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ARTICLE INFO ABSTRACT

Keywords: Herein we designed a selective and smartphone-based strategy for visual detection of alkaline phosphatase (ALP)
Multicolor fluorescent biosensor by utilizing the property of amino-functionalized copper (II)-based metal-organic frameworks (NH,-Cu-MOFs)
Smartphone with oxidase mimic property and fluorescence property. Surprisingly, the oxidase mimic property of NH,-Cu-

Alkaline phosphatase
Visual detection
Metal organic framework

MOFs can work well at a high pH value 8.0. Thus, a cascade reaction between ALP and NH,-Cu-MOFs was
realized for the construction of a ratiometric multicolor sensing platform through the controllable catalytic
activity of NH,-Cu-MOFs by pyrophosphate (PPi) and ALP. The catalytic activity of NH,-Cu-MOFs was greatly
inhibited because of the binding ability of Cu®>* with PPi. When the ALP was added, the catalytic activity of NH,-
Cu-MOFs was restored and then further catalyzed the o-phenylenediamine to form the 2, 3-diaminophenazine
due to the hydrolysis function of ALP towards PPi into orthophosphates. RGB analysis of the fluorescent sample
images was adopted for ALP quantitative analysis. Besides, a hydrogel test kit and mobile app for ALP detection
were designed as conceptual products for point-of-care. The LODs of the fluorescence sensing platform was 0.078
mU mL~! and 0.35 mU mL~"' by solution analysis and hydrogel test kit analysis, respectively. This fluorescent
visual method was applied to ALP detection in serum samples with satisfying results, which opened a promising
horizon for the diagnosis of other biomarkers in clinical serum samples based on ALP-mediated enzyme-linked

immunosorbent assay for the development of biomedicine and clinical diagnosis.

1. Introduction

Alkaline phosphatase (ALP), an essential hydrolase enzyme for re-
moving phosphate functional groups from a variety of biomolecules
including nucleic acids, proteins, and alkaloids (Dong et al., 2015;
Zhang et al., 2017), acts as an important biomarker in the clinical di-
agnosis of various diseases such as diabetes, bone disease, prostatic
cancer, and liver dysfunction. The normal level of ALP in human serum
is 40-190 U L™ ! for adults, and the permittable level in children and
pregnant women serum is higher than 500 U L™'(Dong et al., 2015;
Hayat and Andreescu, 2013; Qian et al., 2015). The level of ALP in
human serum is higher or lower than the normal threshold of ALP
which may cause serious illness for human. High ALP contents in serum
often relates to osteoblastic bone tumors, osteomalacia, biliary ob-
struction, leukemoid reaction or lymphoma (Tang et al., 2019). Low
ALP contents may arise from some metabolic disorders such as Wilson's
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diseases or hematological diseases such as aplastic anemia and chronic
myelogenous leukemia (Tang et al., 2019). Besides, ALP is widely used
in enzyme-linked immunosorbent assay because of its high catalytic
activity, broad substrate specificity, easy binding with antibody and
mild reaction conditions as well as good stability (Chen et al., 2018;
Zhao et al., 2019). Therefore, the establishment of a reliable simple,
sensitive, and selective approaches for the detection of ALP level or
activity is of significant important for medical diagnoses and biome-
dical research (Liu et al., 2018).

