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The simultaneous or continuous detection of multiple targets in complex samples is for various applications,
notably in medical diagnostics and environmental monitoring. A novel dual-channel colorimetric and fluorescent
method has been developed for the continuous detection of adenosine triphosphate (ATP) and copper ions based
on PCN-224@Fe,03, which exhibits both fluorescent and enhanced peroxidase-like (POD-like) properties. The
synthesis of PCN-224@Fe,03 involved the in-situ growth of ferric oxide on Zr-based metal-organic frameworks
(PCN-224). Through catalyzing the colorless compound 3,3',5,5-tetramethylbenzidine (TMB) to produce a blue
product (oxTMB) in the presence of HoO5, PCN-224@Fe,03 allows for the detection of ATP and copper ions. The
unique mechanism involves ATP weakening the POD-like activity of PCN-224@Fe203 by forming Zr-O-P bonds
with Zr in PCN-224, which also leads to fluorescence recovery. Copper ions, through chelating with ATP,
counteract the effect of ATP on PCN-224@Fe;03, resulting in increased POD-like activity and the amount of
oxTMB alongside the quenching of the fluorescence of the system. This facilitates colorimetric “on-off-on” and
fluorescence “off-on-off* switch sensing for ATP and Cu?*. The application of PCN-224@Fe,0s in the detection
of ATP and Cu?* in human serum yielded satisfactory results. This innovative approach not only provides a
means to regulate the mimic activity of oxides but also presents a convenient, sensitive, and accurate detection
method for ATP and Cu?*, significantly broadening the potential application of MOFs and nanozymes in
bioanalysis.

1. Introduction reactions and disruption of energy metabolism. The presence of excess

free Cu®* ions has the potential to instigate the formation of free radi-

Accurate detection and differentiation of small molecules in complex
samples play a vital role in medical diagnostics and environmental
monitoring. Sensors possess qualities such as stability, high selectivity,
applicability to complex sample matrices, and quick response to target
variations [1]. Additionally, the capability to detect multiple targets
simultaneously or continuously can offer more comprehensive insights
and enhance sensor effectiveness [2]. It’s important to note that while
Cu®" is necessary for some biological functions, an excess accumulation
in the body can lead to health issues like liver toxicity, neurodegener-
ative diseases, and Wilson’s disease due to its interference with enzyme
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cals, instigating oxidative damage and genetic alterations [3]. Adeno-
sine triphosphate (ATP), a critical nucleoside triphosphate that
facilitates energy supply in biological systems, holds a fundamental role
in cellular processes. Imbalance in ATP hydrolysis can alter the rate and
concentration of ATP burning, thereby triggering a series of diseases,
including hypoglycemia, ischemia, hypoxia, and Parkinson’s disease
[4]. Therefore, monitoring of Cu®*t and ATP levels in real-time is
imperative for unraveling their physiological functions and diagnosing
associated diseases [5]. Consequently, the development of sensing
platforms for detecting Cu®>* and ATP levels in blood or cells emerges as
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a worthwhile endeavor [6].

Dual-mode sensing technology offers many advantages in analytical
processes, allowing for efficient and flexible applications in different
detection environments [7]. By validating signals from both modes, it
ensures the accuracy and reliability of detection results [8]. Fluo-
rescence/colorimetric dual-mode sensors have attracted more attention
due to their ability to simultaneously provide highly sensitive signals,
along with advantages such as low cost, ease of use, and portability [9].
There is a lack of reports on chemical sensors capable of continuously
detecting ATP and Cu®" using both fluorescence and colorimetric
methods, making them a particularly attractive area for further research
and development.

Nanozymes offer several advantages over natural enzymes, such as
low cost, good stability, and simple preparation processes [10], which
have gradually replaced natural enzymes in various fields such as bio-
catalysis, biosensing, and cancer treatment, and show significant po-
tential in food analysis and disease diagnosis. Many nanomaterials
exhibit excellent enzyme-like activity and good stability, such as metal
oxides and noble metal nanoparticles (NPs) [11]. Iron oxide NPs and
their composites inherently exhibit peroxidase-like (POD-like) activity
toward common chromogenic substances, enabling the development of
high-performance biosensors for the detection of various biomolecules.
However, these materials often require relatively high temperatures
(40-45 °C) for optimal activity, limiting the sensitivity of the application
for detecting disease-specific biomolecules at room temperature [12].
Strategies such as functionalization [13], atomic doping [14], and
decoration on other nanomaterials [15] can enhance the activities and
affinities to the substrates. For instance, modifying ssDNA on CoOOH
nanosheets through electrostatic attraction and n-7 stacking interactions
enhances the nanozyme activity of CoOOH. In addition, loading of
copper oxide nanoparticles onto polyoxometalate nanomaterials has
been shown to enhance the multiple enzyme-like activities of copper
oxide. Therefore, regulating the microenvironment of oxide nano-
particles may be an effective strategy to further enhance their POD-like
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activity.

