPOs)e dis-
assembles the rGQDs/CS biocomposites by competing with rGQDs for
the binding sites on the CS, displaying a remarkable reduction effect on
the PL of rGQDs. When we incubate (NaPO3)s with 300 mU mL ™ 'ALP
first and then add the mixture to rGQDs/CS system, the quenched PL is
observed again. This is due to the ALP-catalyzed conversion of
(NaPO3)¢ into phosphate ion that has a much weaker affinity to CS
compared to rGQDs. Therefore, the biocomposites are barely disturbed.

To determine the optimal detection conditions, we systematically
investigate the factors influencing the stability of the rGQDs/CS system
and evaluate the quenching performance of CS for rGQDs. As men-
tioned above, electrostatic attraction is one of the main factors of the
self-assembly reaction, and the status of the amino functional groups on
CS determines the degree of its electronegativity. Therefore, the pH of
the environment and ionic strength of solution are closely related to the
self-assembly progress and affect the PL intensity of the rGQDs/CS
system. The variation of PL intensity for rGQDs with different pH
(6.2-9.0) values in the absence and presence of CS (1 pg mL~1) was
recorded and the results are shown in Fig. 4a. The PL intensity of rGQDs
shows subtle changes with pH, whereas the rGQDs/CS system reveal
intensive fluorescence suppression compared to the rGQDs alone for
pH < 7.4. From the plotted data points shown in blue, it is observed
that the quenching efficiency at acid or neutral environment is much
higher than that under alkaline conditions. With an increase in the pH
value, the quenching efficiency of CS decreased from 66.81% to 1.59%,
demonstrating that alkaline conditions are not suitable for the stability
of rGQDs/CS system. Additionally, the quenching performance is af-
fected by increased ionic strength: the PL intensity of the rGQDs/CS
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on the PL intensity of rGQDs/CS system; (d) Interference resistibility of rGQDs/CS system over other coexisting substances (150 mM of Na
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Mg“, 1 mM of Zn?*, 3mM of urea, 0.5mM of GSH, 1 mM of glucose, 100 uM of Glu, Gly, Cys and Phe; (e) The PL emission spectra of rGQDs in the presence of
different concentrations of CS (0-1 pg mL™"); (f) The linear plot of normalized PL intensity versus CS concentrations in the range of 1-1500 ng mL ', inset is the
linear plot of normalized PL intensity versus CS concentrations in the range of 1-40 ng mL~'. All samples are prepared with Tris-HCI buffer solution (5 mM).

system shows insignificant changes when NaCl concentrations vary
between 0 and 100 mM, implying that rGQDs do not aggregate within
these ionic strength conditions, but increased gradually when the NaCl
concentration was increased further to 1M (Fig. 4b). Based on the
above results, we conclude that low-pH and weak ionic strength en-
vironment can maximize the performance of the rGQDs/CS system, and
electrostatic forces are vital for the self-assembly of the bionano-
composites. Considering the stability of the hybrid system and the op-
timal hydrolysis of ALP, pH 7.4 was chosen as the rGQDs/CS system
working media. Fig. 4c illustrates the temporal evolution of the rGQDs/
CS system. The self-assembly process requires only 2min to reach
equilibrium and the PL signal remained stable over the next 10 min.

Therefore, we record the PL intensity after the rGQDs/CS system is
incubated for 5 min. To test the resistance to interference of the rGQDs/
CS system, the influences of other biologically relevant coexisting
species containing metal ions (Na*, K*, Mg?", and Zn?"), amino acids
and small biological molecules to the system were investigated under
the same conditions. As seen in Fig. 4d, rGQDs is not only insensitive to
other potentially coexisting substances (light gray squares) but also
respond well towards CS in the presence of these coexisting substances
(dark gray squares). Therefore, the rGQDs/CS system is stable when
sensing under physiological conditions.

The PL intensity evolution of rGQDs/CS system due to the different
amounts of CS was investigated under the optimized conditions in order
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to determine the suitable proportion of the bionanocomposites. The PL
spectra of rGQDs coexisting with a series of CS concentrations were
recorded and the results are displayed in Fig. 4e. Upon the increase in
the CS concentration, the PL intensity of rGQDs was gradually de-
creased and the maximum emission wavelength of rGQDs was blue-
shifted from 460 nm to 445 nm. Fig. 4f shows that the plot of the nor-
malized PL intensity versus the concentration of CS has good linearity
in the range of 5-1000 ng mL ™. The regression equations are:

I/l = (0.996 = 0.0348) + (—1.88 x 1072 + 1.55 x 10~ %) from 5
to 40ngmL ™"

I/I, = (0.935 = 0.0378) + (—5.87 x 10™* * 7.11 x 10~ %) from 40
to 1000 ng mL ™~ *

(Ip and I are the PL intensities of rGQDs in the absence and presence
of the CS, respectively). The correlation coefficients are R* = 0.967 and
0.998, with the detection limit (LOD) of 2.8ngmL~!. Finally, we
choose 1ugmL~'CS to form the self-assembly system for further de-
tection.