Considering that the importance of ALP in clinical diagnosis, various
methods have been developed for ALP detection, such as colorimetry
(Gao et al., 2018), electrochemistry (Mintz Hemed et al., 2018), che-
miluminescence (Diaz et al., 2002; Hai et al., 2017), surface-enhanced
Raman scattering (Zeng et al., 2017), and fluorescence (Chen et al.,
2018). Among various methods, the fluorescence method has attracted
increasing research attention owing to its advantages of simplicity and
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high sensitivity. For example, Li and his co-workers designed a sensitive
fluorescence sensor for ALP analysis based on poly(30T)-templated
CuNPs (Li et al., 2017). Pyrophosphate (PPi) can quench the fluores-
cence of poly(30T)-templated CuNPs and the fluorescence can be re-
stored by the ALP hydrolysis function. Nevertheless, the existing ALP
fluorescent assays almost depend on ALP-mediated changes in mono-
chromatic fluorescence of fluorescent nanomaterials (Chen et al., 2018;
Li et al., 2017; Sun et al., 2017, 2016; Tang et al., 2019). The fluores-
cence intensity at a single emission wavelength is susceptible to various
environmental factors, including exciting light intensity, emitting light
collection efficiency, and fluorescence probe concentration. In addition,
the existing single-emission wavelength fluorescence immunoassay
method has low color change resolution, which is not conducive to on-
site detection and diagnosis. Ratio fluorescence sensing technology with
dual-wavelength emission is expected to solve this problem (Deng et al.,
2015; Zheng et al., 2014). Ratio-based fluorescence sensing technology
provides built-in self-calibration for various analytical-independent
factors, with particular attention in analytical sensing and optical
imaging, with the capacity to provide the accurate quantitative analysis
(Fan et al., 2013; Wu et al., 2016). Zhao et al. developed a ratiometric
fluorescence assay for the detection of ALP activity based on the
covalent immobilization of fluorescein molecules and electrical ad-
sorption of bisquaternary ammonium salt of TPE (TPE-2N*) onto
polyethylene terephthalate (PET) fiber surface (Zhao et al., 2017). Al-
though ratiometric fluorescence sensor is sensitive and accurate, ex-
pensive instruments and professional operators should be required
which greatly limit its applications for in-field testing, especially for
remote areas or resource-constrained regions that do not have enough
laboratory resources. Thus, an enormous challenge is still encountered
for ratiometric fluorescence sensor which is urgent to discover new ALP
sensing strategies with less chemical regents or synthesis requirements,
and explore a point-of-care (POC) platform for performing at the point
of need, outside the laboratory in daily clinical diagnosis.

In recent years, the smartphone-based detection method for
healthcare, food safety, and environmental monitoring has attracted
particular attention because smartphone camera has some advantages
such as high-resolution imaging, manual or auto exposure and focus
control, ease of use, portability, image storage, and programmability
(Mahato and Chandra, 2019; Pongnumkul et al., 2015). As a result, this
smartphone-based detection method is a good candidate for POC plat-
forms for remote areas or resource-constrained regions where are lack
of laboratory resources and expensive instruments. Owing to the
characters of LED (light emitting diode) flashlight of the camera, the
color image taken by the camera is separated into three colors including
red, green, and blue. Typically, the red-green-blue (RGB) values are
obtained by analyzing the digital photos with software named Color-
Schemer studio or a soft named RGB color picker in a smartphone,
which could be as a response signal for quantifying the concentration of
various analytes (Lin et al., 2016). Xie et al. developed a colorimetric
platform based on urease and ALP catalyzed multicolor generation and
simple signal readout with a smartphone via the RGB values (Xie et al.,
2018). This method needs no expensive instruments, which opening
broad future perspectives for next-generation POC testing. However,
bio-enzyme like urease is easy to denature and the sensitivity needs to
be improved for early clinical diagnosis. Mahato and his co-workers
designed an office punching machine crafted paper biosensor for naked
eye detection of ALP in milk samples. The quantitative detection of ALP
is done by the RGB values from the smartphone. Although this paper-
based detection systems possess the advantage of low price, adequate
availability, and environment-friendly nature, the sensitivity of this
sensing system for ALP detection is not satisfactory (LOD: 0.87 UmL ™ 1)
and the color resolution for visual detection of ALP activity by naked
eyes and smartphone is insufficient (Mahato and Chandra, 2019). Both
the development of new apps and the continuous improvement of
smartphone electronics have paved the way for the use of smartphones
as biosensors. Almost all the optical-based methods have been
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integrated with smartphone, including absorbance, reflectance, fluor-
escence, surface plasmon resonance (SPR), bio-chemiluminescence and
electrochemiluminescence. Accordingly, it is important to explore a
simple but effective POC strategy for visual detection of ALP activity by
naked eyes and smartphone with high color resolution and high sen-
sitivity.