Metal-organic frameworks (MOFs) stand out as highly promising
materials due to their tailored structure and tunable properties achieved
through the periodic bonding of organic ligands to inorganic metal
clusters [16]. Various MOFs such as Fe-MOF, Zr-MOF, Cu-MOF find
extensive utility in environmental applications, facilitating pollutant
detection serving as adsorbents or photocatalysts. Porphyrins and their
derivatives exhibit remarkable visible light response and significant
Stokes shift, offering low background signal and exceptional
anti-interference capabilities. In particular, PCN-224, a stable MOF
synthesized from zirconium oxide clusters and porphyrin ligands, not
only possesses general properties of other MOFs but also has impressive
tunable fluorescence properties [17]. Using the PCN-224 as a support, Pt
NPg can be loaded, thereby enhancing the enzyme-like activity of Pt NPg
and aiding in the mass transfer of TMB, Hy0,, and their reaction in-
termediates [18]. Ren et. al designed a multifunctional "three-in-one"
Zr-MOF, named PP-HRP-iDNA, which serves as a dual-signal readout
biosensing platform with fluorescence and colorimetric, demonstrating
high sensitivity in the detection of aflatoxin B1 and Salmonella enterica
[19]. The use of PCN-224 as a fluorescent signal probe not only enhances
the nanozyme activity for colorimetric analysis but can utilize its fluo-
rescent properties to construct a fluorescence/colorimetric dual-channel
sensing platform. To date, there are no reports on the continuous
detection of ATP and copper ions using a dual-mode detection strategy
involving Fe;O3 nanoparticles and PCN-224.

In this study, as shown in Scheme 1, PCN-224 was synthesized using
TCPP and zirconium oxide clusters as precursors, which served as sup-
port for loading Fe;Os NPs. A two-channel detection platform was
established, combining colorimetric and fluorescence tailored for spe-
cific detection of ATP and Cu?t. The resulting PCN-224@Fe503 com-
posite exhibited significantly enhanced POD-like activity, which was
attributed to the increased local concentration of FeoO3 NPs and iron
active sites on the unique structure of PCN-224. In the presence of ATP,
the catalytic activity of the PCN-224@Fe,03 towards TMB oxidation
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Scheme 1. Schematic illustration of (A) the synthesis process of PCN-224@Fe»03. (B-C) Construction of the dual-mode sensing platform for ATP and cu?t using

colorimetric (B) and fluorescence methods (C) based on PCN-224@Fe,0s.
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decreased, while the fluorescence in the system recovered. Upon the
introduction of Cu?*, the POD-like properties were restored, accompa-
nied by fluorescence quenching. The detection mechanism was carefully
analyzed and revealed the formation of Zr-O-P bonds between ATP and
PCN-224@Fey03, leading to ATP attached on the surface of PCN-
224@Fe203 and reduced the exposure of Fe active sites. The alteration
of the structure of PCN-224@Fe,03 at a certain concentration of ATP
leads to the release of TCPP with red fluorescence. Addition of Cu?*
facilitated complexation with ATP, allowing Cu* to interact with TCPP
or PCN-224 and quench the fluorescence of the system. This sensor
provides fluorescence/colorimetric dual-mode detection of ATP and
Cu?*, increasing sensitivity and minimizing false positive and negative
results. This study not only presents a novel strategy for enhancing
nanozyme activity but also holds promise for continuous detection by
tuning the nanozyme mimetic properties for various biosensing appli-
cations, underscoring its significant scientific value.

2. Experimental section
2.1. Reagents and instruments

Zirconium oxychloride octahydrate (ZrOCl,-8 H»0O, AR), 3,3,5,5-
tetramethylbenzidine (TMB), glutathione (GSH, AR), adenosine
triphosphate (ATP) were provided by Shanghai Maclin Biochemical
Technology Co., Ltd. Benzoic acid (BA, AR), ascorbic acid (AA, AR),
anhydrous sodium acetate (AR), sodium chloride (AR), calcium chloride
dihydrate (AR), magnesium acetate tetrahydrate (AR), copper nitrate
(Cu(NOs3)3, AR), anhydrous ferric chloride (FeClg), N,N-
dimethylformamide (DMF), dimethyl sulfoxide (DMSO), acetic acid,
were provided by Hu’shi. Phthalic acid (TA, 98 %), hydrochloric acid
was provided by China National Pharmaceutical Group Chemical Re-
agent Co., Ltd. Lead chloride (AR), dopamine (DA), Tetra(4-
carboxyphenyl) porphyrin (TCPP), Fe(IlI)meso-Tetra(4-carboxyphenyl)
porphyrin Chloride were purchased from Shanghai Aladdin Reagent Co.,
Ltd. D-cysteine (AR) was provided by Xiyashiji. Tris (C4H;1NO3, AR) was
provided by Beijing Bobo Toda Technology Co., Ltd. Iron chloride (AR),
manganese chloride (AR) were provided by Tianjin Fengchuan Chemical
Reagent Technology Co., Ltd. Hydrogen peroxide (H,05) was provided
by China Xilong Science Co., Ltd. All solutions were prepared using ul-
trapure water.

Ultraviolet spectra were obtained on UV-2600i spectrophotometer
(Shimadzu, Japan). Fourier transform infrared (FTIR) spectra were ob-
tained on Nexus-870 (Thermo Scientific, America). Fluorescence spectra
were recorded on a fluorescence spectrophotometer (F-7000, Hitachi,
Japan). Zeta potential data were recorded on ZS 90. X-ray diffraction
(XRD) spectra and X-ray photoelectron spectroscopy (XPS) data were
obtained using Rigaku 2500 X-ray diffractometer (Thermo Scientific Ka,
UK). Transmission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HRTEM) images as well as EDX and
mapping images were obtained using Tecnai G2F20 (FEI, USA). High
resolution mass spectrometry (HR-MS) was obtained by Thermo Scien-
tific Qex Active Orbit Rap (USA).