The quenching mechanism was studied in detail for purpose in order
to investigate the high-efficiency self-assembly of the rGQDs/CS system.
The PL spectra of the rGQDs/CS system exhibit an obvious blueshift of
approximately 15 nm compared to that of rGQDs alone, indicating that
the nature of the surface of the rGQDs has changed upon binding with
CS. We speculate that the decrease of the molecular polarizability of the
water of the self-assembled system and the intramolecular charge
transfer between CS and rGQDs are responsible for the reductive Stokes
shift [39]. Therefore, we investigate the TEM of the rGQDs and the
rGQDs/CS self-assembling system to compare the morphology char-
acteristics of rGQDs in the presence and absence of chitosan (Fig. S2). It
is clear to see that, severe aggregation of rGQDs occurs in the presence
of chitosan. This phenomenon proves that, there is a strong interaction
between the two because of the electrostatic attraction. Then we use the
dynamic light scattering (DLS) to study the particle size change of the
electrostatic induced rGQDs/CS system. From Fig. S3, it can be seen
that the diameter of rGQDs at the final CS concentration of 1 ugmL ™’
changes from 28 nm to 141 nm, respectively. Therefore, the electro-
static attraction mentioned above may be the driving force in the for-
mation of the self-assembly system. Based on this conclusion, we pos-
tulate that the predominant quenching mechanism is attributed to the
energy transfer caused by the formation of quenched complexes. In
other words, the quenching process may be static quenching. Static
quenching can be confirmed through tiny changes in the UV-vis ab-
sorption spectra. The UV-vis absorption spectra of rGQDs, CS, rGQDs/
CS system and rGQDs-CS mixture are shown in Fig. S4. Upon addition
of CS, the absorption spectra of the rGQDs/CS system (curve c) do
change in comparison with the data superposition (curve d) of the
absorption spectra of the rGQDs (curve a) and CS (curve b), which is
assigned to the complex formation of GQDs and CS, proving that static
quenching indeed occurred.

3.3. Disassembly process of rGQDs/CS system by (NaPO3)¢

We first investigate the effect of the reaction time on the dis-
assembly of the rGQDs/CS system by (NaPOj)s. When the self-as-
sembled process of the hybrid was stabilized, (NaPO3)s with a con-
centration of 5uM was added to the system. Its competitive binding to
CS disassociates the bionanocomposites, leading to the rGQDs release
into the aqueous solution and the recovery of the PL intensity of the
mixture. Fig. 5a shows that the PL intensity of the (NaPO3)s-rGQDs/CS
system gradually increases in the first 15min and ultimately reaches
equilibrium at approximately 10 min, and it is approximately 2.5 times
stronger than the initial PL intensity. Thus, 25 min was chosen as the
adequate reaction time for the further experiments.

Since the intense electronegativity of (NaPOs)e is essential for the
successful dissociation of the rGQDs/CS sensing ensemble, it is
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necessary to explore the tolerance of rGQDs/CS system to other nega-
tively charged ions or biomolecules. We have recorded the variation in
the PL intensity of this sensing system with 17 anions and small bio-
molecules under the same conditions, including PO,>~, PPi, ATP, TTP,
HCO; ™, C;0427(Ac™), NO3~, SO427, F~, Cl7, Br~, 17, S, AA, Asp
and Glu. The results in Fig. 5b indicate that no obvious disassembly of
the rGQDs/CS system is observed in the presence of these common
anions (dark gray bars). The interference experiments also clearly show
that the coexistence of these anions has little influence on the (NaPOs3)g-
rGQDs/CS system (light gray bars). Therefore, (NaPO3)¢ can be a su-
perior disassembly agent for the rGQDs/CS system and the proposed
sensing hybrid system is feasible for the subsequent ALP detection.