Recently, metal-organic frameworks (MOFs)-based fluorescence
sensing has attracted great attention because both metal ion and or-
ganic linkers can be utilized in the generation of luminescence signals.
Many works have been focused on the detection of various chemical
substances by using fluorescent MOFs-based sensors, including metal
ions, explosives, and small molecules (Hu et al., 2018; Lustig et al.,
2017). Furthermore, MOFs possesses the enzyme-mimicking catalytic
activity which is much more stable in harsh condition such as extreme
pH, high salt, high temperature and for long-term storage than natural
enzyme (Li et al., 2018). However, most MOFs nanozymes can only
work well under an acid environment and using a multifunctional MOFs
for the construction of biosensor is still on the early stage (Li et al.,
2019; Lin et al., 2018). Inspired by these properties, we want to syn-
thesize a multifunctional MOFs as the nanozyme and fluorescence
donor for visual fluorescence detection of ALP under the same pH.
Hydrogel is particularly well-suited for the design of visual detection
platform owing to its negligible fluorescence emission and background
color, as well as its controllable shape and large loading capacity (Lin
et al., 2014). Hydrogel kit shows the advantages of simplified opera-
tion, portable property and furthermore, less skilled operators are
needed in the analysis by using hydrogel kits which is beneficial to end-
users.

In this work, a fluorescence sensing platform and hydrogel kit for
selective and POC diagnosis of important biomarker ALP in serum was
established based on the multifunctional NH,-Cu-MOFs with oxidase
mimetic activity, fluorescent emission, and enzyme cascade activity by
combining with the merits of a smartphone (Scheme 1). The co-
ordination-induced assembly of Cu®* and 2-amino-1,4-benzenedi-
carboxylic acid (ABDC) produced the NH,-Cu-MOFs with high oxidase
mimic property. Interestingly, the oxidase-mimetic activity of NH,-Cu-
MOFs can work well under a high pH value of 8.0. With the addition of
PPi, the oxidase-mimetic activity of NH,-Cu-MOFs was completely
suppressed because of the good affinity between Cu®* with PPi.
Whereas, when ALP was introduced, PPi was hydrolyzed to orthopho-
sphates (Pi) with low affinity to Cu?". Therefore, the oxidase-mimetic
activity of NH,-Cu-MOFs was reactivated, and a ratiometric fluores-
cence sensor was developed for ALP using o-phenylenediamine (OPD)
as substrate. The OPD could be oxidized by Cu®* of NH,-Cu-MOFs and
the resultant 2,3-diaminophenazine (0xOPD) solution exhibited a
visible pale-yellow color as well as an orange-yellow fluorescence when
irradiated by ultraviolet light. The RGB digital color for quantitative
analysis of ALP was achieved by a smartphone camera. Additionally,
the ratio of the red (R) value to the sum of RGB (R + G + B) values is
obtained as response signal which is beneficial to improve the accuracy
of the results through self-calibration of two dissimilar wavelengths. In
this regard, the quantitative, real-time detection of ALP activity is ex-
hibited using a simple readout platform by a smartphone camera and a
hand-held UV lamp, which opened a promising horizon for the diag-
nosis of other biomarkers in clinical serum samples based on ALP-
mediated enzyme-linked immunosorbent assay for the development of
biomedicine and clinical diagnosis.

2. Experimental section
The chemicals and apparatuses used in the experiment and the ex-

perimental procedures are detailed in the supplementary information
(SD.
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Scheme 1. Schematic illustration of a ratiometric multicolor fluorescence biosensor for visual detection of alkaline phosphatase activity via a smartphone.

3. Results and discussion
3.1. Characterization of NH,-Cu-MOFs

SEM and TEM were employed for characterization of the mor-
phology of the NH,-Cu-MOFs. As seen in Fig. 1A and Fig. 1B, the as-
prepared NH,-Cu-MOFs showed cuboid-like shape with a mean length
of 200 = 30 nm and a width of 130 = 35nm. EDS mapping (Fig. S1)
and XPS analysis (Fig. S2) confirmed the presence of C, Cu, N and O
elements on NH,-Cu-MOFs. As shown in Fig. S2A, the binding energy of
Cu 2p3,» and Cu 2p;,» of Cu in NH,-Cu-MOFs was 934.3eV and
953.8 eV, respectively, the result was consistent with that of Cu (NO3),
(Shen et al., 2015). The binding energy of 939.5eV and 962.8 eV was
attributed to the Open 3d shell of Cu?* (Shen et al., 2015). However,