2.2. Synthesis of PCN-224@Fe303

PCN-224 was synthesized according to literature with slight modi-
fication [20]: A mixture of 150 mg ZrOCl,- 8 H,0, 50 mg TCPP, and
1400 mg benzoic acid was dissolved in 50 mL DMF under sonication,
thoroughly mixed, and then transferred to a round-bottom flask for a 5 h
reaction at 90 °C. After cooling to room temperature, the reaction
mixture was washed thrice with DMF, and the resulting product was
dried at 60 °C overnight.

To prepare PCN-224@Fe,03, 30 mg of the synthesized PCN-224 was
combined with 40 mg of anhydrous iron chloride, dissolved in 10 mL
DMF, sonicated until complete dissolution, stirred at room temperature
for 10 min, and then subjected to a 7 h reaction in a 120 °C oil bath.

Sensors and Actuators: B. Chemical 418 (2024) 136226

After cooling, the mixture was washed thrice with DMF, and the final
product was dried at 60 °C overnight. To further obtain better perfor-
mance of the sensor, the ratio of Fe;O3 NPs to PCN-224 was optimized.
To prepare PCN-224@Fe;03 with different ratios, 10 mg, 30 mg and
50 mg of PCN-224 were combined with 40 mg of FeCls, and the pro-
cedures were similar to above, which obtained the products of PCN-
224-10@Fe,03, PCN-224-30@Fe,03, PCN-224-50@Fe;03. For com-
parison, Fe;O3 NPs were synthesized by dissolving 40 mg FeClz in 10 mL
DMF, subjecting the solution to sonication, stirring at room temperature
for ten minutes, and then reacting in a 120 °C oil bath for 7 hours.

2.3. POD-like activity and kinetics study of Fe;O3 NPs and PCN-
224@F6203

The kinetic assay was investigated by keeping the concentration of
one substrate (TMB or H302) constant and varying another to monitor
the absorbance change of ox-TMB at 652 nm. Keeping the concentration
of PCN-224@Fe,03 or Fe;O3 NPs constant at 50 pg-mL’l, different
concentrations of HoO5 or TMB were added in HAc-NaAc (pH 4.5) with
fixed total volume of 1 mL, reacted at 35 °C for 30 min, and the UV
spectra were measured and the absorbance at 652 nm (Agsz nm) were
recorded to obtain the Michaelis-Menten equation for HyO, and TMB.
The kinetic parameters were calculated from the Michaelis-Menten
equation:

l/V:Km/Vmax X 1/[S] + l/vmax (1)

Where V, Ky, Vimax, [S] represent the reaction initial velocity, Michaelis
constant, maximal reaction velocity, and the concentration of the sub-
strate, respectively.

2.4. Detection of ATP and copper ions based on the POD-like activity of
PCN-224@Fe203

Different concentrations of ATP were added to a mixture containing
100 pL PCN-224@Fe;03 (50 pg-mL "), 100 pL Hy0, (10 mM), 50 pL
TMB (0.4 mM), and 700 pL HAc-NaAc (pH 4.5). The final volume was
adjusted to 1 mL before the reaction at 35 °C for 30 min. UV spectra
were measured and Agss nm Was recorded.

The detection for Cu?* was as follows: different concentrations of
copper ions were added to a solution containing 100 pL PCN-
224@Fey03 (50 pg~mL’1), 100 pL H205 (10 mM), 50 pL TMB (0.1 mM),
50 pL ATP (50 uM), 600 pL HAc-NaAc (pH 4.5). The final volume was
controlled at 1 mL, and the reaction was conducted at 35 °C for
30 minutes. UV spectra were measured and Agss ny, was recorded.

2.5. Detection of ATP and copper ions based on fluorescence of PCN-
224@Fe,03

Different concentrations of ATP to the solution containing 100 pL
PCN-224@Fe;03 (50 pg-mL’l) and 800 pL Tris-HCI (pH 7.5). The final
volume was controlled to 1 mL, and the reaction was conducted at 50 °C
for 50 minutes, followed by fluorescence spectra measurement.

For the detection of Cu2+, different concentrations of Cu?* were
added to the solution containing 100 pL PCN-224@Fe;03 (50 pg-mL‘l),
100 pL ATP (50 pM), and 700 pL Tris-HCI (pH 7.5). The final volume
was controlled at 1 mL. After reaction at 50 °C for 60 minutes, the
fluorescence spectra were monitored.

2.6. Real sample analysis

Human serum samples were obtained from the Affiliated Hospital of
Hunan Normal University and were handled in compliance with the
Guidelines for Care and Use of Laboratory Animals, approved by the
Biomedical Research Ethics Committee of Hunan Normal University.
Initially, the sample was subjected to acid precipitation at 12000 rpm
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for 15 minutes to remove fibrous protein precipitates, pH neutralization,
followed by oxidation process in air for 2 hours to remove interfering
substances. Diluted serum was then prepared for analysis. Tap water,
obtained from the School of Chemistry and Chemical Engineering of
Hunan Normal University, underwent a similar centrifugation process to
remove impurities prior to dilution. The proposed sensing platform was
utilized to detect ATP and Cu?®" in human serum samples using standard
addition method to validate the efficacy of the method.