Next, quantitative detection of (NaPOs)e based on the disassembly
of rGQDs/CS system was performed. Fig. 5¢ describes a successive en-
hancement in the PL intensity of the rGQDs/CS system upon the gradual
addition of (NaPO3)e with the concentrations ranging from 0 to 20 uM.
Meanwhile, the maximum emission wavelength of rGQDs was red-
shifted from 445 nm back to 461 nm again along with the recovery of
the PL intensity, indicating the release of liberated rGQDs through the
disassembly process. The calibration plot of the recovery efficiency (I,-
I,)/(Io-15) as a function of (NaPOs)s concentration is shown in Fig. 5d,
in which I, and I  are the PL intensities of rGQDs in the absence and
presence of CS, respectively, and I, is the PL intensity of the rGQDs/CS
system in the presence of (NaPOs)e. The change in the PL intensity
increases rapidly in the low concentration range of (NaPO3)¢ (0-5 pM),
and then increases slowly to a plateau when the (NaPO3)s concentra-
tion increases up to 20 uM. Thus, (NaPOs3)¢ concentration of 5uM for
was determined as the fixed amount for the following quantitative
measurement of ALP.

3.4. ALP assay based on the rGQDs/CS self-assembly system

ALP can specifically catalyze the hydrolysis and conversion of one
(NaPOs3) molecule into six phosphate ions under alkaline conditions,
disturbing the disassembly of rGQDs/CS system and making rGQDs
remain bound to CS. To improve the performance of the sensing system,
the reaction temperature was optimized first. The effect of the hydro-
lysis temperature on the ALP activity for (NaPOs)e is shown in Fig. 6a.
The PL quenching effect of ALP on the rGQDs/CS-(NaPO3)s system is
promoted by increasing hydrolysis temperature and reaches maximum
at 37 °C and then obviously decreases when the temperature exceeded
37 °C. This phenomenon is in accordance with the optimum tempera-
ture of the hydrolysis behavior of ALP. Therefore, we choose 37 °C as
the optimal hydrolysis temperature for subsequent studies.

Under the optimized conditions, a fluorescence measurement of ALP
activity was carried out. The changes in the PL intensity were recorded
after the rGQDs/CS system was incubated with the reacted product
mixtures with various concentrations of ALP and (NaPQOs)e for 20 min.
The PL intensity of the rGQDs/CS-(NaPO3)g system decreases gradually
with increasing ALP concentration (from 20 to 500 mU mL™1), and the
maximum emission wavelength of the PL spectrum is once again
blueshifted to 445nm (Fig. 6b). Fig. 6¢ shows that a good linear re-
lationship is observed between the PL intensity ratio of (I,-1)/(I;-Iy) and
ALP concentrations in the range of 20-500 mU mL~'. The linear re-
gression equation is:

€D / (-1 = —0.01016 + 0.00194, mU mL~*

The corresponding regression coefficient is 0.995. The limit of de-
tection (LOD) is 7.8 mU mL ™! using the criterion of three times the
standard deviation of the blank signal. Since the obtained detection
range of ALP can cover the normal level of serum ALP (40-190 mU
mL ™! for adults) [40], the as-established probe is suitable for practical
quantification of ALP levels with high accuracy in the serum of complex
media and is also potentially useful for the diagnosis of the ALP-related
diseases. In addition, we have compared the performance in the linear
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Fig. 5. (a) Time-dependent PL intensity of rGQDs upon addition of 1 ug mL ™' CS (blue dots) and 5 uM (NaPOs) ¢ after PL quenching by 1 ug mL~' CS for 10 min (red
dots); (b) Interference resistibility of rGQDs/CS-(NaPOj3) system over other coexisting anions and small biological molecules, the concentration of (NaPO3)¢ and
other anions are all 5uM; (c)The PL emission spectra of rGQDs/CS system in the presence of different concentrations of (NaPO3)e (0-20 uM); (d) The plot of PL
recovery efficiency(I-I5)/(Io-I) of rGQDs/CS system versus (NaPO3)e concentrations in the range of 1-20 uM (I and I, present the PL intensity of rGQDs in the
absence and presence of CS, I, presents the PL intensity of rGQDs/CS system in the presence of (NaPOs)s). All samples are prepared with Tris-HCI buffer solution
(5mM). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

range and the LOD of the presented method to those for the other re-
ported methods for ALP detection in Table S1. Our method offers a
highly sensitive detection limit and a broader linear range across three
orders of magnitude, which is either comparable or superior to those
obtained from other sensitive systems.

3.5. Selectivity study

To assess the selectivity of the fluorescent assay for ALP, different
enzymes and proteins such as trypsin, BSA, lysozyme, tyrosinase,
thrombin, HSA and urease were investigated under parallel experi-
mental conditions. Fig. 6d shows the quenching effect of the different
enzymes on the rGQDs/CS-(NaPOs)e system. The enzymes do not give
rise to an obvious fluorescence quenching effect, so that only ALP gives
a satisfactory response. The above results confirmed that the present
assay system has high selectivity for ALP activity monitoring.