p=
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the binding energy of Cu® and Cu™ was undetected, further confirming
that copper existed as Cu?™. In Fig. S2B, only one peak at 399.7 eV was
observed in the N 1s spectrum, which was probably due to the presence
of an amino group (C-N-H) (Lin and Wang, 2013; Zhan and Zeng,
2016). The high-resolution asymmetric C 1s XPS spectra were showed
in Fig. S1C, three peaks were located at 288.3, 286.3 and 284.6 eV
corresponding to the C=0, C-O, and C-C (spz), respectively (Ren et al.,
2015). Fig. S1D showed that the high-resolution XPS spectra of O 1s
was at 531.3eV and 533.0eV corresponding to C=0 and C-OH/
C-0-OH/N-0-C (Qin et al., 2015). The XRD patterns of NH,-Cu-MOFs
were shown in Fig. 1C. The as-prepared MOFs had a characteristic
diffraction peak which was consistent with the standard diffraction data
(CCDC-687690) (Carson et al., 2009), demonstrating that the NH,-Cu-
MOFs was well crystallized (Rodenas et al., 2015). The chemical
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Fig. 1. (A) SEM image and (B) TEM image of NH,-Cu-MOFs, (C) XRD pattern for NH,-Cu-MOFs (line b) and the simulated XRD pattern for the NH,-Cu-MOFs (line a),
and (D) FTIR spectrum for NH,-Cu-MOFs (line a) and bridging ligand (ABDC, line b).
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structure of the NH,-Cu-MOFs and the ligand (ABDC) were analyzed
(Fig. 1D), the C=0 stretching vibration absorption peak of ligand
ABDC was at 1694 cm ! (line a in Fig. 1D). However, it changed to the
1667 cm~ ! which indicated the Cu®?* coordination was formed in the
NH,-Cu-MOFs (line b). Two absorption peaks at 3507 and 3392 cm ™!
which were attributed to the symmetrical and asymmetric stretching
vibrations of -NH, shifted to 3480 and 3362 cm ™!, respectively. These
results indicated that NH,-Cu-MOFs was successfully synthesized.

3.2. Sensing principle

To illustrate the feasibility of the sensing principle for visual de-
tection of ALP, RGB values were detected by a smartphone when the
sensing system was under the ultraviolet light with 365nm. The
fluorescent color change of the samples (inset of Fig. 2A) can be
transduced into the change in R/(R + G + B) value. As shown in
Fig. 2A, The OPD solution (Sample 1) was non-fluorescence and NHo-
Cu-MOFs (Sample 2) exhibited a blue fluorescence under 365 nm UV
light. It is interesting that a strong yellow fluorescence was observed
after the addition of NH,-Cu-MOFs into the non-fluorescent OPD solu-
tion (Sample 3 in Fig. 2A). The results indicated that NH,-Cu-MOFs
showed oxidase-mimetic activity and the oxidation reaction towards
OPD catalyzed by NH,-Cu-MOFs was triggered and produced oxOPD
with yellow fluorescence. Sequently, when the PPi was added into the
above-mixed solution (Sample 4 in Fig. 2A), the fluorescent intensity
was decreased and the color of the solution was turned to pale blue.
Due to the preferential affinity of PPi to Cu?* of NH,-Cu-MOFs (Sun
et al., 2016), the catalytic function of NH,-Cu-MOFs towards OPD could
be partially inhibited, resulting in the decrease of fluorescence color of
mixed solution. However, the addition of ALP into the PPi catalyzed the
hydrolysis of PPi into Pi and regained the oxidase-mimetic activity of
NH,-Cu-MOFs by disabling the PPi-based complexation. The solution
exhibited yellow fluorescence which indicated the oxidation of OPD
(Sample 5 in Fig. 2A). Additionally, in the absence of NH,-Cu-MOFs, the
PPi and ALP had negligible interference on the fluorescence of the in-
itial OPD solution (data not shown). More importantly, these processes
could be detected via RGB values of corresponding photos by smart-
phone under ultraviolet light (Fig. 2A). Therefore, these results illu-
strated that a ratiometric multicolor fluorescence biosensor can be de-
signed for the visual detection of ALP via a smartphone.

To understand the mechanism of the oxidase-mimetic activity of

NH,-Cu-MOFs, the fluorescence lifetime of NH,-Cu-MOFs before and
after reactions was tested. In Fig. 2B, the lifetime of NH,-Cu-MOFs was
1.30 ns. After the generation of oxOPD, the fluorescence lifetime of
NH,-Cu-MOFs was decreased to 1.01 ns, demonstrating that the fluor-
escence quenching of NH,-Cu-MOFs triggered by oxOPD was due to the
dynamic quenching effect. Firstly, NH,-Cu-MOFs as donor molecules
were excited by a certain frequency of photons. When the NH,-Cu-
MOFs were in the process of returning to the ground state, the energy
was transferred to the adjacent receptor molecule oxOPD, and accom-
panied by a decrease in fluorescence lifetime via fluorescence re-
sonance energy transfer (FRET). Therefore, a ratiometric fluorescence
sensor based on FRET was successfully designed.