3. Result and discussion
3.1. Characterization of PCN-224@Fe;03

Transmission electron microscopy (TEM) and energy-dispersive X-
ray spectroscopy (EDS) were used to analyze the morphology and
elemental composition of the nanocomposite. The PCN-224@Fe;03

exhibits a shuttle-shaped structure [20], with Fe;O3 nanoparticles uni-
formly distributed on its surface, as shown in Fig. 1 A. The

A
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high-resolution transmission electron microscopy (HRTEM) in Fig. 1B
shows a lattice spacing of 0.265, which is the characteristic of the (104)
plane of cubic phase of Fe;O3 [21]. The EDX image in Fig. 1 C displays
peaks corresponding to C, H, O, N, Zr, and Fe elements in
PCN-224@Fe,03, confirming the successful loading of Fe;O3 NPs onto
PCN-224. The narrow sharp peaks at 20 values of 24.1°, 33.2°, 35.7°,
and 43.4° can be attributed to (012), (104), (110), and (202) crystal
planes, confirming the successful preparation of Fe;O3 NPs. [22] The
PXRD spectra of the synthesized PCN-224 represent peaks at 4.59°,
5.62°, 6.49°, and 7.96°, representing crystal planes (002), (112), (022),
and (222), respectively, which are consistent with the XRD patterns
reported for PCN-224. [23] PCN-224@Fe,0s3 still retains the charac-
teristic peaks of PCN-224 and Fe;O3 NPs (Figure S1A-B), suggesting the
successful synthesis of PCN-224@Fe203. X-ray photoelectron spectros-
copy (XPS) was utilized to investigate the chemical composition and
bonding states of PCN-224@Fe,03 composite. The XPS survey spectra in
Fig. 1D confirm the presence of all characteristic elements of PCN-224
and FeyO3 NPs in the composite. The high-resolution XPS spectrum of
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Zr 3d in Fig. 1E shows specific peaks at 185.3 and 182.9 eV in PCN-224
and PCN-224@Fe,0s3, respectively, indicating no structural or valence
changes of PCN-224 after the in-situ growth of Fe;O3 [24]. Similarly, the
binding energies of Fe 2P1/2 and Fe 2P3/2 in the PCN-224@Fe303 and
Fe;03 NPs were found to be analogous, as demonstrated in Fig. 1 F [25].
The XPS spectrum of O1s in Figure IG displays the characteristic peak of
the Fe-O bond at 529.9 eV in Fe,O3 NPs, with a decrease in the pro-
portion of Fe-O bonds in PCN-224@Fe;03, indicating composite for-
mation between PCN-224 and FesO3 NPs. In addition, considering that
Fe element may enter the porphyrin ring structure to coordinate with N
in the synthesis process to generate Fe-porphyrin, we analyzed the XPS
spectra of N element in PCN-224 and PCN-224@Fe,03 in detail
(Figure S1C). PCN-224@Fe,03 did not have a peak at 399.3 eV, which
proved that Fe-porphyrin did not generate in the synthesis process. [26]
FT-IR spectra of TCPP(Fe) and PCN-224@Fe;03 were further compared
to further validate this (Figure S1D). A distinct characteristic peak of
Fe-N at 1004 cm ™~ is observed in TCPP(Fe), indicating the incorporation

Sensors and Actuators: B. Chemical 418 (2024) 136226

of Fe** through metal ligand bond into the porphyrin ring. In contrast,
the FT-IR spectrum of PCN-224@Fe;03 does not exhibit the corre-
sponding Fe-N bond peak at 1004 cm™!, further confirming no
Fe-porphyrin formation during the synthesis of PCN-224@Fe;03. The
FTIR spectrum in Fig. 1H shows prominent peaks at 1440 cm™! for O-H
bonds in PCN-224, peaks between 1620 and 1690 cm™! attributed to
C=O stretching coordinated with metal ions, peaks at 650 cm™" for
Zr-OH bonds and 1246 cm™! for the asymmetric vibration absorption
peak of C-OH, confirming the successful synthesis of PCN-224 and the
unchanged structure after loading Fe;O3 NPs [27]. Zeta potential anal-
ysis (Fig. 1I) revealed positive charges on PCN-224 and negative charges
of FeyO3 NPs, suggesting composite formation possibly through elec-
trostatic interaction. Taken together, these comprehensive analyses
validate the successful synthesis of PCN-224@Fe203 [28].

As shown in the UV-vis spectra depicted in Figure S1E, the PCN-
224@Fep03 composite also exhibits all the characteristic absorption
peaks of PCN-224, with the peak positions remaining unchanged.
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Fluorescence spectroscopy, shown in Figure S1F, reveals that PCN-224
exhibits pronounced fluorescence properties, which is significantly
quenched after loading FeyOs, indicating effective incorporation of
Fe03 onto the PCN-224 framework.