3.6. Test strips for ALP detection

By immobilization of the rGQDs/CS sensing ensemble on filter
paper, test strips were constructed for ALP activity monitoring. As seen
in Fig. 6e, the color change of the rGQDs/CS loaded test strips were
observed with the naked eye upon exposure to UV irradiation. First, the
test strip shows bright blue fluorescence color under UV illumination
after 20 pL of (NaPO3)¢ solution (5 uM) was dropped on the test strip for
40 min. With the increase in the ALP concentration in the test tube (0,
20, 50, and 750 mU mL ™), the colors of the test papers gradually
changed from the original blue to light blue, showing that the hydro-
lysis of ALP to (NaPOs)e could strongly affect the bonding state of
rGQDs and CS, enabling visual semi quantitation of the ALP activity.

3.7. Determination of ALP in fetal calf serum samples

To explore the feasibility of the presented ALP assay for use in

complex biological samples, the sensing ensemble was used to detect
spiked ALP in 50-fold fetal bovine serum (FBS) dilution and with the
results listed in Table 1. The four ALP concentrations in the FBS samples
were derived from the standard curve and the regression equation. The
average recovery test was performed by applying the standard addition
method. All of the data were collected from three independent mea-
surements. The recovery range was between 97.42 and 102.58% and
the RSD was lower than 4.28%. The above results have demonstrated
the potential applicability of the rGQDs/CS system for the detection of
ALP activity in biological samples.

4. Conclusion

To summarize, rGQDs with blue emission were prepared by che-
mically reducing GQDs with NaBH,. The integration of rGQDs and CS
via self-assembly/disassembly offers an excellent design of a label-free
probe for ALP. Taking advantage of the modulation of (NaPO3) to the
rGQDs/CS system and the hydrolysis of ALP to (NaPOs)s, we success-
fully constructed a “turn-on-off” sensing mode for ALP assay, with the
LOD as low as 7.8 mU mL™?, and the detection range that is wide en-
ough to cover the normal concentration level of serum ALP. The de-
veloped approach displays good selectivity for ALP and exhibits sa-
tisfactory results when applied to real samples analysis. This low-cost,
toxin-free probe provides a new approach for the biosensing applica-
tions of the hybrid system of GQDs and biopolymers.
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Fig. 6. (a) Effect of incubation temperature on the PL intensity ratio (I,-I)/I, of ALP to the rGQDs/CS-(NaPOj3)e system, I, and I present the PL intensity of rGQDs/CS-
(NaPO3), system in the absence and presence of ALP; (b) The PL emission spectra of rGQDs/CS-(NaPO3)e system in the presence of different concentrations of ALP
(0-1.2UmL"™ 1); (c) The linear plot of quenching efficiency(I,-1)/(I-Ig) of rGQDs/CS-(NaPOj3)s system versus ALP concentrations in the range of 20-500 mU mL "~ 1 Iy
and I, present the PL intensity of rGQDs/CS system in the absence and presence of (NaPOj3)g, I presents the PL intensity of rGQDs/CS-(NaPO3) system in the presence
of ALP; (d) Quenching effect of the rGQDs/CS-(NaPO3), system in the presence of 500 mU mL ~! trypsin (0.1 ng mL ™! or 1.85nM) and other enzymes (1 ug mL ™" for
trypsin, 4 mgmL ™" for BSA and HSA, 10 uygmL ! for lysozyme, 1 mgmL ™" for tyrosinase and 10 uM for thrombin and urease) at 37 °C. All samples are prepared
with Tris-HCI buffer solution (5 mM); (e) Photographs of the rGQDs/CS solutions upon the addition of certain amount of (NaPO3)e with different concentrations of
ALP: 0, 20, 50, 100, 150, 200, 250, 300, 400, 500, 600, 750 mU mL ™! under sunlight and UV (365 nm) illumination and the corresponding photograph of rGQDs/CS
system based filter paper strips under UV illumination (365 nm). Conditions in (e): Tris-HCl buffer solution (5 mM), CS (1 ug mL™ 1) and (NaPO3) ¢(5 uM).

Table 1

Measurements of ALP in fetal calf serum samples using the proposed probe. *

Added (mU mL™ 1Y)

Found (mU mL™ %)

RSD (n = 3, %)

Recovery (%)

50

100
250
400

51.29
97.42
247.15
399.58

3.71 102.58
4.28 97.42
1.85 98.86
1.69 99.89

*The original concentrations of ALP in fetal calf serum sampssles were sub-
jected to a 50-fold dilution with Tris-HCI buffer before detection. (Tris-HCI,

0.1 M, pH = 7.4).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.talanta.2019.120341.
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