Furthermore, the ESR was performed to detect the probable gen-
erated free radical during the catalytic reaction (Fig. 2CD). Generally,
5, 5-Dimethyl-1-pyrroline N-oxide (DMPO) was used as a spin trap to
capture ROS (*OH and O,"). As seen in Fig. 2CD, the relative intensities
enhanced with the increasing incubation time of DMPO and NH,-Cu-
MOFs. Meanwhile, the ESR spectrum of NH,-Cu-MOFs exhibited four
main peaks with the relative intensities of 1:1:1:1 (Fig. 2C) and 1:2:2:1
(Fig. 2D), which were assigned as the specific signals of DMPO/O,"~ and
DMPO/+0OH, respectively. These results demonstrated that O, and *OH
were generated from the oxidase mimetic activity of NH,-Cu-MOFs and
resulted in the oxidation of OPD.

To verify whether the PPi can bind NH,-Cu-MOFs, energy-dispersive
X-ray spectroscopy (EDS) element analysis was used to analyze the
product obtained from the reaction of NH,-Cu-MOFs with PPi. Before
measurement, the PPi was blended with NH,-Cu-MOFs for a moment
and then washed with deionized water by centrifugation. As shown in
Fig. S3, Cu, C, N, O, P elements were detected. By comparison with the
XPS spectra of Fig. S2, a new element of P could be observed obviously
in Fig. S3, which was ascribed to the presence of PPi. Thus, these results
demonstrated the complexation affinity of NH,-Cu-MOFs and PPi.

3.3. Optimization of fluorescence detection parameters

To acquire an optimal analytical performance, the experimental
conditions such as pH of assay solution, incubation temperature, the
OPD concentration, the incubation time between OPD and NH,-Cu-
MOFs, the incubation time between PPi and NH,-Cu-MOFs and the
concentration of PPi as well as the incubation time of between PPi and
ALP have been optimized. Firstly, the catalytic activity of NH,-Cu-MOFs
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at various pH was investigated. As seen in Fig. S4A, the R/(R + G + B)
gradually increased with the increase of pH in the range of 4.0-7.2 and
tended to decrease with a pH higher than 8.0, indicating the catalytic
activity of the NH,-Cu-MOFs towards OPD oxidation with an optimal
pH value at 7.2. Meanwhile, the catalytic activity of NH,-Cu-MOFs at
various temperatures was also monitored. As a result, the optimal
temperature for NH,-Cu-MOFs was 37 °C (Fig. S4B).

Furthermore, the effect of OPD concentration on the oxidase mi-
metic activity of NH,-Cu-MOFs was investigated. As seen in Fig. S4C,
the catalytic activity of NH,-Cu-MOFs increased with the increasing
OPD concentrations from 0 to 6.4 mmol L™ !, and then nearly invariable
between the concentration of 6.4 mmolL ™! and 9.0 mmol L™! which
suggested the optimal OPD concentration was 6.4mmolL™'. As in-
dicated in Fig. S4D, the ratio values increased with the increasing in-
cubation time between OPD and NH,-Cu-MOFs, and tended to be a
plateau when the incubation time was higher than 60 min. Therefore,
60 min was selected as the optimal incubation time of OPD and NH,-Cu-
MOFs.