3.2. Kinetic studies of the peroxidase activity of the PCN-224@Fe;03

The POD-like activity of PCN-224@Fe,03 has been investigated
using TMB and HyO5 as substrates. The catalyst facilitates the oxidation
of TMB, resulting in the formation of a blue oxidized form known as ox-
TMB. A comparative analysis in Fig. 2 A and S2A shows the improved
catalytic performance of PCN-224@Fe;03 compared to Fe;Os under
identical conditions and mass concentration. The POD-like activity of
PCN-224@Fe;03 with different PCN-224 and FeCls ratios was tested,
and the results showed that the best POD-like activity was obtained
when the mass concentration ratio of PCN-224 to FeCls was 3:4. The
presence of FepO3 NPs is critical for inducing the color change in the
TMB solution, as PCN-224 alone does not exhibit this effect
(Figure S2A). The enhanced POD-like activity of PCN-224@Fe03 is
attributed to the Fe;O3 NPs electrostatically interacting with the PCN-
224 surface, thereby increasing the local concentration of active iron
sites for the subtract interaction [29]. The highly porous structure of
PCN-224 also facilitates efficient mass transfer of TMB, HyO5, and their
reaction intermediates. The concentration of PCN-224@Fe;03 affects
the absorption peak at 652 nm, as shown in Fig. 2B. The role of oxygen
in the catalytic process is minimal, as shown in Fig. 2 C. Furthermore,
the optimal pH for better POD-like activity of PCN-224@Fe,03 is
determined at pH 4.5, with negligible OXD-like activity of
PCN-224@Fe,03 observed (Figure S2B). Examination of the catalytic
mechanism in Fig. 2D reveals the generation of -OH intermediates,
which is confirmed by the formation of the fluorescent species of TAOH
by the reaction of TA probe with -OH. [30] The PCN-224@Fe203 dem-
onstrates superior POD-like activity by producing more -OH compared
to Fe;O3 NPs under equivalent conditions and mass concentration. The
main mechanism diagram is depicted in Fig. 2E. Ky, is a key indicator of
the affinity between enzymes and substrates, where a lower Ky, value
indicates a better affinity to the substrate. Under optimal conditions of
pH 4.5 and temperature of 35 °C (Figure S5), steady-state kinetic ex-
periments were performed to determine the kinetic constants of
PCN-224@Fe,03 in Fig. 2F-1, including the Michaelis constant Ky, and
the maximum reaction rate Vp,,x. By varying the concentrations of TMB
and Hy0- and fitting the initial reaction rate values and substrate con-
centrations, Michaelis-Menten curves and Lineweaver-Burk plots were
obtained. The Lineweaver-Burk plot in Fig. 2 G shows a linear regression
equation for TMB as y = 0.117x + 0.0447 R? = 0.997), with K, and
Vmax values of 2.617 mM and 2.237x1077 Ms’l, respectively. The
linear regression equation for HyO» is y = 46.51X + 0.158 (R% = 0.991),
with Ky, and Viay values of 0.29 mM and 6.32x10 8 M s, respectively
(Fig. 2I). Additionally, for comparison, the catalytic kinetics of Fe3O3
NPs were investigated (Figure S3). Table S1 provides a clear comparison
of Vinax and K, between FeoO3 NPs and PCN-224@Fe»03, showing that
PCN-224@Fe03 has a higher Vi, and a lower Ky, This improved
performance is further validated by comparisons with natural peroxi-
dase and other POD-like nanozymes, confirming the commendable af-
finity of PCN-224@Fey03 towards H20y and TMB. The exceptional
POD-like activity of PCN-224@Fe203, which is attributed to the unique
structure properties of PCN-224 that facilitate the loading of FeoO3 NPs
and enhanced mass transfer, paves the way for the development of a
colorimetric sensing platform utilizing its POD-like activity. In addition,
the distinctive red fluorescence property exhibited by the PCN-224
makes it suitable for fluorescence analysis, thus enabling a color-
imetric/fluorescence dual-mode detection platform.

3.3. Dual-channel detection of ATP by colorimetric and fluorescence

The incorporation of Fe;O3 onto PCN-224 has been demonstrated
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with enhanced POD-like activity as a nanozymes, accompanying with
significant decrease in fluorescence of PCN-224. Previous studies have
shown that the phosphate has a strong affinity to Zr present in PCN-224,
potentially affecting the optical properties of the material. [31] The
molecular structure of adenosine triphosphate (ATP), consisting of an
adenine ring, ribose, and a triphosphate group, is believed to play a role
in regulating the mimic activity and fluorescence properties of
PCN-224@Fe,03. Experimental results, shown in Figure S4A, demon-
strate a decrease in the UV-vis absorbance peak at 652 nm with
increasing ATP concentration. This can be attributed to the interaction
of ATP with PCN-224@Fe,03 through Zr-O-P bonds, causing structural
changes in PCN-224@Fe;03 and a subsequent decrease in POD-like
activity. Interestingly, ATP itself does not exhibit POD-like behavior
under the similar experimental conditions (Figure S2B). Furthermore,
Figure S4B shows that the fluorescence PCN-224@Fe,O3 is enhanced
with the introduction of ATP. These results support the notion of a
dual-channel detection approach for ATP using UV spectroscopy and
fluorescence, underscoring the validity of our proposed hypothesis.

Under these optimized conditions, ATP was detected via the POD-
like activity of PCN-224@Fe;0O3 using the colorimetric method.
Fig. 3 A clearly shows that with the introduction of ATP, the UV ab-
sorption peak at 652 nm consistently decreased in the concentration
range of 10%-100 pM. Notably, there is a robust linear correlation be-
tween the logarithmic concentration of ATP and the absorbance peak at
652 nm, described by the equation of A = —0.048 log[ATP] + 0.197 (R?
= 0.997), with a remarkable detection limit of 29 pM (S/N = 3) for ATP
(Fig. 3A-B).

The conditions for fluorescence detection of ATP were optimized,
including parameters of pH, temperature, time, and the concentration of
PCN-224@Fey03 (Figure S6). The results indicated that the most
favorable conditions for the reaction included pH 7.5, temperature of 50
°C, reaction time of 50 min, and material concentration of 50 pg/mL.
Under these optimized experimental settings, the detection of ATP by
fluorescence analysis was successfully achieved, as shown in Fig. 3D-E.
The established linear relationship, represented by Y = 422.95 log
[ATP] + 287.59 (R2 = 0.997) in the range of 0.8-100 pM, showed a
detection limit of 0.78 pM. We also conducted the detection of ATP at 25
°C using fluorescence method, as shown in Figure S7A-B, a linear rela-
tionship was also obtained in 0.8-60 pM with the equation of Y =
43.33 log [ATP] + 259.63 (R? = 0.989). These results indicated that the
detection of ATP at 50 °C achieved higher detection sensitivity, which
may result from the accelerated molecular motion at higher temperature
and the less detachment after the attachment of ATP on the surface of
PCN-224@Fe503. [32]

The design discussed in this context demonstrates notable sensitivity,
achieved through the utilization of dual-channel detection employing
fluorescence and colorimetric methods. This approach not only offers
mutual validation but also exhibits superior performance compared to
other techniques, as shown in Table S2. The selectivity of this detection
platform towards ATP was rigorously confirmed by evaluating potential
interfering substances, including Na*, NH$, Zn%", Ca®*, Fe?", Cys, GSH,
DA, and AA (Fig. 3 C, F), revealing minimal response in both fluores-
cence and UV-vis analysis. This underscores the excellent specificity in
ATP detection. The distinctive mechanisms underlying UV-vis and
fluorescence detection, modulated by the interaction of ATP and PCN-
224@Fe 03, enable independent and varying sensitivities in the two
modes. Consequently, researchers are afforded the flexibility to choose
either or both modes of output to ensure precise and dependable
quantification of ATP in accordance with specific experimental
requirements.

3.4. Study on the mechanism of ATP detection
The TEM image of PCN-224@Fe03 after ATP addition is shown in

Fig. 4 A, which shows a degree of aggregation after ATP addition. EDX
(Figure S8A) and elemental mapping (Fig. 4B) of the ATP-treated PCN-
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Fig. 3. (A) Colorimetric determination of ATP (0.1 nM-100 uM) and (B) the corresponding calibration curve; (C) Selectivity of the colorimetric sensing of ATP (ATP:
10 pM, other interferences: 50 pM). Experimental conditions: pH 4.5; 50 pg/mL PCN-224@Fe503; 10 mM H,0, and 0.40 mM TMB; incubated at 35 °C for 30 min.
(D) Fluorescence method determination of ATP in the mixture of PCN-224@Fe,03 with various ATP concentrations (0.8-100 pM) and (E) the corresponding cali-
bration curve for ATP (0.8-100 pM); (F) Selectivity of the fluorescence sensing method for ATP (ATP: 10 pM, other interferences: 50 pM). Experimental conditions:

pH 7.5; 50 pg/mL PCN-224@Fe,03; incubated at 50 °C for 50 min.

224@Fe,03 showed characteristic peaks of Zr, Fe, O, N, C and P ele-
ments. The presence of phosphorus, a characteristic element of ATP,
suggests the specific interaction between ATP and PCN-224@Fe303. In
addition, the elemental mapping images illustrated a closely over-
lapping dispersion area of Zr and P elements on the composite, indi-
cating potential reaction sites of P and Zr elements within PCN-
224@Fey03. Zeta potential analysis in Fig. 4 C indicate that PCN-
224@Fe03 carries positive charges, while ATP is negatively charged,
facilitating their interaction through electrostatic forces. Subsequently,
the POD-like activity of ATP-treated FesO3 NPs in Fig. 4D was signifi-
cantly reduced compared to untreated Fe;O3 NPs [33], suggesting an
interaction between ATP and Fe;O3 NPs. [34] The FT-IR spectra analysis
of PCN-224@Fe,03 before and after ATP addition (Figure S8B) reveals
the formation of Zr-O-P bonds between ATP and Zr elements, indicated
by a distinct bond appearing of at 1055 em L. [35] Moreover, the XPS
analysis of PCN-224@Fe,03 after ATP addition (Fig. 4E-J) further
elucidated the interaction mechanism. This is evidenced by the disap-
pearance of Zr** peaks and the emergence of Zr-O-P bonding peaks at
190.0 eV. Particularly, the XPS spectrum of the PCN-224@Fe;03-ATP
(Fig. 4E) displays a novel peak with the binding energy of 133.9 eV,
attributable to P2p from the ATP. [36] These findings are prominently
highlighted in the high-resolution XPS spectra of P 2p in Fig. 41. The
relative content of Zr and Fe elements decreased compared to the C el-
ements after ATP addition, indicating the coordination between ATP, Zr,
and Fep,O3 NPs. This interaction altered the structure of
PCN-224@Fe,03, resulting in a decrease in the number of activity sites
and the transport of substances within the pores of PCN-224, thus
reducing the POD-like activity of PCN-224@Fe;03. Additionally, as
shown in Figure S8C, the fluorescence of the supernatant experienced an
increase subsequent to the introduction of ATP and centrifugation of the
system. This phenomenon could potentially imply the liberation of

certain TCPP ligands, suggesting a weakening in the Zr-TCPP interaction
due to the binding of ATP-PCN-224@Fe»03. To substantiate the release
of TCPP, high resolution mass spectrometry (HR-MS) was employed to
characterize the supernatant of PCN-224@Fe,O3 after the addition of
ATP. Given the presence of four carboxyl groups within the porphyrin
structure, it is plausible that the hydrogen in these groups could ionize in
negative ion mode. Notably, as illustrated in Figure S8D, the presence of
a peak at 786.7736 signifies the existence of TCPP in the supernatant,
consequently providing further validation regarding the release of TCPP
and the structural modification of PCN-224@Fe;03. Therefore, the
structure of PCN-224@Fe,03 is partially changed by ATP, forming the
Zr-O-P bonds on the surface, and releasing TCPP with enhanced fluo-
rescence. The decrease of the exposed active Fe,O3 NPs further
contributed to the reduction of POD-like activity of PCN-224@Fe20s3.