The effects of PPi concentration and the incubation time between
PPi and NH,-Cu-MOFs on the oxidase mimetic activity of NH,-Cu-MOFs
were examined next. PPi, which could coordinate with NH,-Cu-MOFs,
would inhibit the oxidase mimetic activity of NH,-Cu-MOFs toward the
catalysis oxidation of OPD. With the concentration of PPi increased, the
inhibition effect of PPi toward the NH,-Cu-MOFs got enlarged. Fig. S4E
showed that ratio values decreased rapidly with increasing concentra-
tions of PPi from 0 to 0.40mmolL~! and decreased slowly at PPi
concentration from 0.40 to 1.5mmol L™, Typically, the excessively
high concentrations of PPi might cause non-productive hydrolysis by
ALP, which would have a negative effect on detection sensitivity.
Therefore, a PPi concentration of 0.40 mmolL ™! was selected in the
experiment. In order to investigate whether the incubation time be-
tween PPi and NH,-Cu-MOFs influences the oxidase mimetic activity of
the NH,-Cu-MOFs, the incubation time was optimized. The data in Fig.
S4F demonstrated that the PPi inhibition of the catalysis activity of
NH,-Cu-MOFs was not dependent on the incubation time. Nevertheless,
consideration of the whole assay time, the final incubation time be-
tween PPi and NH,-Cu-MOFs was established at 10 min. The incubation
time between PPi and ALP was optimized (Fig. S4G). The ratio values
were increased with the increasing incubation time and then reached a
plateau when the incubation time was more than 30 min. Finally,
30 min was selected as the optimal incubation time for MOFs-PPi and
ALP. Therefore, the above results further demonstrate that PPi can
suppress the oxidase-mimetic activity of NH,-Cu-MOFs and ALP can
indeed relieve the PPi-induced confinement.

3.4. Analytical performance

To evaluate the sensitivity of the developed NH,-Cu-MOFs-based
fluorescent sensor platform, we measured ALP standard solutions with
various concentrations under the optimal experimental conditions. As
seen in Fig. 3A, with the increasing concentrations of ALP, the degree of
oxidation of OPD got higher and resulted in the obvious color change
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from blue to enhanced yellow fluorescence under irradiation with
365nm UV light. As seen in Fig. 3B, the AR/(R + G + B) values
increased with the increscent logarithm of ALP concentrations in the
range from 2 mU mL ™! to 180 mU mL ™! corresponding to Fig. 3A. The
linear regression equation was AR/(R + G + B) = 0.1596 X log
(Cracpy/mU mL™1Y) - 0.1037 (R? = 0.9828), and the limit of detection
(LOD) was calculated as 0.078 mU mL ™! (S/N = 3). Moreover, as a
conceptual design, the sensory hydrogels were applied for ALP detec-
tion over the range of 5-120 mU mL ™!, and a portable hydrogels test
kit for ALP detection was designed. The procedure for the detection of
ALP by portable hydrogel test kit and the test result were shown in Fig.
S5 and Fig. S6, respectively. The fitted linear regression equation could
be expressed as AR/(R + G + B) = 0.05613 X log (Carp;/mU mL™1)
- 0.0221 (R? = 0.9940), the LOD was 0.35 mU mL~!. These results
indicated that NH,-Cu-MOFs-based fluorescent sensor platform was
suitable for the quantification of ALP in human serum samples. More
importantly, the color change induced by the bio-enzyme ALP can be
distinguished by the naked eye with easy implementation and satisfying
sensitivity, so that this method does not require expensive instruments
for the detection of ALP in clinical diagnosis. Additionally, to take full
advantage of the RGB analysis method for the analysis of biomarker, an
app of mobile phone for the quantitative detection of ALP was designed
and a definite reference value of biomarker concentration can be ob-
tained by simple click (Fig. S7). These results show a potential appli-
cation for the biomarker analysis as a point of care strategy.

3.5. Investigation of ALP inhibitors

To investigate the possibility of the proposed methods for evalu-
ating enzyme inhibitor efficiency of ALP, NazVO,4, a common ALP in-
hibitor, was used for the test. As shown in Fig. 4, when Na3VO, was
added to the sensing system, the hydrolysis of PPi was restricted be-
cause of the inhibition of ALP by Na3VO,, which resulted in the de-
pression of the AR/(R + G + B). It was found that the activity of ALP
was inhibited when the concentration of Na;VO,4 was increased from 0
to 150 mmol L™}, and the ratio values exhibited a gradual decrease and
fluorescence colors of the solution changed from yellow to blue color
which suggested that this method could be applied for evaluating the
inhibitor efficiency.