3.5. Dual-channel detection of Cu?* by colorimetry and fluorescence

The detection of Cu?>* was based on the PCN-224@Fe,03 system
after the introduction of ATP, which was driven by the remarkable co-
ordination interaction observed between Cu®" and ATP. [37] Upon the
introduction of Cu?*, the POD-like activity was restored, possibly due to
the interaction between ATP and Cu®*, which could weaken the inter-
action of PCN-224@Fe;03 and ATP, as shown in Figure S9A, thus
restoring the POD-like activity of PCN-224@Fe303. By optimizing the
detection conditions for Cu®*, particularly the concentration of ATP, an
optimal ATP concentration of 50 pM was determined (Figure S9C).
Under the optimized conditions, as shown in Fig. 5 A, a gradual increase
in the UV peak at 652 nm was observed with increasing concentration of
Cu®". A good linear equation A = 0.007 [Cu®*"] + 0.166 (R = 0.991)
was obtained within 0.1-25 pM, with a detection limit of 91 nM (S/N =
3) (Fig. 5B), surpassing other existing methods in terms of sensitivity
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224@Fey03-ATP.

(Table S3).

Furthermore, the introduction of Cu?* results in the quenching of the
fluorescence at 650 nm, providing a second channel for Cu®* detection.
By fine-tuning the ATP amount and the reaction time, optimal condi-
tions for Cu®* detection by fluorescence were achieved (Figure S9B).
Notably, the best quenching effect of Cu?* was achieved with 50 pM
ATP, which can be reached stable within 10 minutes after Cu?* addition
(Figure S9D-E). Under the optimal conditions, in the range of
0.1-25 uM, a good linear relationship of F = —22.942 log[Cu®*]+
839.290 (R2 = 0.992) was obtained with a detection limit of 92 nM (S/N
= 3) (Fig. 5D-E), outperforming most existing methods (Table S3). To
demonstrate the selectivity of this platform in the detection of Cu?*, the
colorimetric and fluorescence dual-mode sensing approach using PCN-
224@Fe,03 was employed to investigate potential interferences. The
response of Nat, NH$, Ca?*, Ba>", Mg?", Pb?*, Ag*, Mn?", Mg?" at a
concentration of 50 pM was carefully investigated. Compared with the
response to Cu®" at 10 pM, the effect of other substances was found to be
minimal, suggesting that this method has excellent selectivity for the
detection of Cu®* (Fig. 5 C, F).

3.6. Study on the mechanism of Cu?* detection

To illustrate the detection mechanism of Cu?*, FTIR and Zeta po-
tential analysis were performed after the addition of Cu®* ions. The FTIR
spectrum shown in Figure S10A displayed a decrease in the intensity of
the stretching vibration of Zr-O-P bonds in the range of 900 and
1200 cm™! in PCN-224@Fe;03-ATP after the addition of cut. [38]
This attenuation can be attributed to the complexation affinity between
ATP and Cu®?", which causes repulsion of ATP from the

PCN-224@Fe,03. Zeta potential measurements (Figure S10B) confirmed
that the positively charged Cu?* did affected the potential of the
PCN-224@Fe03-ATP system. Furthermore, the impact of cu?®* intro-
duction on the POD-like activity of the Fe,O3 NPs-ATP system was
investigated. The UV-Vis spectrum in Figure S10C clearly showed that
the incorporation Cu* resulted in a partial restoration of the POD-like
activity of Fe;O3 NPs, indicating a weakening of the interaction be-
tween ATP and the active sites of FepO3 NPs and PCN-224@Fe;03,
thereby restoring the POD-like activity of PCN-224@Fe,0s. Due to Cu®*
itself has Fenton effect, the effect of Cu?>* on the UV absorption peak at
652 nm was investigated. It can be seen from Figure S11D that the
Fenton effect of Cu" itself does not does not have a significant influence
on the detection of Cu?" in this system through its Fenton effect alone.
Additionally, the fluorescence spectra in Figure S10D-F confirmed the
suppression of fluorescence by Cu?" potentially due to the quenching
ability of Cu®>" toward PCN-224 or the released TCPP. To confirm this,
the effect of Cu?" on the fluorescence of PCN-224 itself was also
examined, which showed a decrease in fluorescence intensity with
increasing of Cu?", as shown in Figure S11F. As shown in Fig. S10C,
regardless of whether copper ions were introduced into PCN-224-ATP or
PCN-224@Fe,03-ATP, the fluorescence in the supernatant was partially
quenched, indicating the ability of copper ions to quench the fluores-
cence of TCPP. Taken together, these results suggest that the suppression
of fluorescence by Cu?" may involve interactions of Cu?t with the
released TCPP and the PCN-224 [39]. Thus, the proposed detection
platform shows a signal amplification effect compared to using PCN-224
detection.