3.6. The selectivity of the sensing method

To evaluate the specificity of the NH,-Cu-MOFs-based fluorescent
sensor platform, we studied the effect of several enzymes which coex-
isted with ALP in the clinical serum, including proteinase K, glucose
oxidase, acetylcholinesterase, tyrosinase, cholesterol oxidase, lysozyme,
uricase, and PPase under the same experimental conditions. Compared
with the signal produced by ALP assay, significant decreases of AR/
(R + G + B) value induced by the nonspecific proteins were observed
in Fig. 5A. Furthermore, the interference experiments for PPi was also
investigated including H,PO,~, HPO,>~, PO,>~, Cl7, NO3~, SO4*~
and HCO3 ™. The results in Fig. 5B indicated the above-coexisted anion

Fig. 3. (A) Quantitative detection of ALP by ana-
lyzing the AR/(R + G + B) values of digital photos
versus the ALP concentrations. Inset of Fig. 3A show
the evolution of corresponding colors under 365 nm
UV lamp for various concentrations of ALP (mU
mL™ %, from left to right: 0, 2, 5, 10, 20, 30, 40, 60,
90, 120, 150, 180); (B) The linear calibration plots
(log Cvs. 2R/(R + G + B)) for ALP detection (error
bars: SD, n = 3). (For interpretation of the references
to color in this figure legend, the reader is referred to
the Web version of this article.)
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Fig. 4. Kinetic plots of the corresponding /AAR/(R + G + B) values against the
NazVO, concentration (error bars: SD, n = 3). Inset is the photos of NH,-Cu-
MOFs-PPi-based ALP activity inhibition bioassay system prepared by the ad-
dition of different concentrations of NazVO, (from left to right: 0, 10, 30, 50,
70, 90, 100, 110, 130, 150 mmol L~ 1) into the mixtures containing NH,-Cu-
MOFs, PPi and OPD in the Tris-HCl buffer.

AR/(R+G+B)

ions had a negligible effect on the fluorescent intensity of NH,-Cu-
MOFs. These results demonstrated the satisfactory selectivity of the
NH,-Cu-MOFs-based fluorescent sensor platform owing to the strong
coordination interaction between PPi and NH,-Cu-MOFs and the spe-
cific catalytic activity of ALP towards PPi.

3.7. Analytical application in real samples and evaluation of method
accuracy

To assess potential applicability of the NH,-Cu-MOFs-based fluor-
escent sensor platform for real samples, we collected 8 clinical human
serum samples with different ALP concentrations from the Guilin
Hospital of Chinese Traditional and Western Medicine according to the
rules of the local ethical committee. Half of the human serum samples
were tested by using the conventional solution test (Table S1), and the
other half were tested by using the portable hydrogels test kits (Table
S2). Before measurement, two groups of clinical serum samples with 25
times dilution ratios and 8 times dilution ratios were diluted, respec-
tively, because ALP levels in original serum samples were over the
linear range. As shown in Table S1 and Table S2, the results obtained
from both methods were in good agreement with the referenced values
which were obtained from commercialized Roche C501 Automatic
Biochemical Analyzer (Switzerland), and the recoveries obtained from
both methods were 98.0-103.8% and 98.0-100.5% with RSD in the
range of 0.8-3.4% and 1.5-4.8%, respectively, indicating an acceptable
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accuracy and reproducibility of the proposed NH,-Cu-MOFs-based
fluorescent sensor platform for the application of biomedicine and
clinical diagnosis.

4. Conclusions

In summary, we have successfully established a simple, selective
and multifunctional NH,-Cu-MOFs-based fluorescent sensor platform
for visual and smartphone-based detection of ALP. The multifunctional
NH,-Cu-MOFs were demonstrated to show the three kinds of functions
including oxidase mimetic activity, fluorescent emission property, and
enzyme cascade activity. Moreover, ALP concentration can be de-
termined visually by a smartphone without any specialist facilities or
healthcare professionals. Preferably, application of the ratiometric
measurement in NH,-Cu-MOFs-based fluorescent sensor platform has
the capability of self-calibration by removing the uncertain fluctuations
caused by instrumental or complex environmental factors, improving
the reproducibility and robustness of MOFs-based fluorescent sensor
platform. Therefore, NH,-Cu-MOFs-based ratiometric fluorescence
sensing platform combining with the app and hydrogel kits possesses
the advantage of visualization, portability, and ease-of-use, which can
be acted as a POC strategy in the field for a large-scale screening of ALP.
Certainly, the present work still has its limitations. For example, the
stability of the hydrogel kits needs to be studied. And the present work
has not been applied to the detection of other biomarkers. Further
studies aim to investigate the storage stability of the hydrogel kits by
optimizing additional parameters, and explore app applications to-
wards ALP-based fluorescence enzyme-linked immunoassay for the
detection of other biomarkers, which is of positive significance for the
development of biomedicine and clinical diagnosis.
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