The experiments have successfully validated the mechanism by
which positively charged Cu" ions interact with PCN-224@Fe,03-ATP,
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Fig. 5. (A) Colorimetric determination of cu®* (0.1-25 pM) and the (B) corresponding calibration curve for cu®* detection; (C) Selectivity for cu®* sensing (Cu®*:
10 pM, other interferences: 50 pM) via colorimetric method based on the POD-like activity of PCN-224@Fe,03. Experimental conditions: pH 4.5; 50 pg/mL PCN-
224@ Fe,03; 10 mM H50, and 0.40 mM TMB; incubated at 35 °C for 30 min. (D) Fluorescence spectra of PCN-224@Fe,03 +ATP with various Cu®" concentra-
tions (0-25 pM), and (E) the calibration curve for cu?* (0.1-25 uM); (F) Selectivity testing via the fluorometric method (cu?*: 10 uM, other interferences: 50 pM).
Experimental conditions: pH 7.5; 50 pg/mL PCN-224@ Fe,O3; incubated at 50 °C for 60 min.

leading to the weakening of Zr-O-P bonds and consequently enhancing
the mimic activity of PCN-224@Fe,03 by increasing the active sites of
Fey0s. Additionally, Cu®* was observed to interact with TCPP and the
PCN-224, resulting in the quenching of fluorescence in the system. The
dual-channel detection of ATP and Cu?* based on the strategy of regu-
lating the activity of oxide nanozymes using the multifunctional PCN-
224 as a carrier and the specific interaction to increase the selectivity.
This approach can create an optimized microenvironment for tuning the
mimic activity of nanozymes and facilitate the construction of a dual-
mode sensing platform.

3.7. Actual sample analysis

In the assessment of the feasibility of PCN-224@Fe,03, we utilized
colorimetric and fluorescence dual-mode sensing techniques to quantify
the levels of ATP and Cu?" in human serum samples and Cu* in tap
water. To enhance the reliability of the sensing platform for continuous
detection, we investigated ATP detection subsequent to Cu?* masking
using EDTA as the masking agent. Figure S12 illustrates that the impact
of EDTA on the fluorescence of PCN-224@Fe;03 and PCN-224@Fe;0s3-
ATP can be disregarded upon the introduction of 40 pM EDTA. Our
comparison of fluorescence readings with and without the presence of

Table 1

Detecting ATP and copper ions in actual samples.

Detection object Detection method Sample Found Added (pM) Detected (pM) recovery (%, n=3) RSD (%, n=3)
ATP Fluorescence Serum Not Found 0.80 0.72 90.00 3.69
5.00 4.97 99.40 4.88
20.00 21.80 109.00 8.99
UV-vis Serum Not Found 0.50 0.51 102.00 0.67
5.00 5.34 106.80 0.57
50.00 45.84 91.70 1.41
Cu** Fluorescence Serum Not Found 0.50 0.54 108.00 5.37
5.00 4.53 90.60 1.56
15.00 15.47 103.10 2.70
UV-vis Serum Not Found 0.50 0.46 92.00 2.46
5.00 5.12 102.40 2.99
15.00 15.74 104.90 3.16
cu?t Fluorescence Tap Water Not Found 0.50 0.48 96.00 2.53
5.00 5.46 109.20 1.67
20.00 19.70 98.50 4.54
UV-vis Tap Water Not Found 0.50 0.53 106.00 1.41
5.00 5.05 101.00 2.52
20.00 19.70 98.50 1.53
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copper ions (depicted in red and light blue) demonstrated significant
interference from copper ions on ATP detection. We proceeded to
evaluate the fluorescence responses of ATP subsequent to Cu?* masking
with EDTA, revealing no discernible differences in ATP detection under
the same conditions, regardless of the presence of copper ion interfer-
ence. Notably, the order of EDTA addition did not alter the outcomes,
affirming the efficacy of EDTA in mitigating copper ion interference in
ATP detection (Figure S12).

The results presented in Table 1 show that the recovery rates of
spiked ATP in serum were 91.7-106 % and 90.6-109.2 % when assessed
by UV and fluorescence methods, respectively. Similarly, the recovery
rates of the spiked Cu?" in tap water and serum were 96.0-109.2 % and
90.6-108 % via UV and fluorescence detection methods, respectively.
These results underscore the reliability of the sensing platform in
detecting ATP and Cu" in real samples. Both techniques showed high
sensitivity in analyzing the targets due to the exceptional POD-like
properties of PCN-224@Fe;0s3, the runnable fluorescence properties of
PCN-224, and the structural change induced by the targets. In addition,
the results obtained from both methods were in concordance, high-
lighting the importance of selecting appropriate analytical approaches
for sample analysis and validation by dual methods to avoid erroneous
results.

4. Conclusions

PCN-224@Fe,03 was synthesized through a facile two-step hydro-
thermal method, which exhibited enhanced POD-like activity and weak
fluorescence. The multifunctional PCN-224 not only acts as the sup-
porter but creates a microenvironment for tuning the mimic activity of
nanozymes and facilitates the construction of a dual-mode sensing
platform. The in-situ growth of Fe;O3 NPs onto PCN-224 significantly
increases the number of active sites and local catalyst concentration. The
exceptional surface area and porous structure of PCN-224 facilitate
efficient mass transfer of reactants and intermediates, thereby boosting
the POD-like activity. The composite demonstrates the ability to
continuously detect ATP and copper ions via the fluorescence/UV-vis
dual-channel approach due to the sensitive structural changes in PCN-
224@Fey03. The fluorescence properties of PCN-224 was quenched
after loading of Fe;O3 NPs, enabling sequential detection of ATP and
Ccu?* by inducing microenvironment changes through specific in-
teractions with the PCN-224@Fey03. This dual-channel platform is
sensitive, fast, selective, and successfully applied in real sample analysis.
This strategy of tuning nanozyme-like properties of metal oxide nano-
materials with fluorescence MOFs holds great promise for the develop-
ment of versatile dual-channel and multifunctional nanoplatforms with
applications in disease diagnosis, environmental monitoring, and food
analysis.
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