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ARTICLE INFO ABSTRACT

Keywords: Polyphenols with antioxidant properties are of significant interest in medical and pharmaceutical applications.
POIYI?heHO1 ) Given the diverse range of activities of polyphenols in vivo, accurate detection of these compounds plays a
Pt/NiFe-LDH hybrid crucial role in nutritional surveillance and pharmaceutical development. Yet, the efficient quantitation of
Nanozyme lyphenol lification of iti ble chall h i

Laser desorption/ionization mass spectrometr polyphenol contents and qualification of monomer compositions present a notable challenge when studying
Quan tiﬁcatir;n P v polyphenol bioavailability. In this study, platinum-modified nickel-iron layered double hydroxide (Pt/NiFe-LDH
Qualification hybrids) were designed to mimic peroxidases for colorimetric analysis and act as enhanced matrices for laser

desorption/ionization mass spectrometry (LDI MS) to quantify and qualify polyphenols. The hybrids exhibited an
enzymatic activity of 33.472 U/mg for colorimetric assays, facilitating the rapid and direct quantitation of total
tea polyphenols within approximately 1 min. Additionally, the heterogeneous structure and exposed hydroxyl
groups on the hybrid surface contributed to photoelectric enhancement and in-situ enrichment of polyphenols in
LDI MS. This study introduces an innovative approach to detect polyphenols using advanced materials, poten-
tially inspiring the future development and applications of other photoactive nanomaterials.

1. Introduction implications for the bioavailability of polyphenols.

However, the instability of polyphenols (such as tea polyphenol)

Polyphenols are essential metabolites, acting as the primary endog-
enous antioxidants of plants [1]. Specifically, tea polyphenols possess
antioxidant, anti-inflammatory, anticancer, and lipid
metabolism-regulating properties, and have been extensively utilized in
disease prevention and treatment. This is attributed to their phenolic
hydroxyl structure, enabling the scavenging of free radicals and the
regulation of various types of oxidases in the body [2,3]. On one hand,
the levels of total polyphenols serve as important indicators of physio-
logical processes, such as estimating the average daily intake of total
polyphenols toward nutritional evaluation [4,5]. On the other hand, the
facile monitoring of the delivery and metabolism of polyphenol mono-
mers during disease medication is essential for evaluating therapy effi-
cacy [6,7]. Therefore, both the quantification of total polyphenols and
the qualification of different polyphenol fingerprints bear significant

during storage and drug delivery presents challenges in quantifying and
qualifying catechins. For the former, colorimetric analysis enables the
quantification of total polyphenols, but faces obstacles in the specific
identification and precise monitoring of individual catechin monomers
[8]. Moreover, the color change accompanied with redox reaction can
be further improved by utilizing nanozymes with enhanced stability
compared to natural enzymes (e.g., peroxidase) [9-11]. For the latter,
high-performance liquid chromatography is commonly required for the
determination of polyphenol monomers, limited for clinical applications
due to high sample consumption, complex sample preparation re-
quirements, and time-intensive procedures [12]. In contrast, laser
desorption/ionization mass spectrometry (LDI MS) is an essential
analytical technique in macromolecular investigation, due to its rapid
analysis capabilities within seconds and minimal sample consumption.
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In particular, nanomaterial-enhanced LDI MS has been adopted for the
molecular identification of small molecules (molecular weight <1000
Da) [13,14]. Nevertheless, the rational design of advanced nano-
materials as matrices decides the interactions between metabolites and
substrate materials for efficient desorption/ionization [15,16].

Advanced materials function as efficient incorporated tools to
construct an integrated platform, considering their tunable physico-
chemical properties [17]. To date, noble metal nanomaterials (such as
Au, Ag, and Pt) stand out as candidates for improving both colorimetric
and LDI MS applications, regarding their localized surface plasmon
resonance (LSPR) effects and photo-thermal properties [18,19]. In
particular, Pt nanoparticles (NPs) facilitate the movement of interfacial
electrons, by reducing the kinetic barrier with a higher metal work
function of 5.65 eV (e.g., 5.1 eV for Au and 4.26 eV for Ag) [20,21],
showing promise in improving both catalytic activity and ionization
efficiency. However, metal NPs are susceptible to self-aggregation and
low surface-to-volume ratios. In addition to noble metals, layered dou-
ble hydroxide (LDH), a class of inorganic layered materials with unique
optical and electric properties, is widely used as a carrier substrate for
metal NPs [22]. Metal-LDH hybrids displayed elevated catalytic activity
with substantial surface area and synergistic effects. Such hybrids have
been applied as adsorbents and catalysts in a wide range of applications
such as formaldehyde decomposition, oxygen evolution reaction, water
splitting, and nitrate adsorption [23-26]. The incorporation of LDH as a
support not only diminishes the size of metal NPs but also hinders their
agglomeration, enhancing the catalytic effectiveness of metal-LDH hy-
brids. Benefitting from the high absorption and large surface area, LDH
can serve as a carrier material in nanozymes for colorimetric analysis
and matrices for LDI MS [22]. Importantly, the abundance of hydroxyl
groups on LDH allows for the selective trapping of hydroxyl-containing
molecules, such as polyphenols [27]. Hence, the hybrid composites,
comprising these two building blocks, hold promise for developing an
integrated platform for polyphenol detection, by combining their indi-
vidual strengths and synergistic effects.

In this study, we developed Pt/NiFe-LDH hybrids to act as peroxidase
mimics for colorimetric analysis and enhanced matrices for LDI MS to
quantify and qualify polyphenols, respectively. We synthesized the
designed host-guest interfaces between Pt and NiFe-LDH sheets using a
facile one-pot ultrasound method. Upon optimization, the hybrids dis-
played an enzymatic activity of 33.472 U/mg for colorimetric assays,
enabling direct quantitation of total tea polyphenols at high speed (~1
min). The colorimetric results yielded statistically comparable outcomes
with those from a standard method kit (Folin-Ciocalteu colorimetric
method). Furthermore, the heterogeneous structure and exposed hy-
droxyl groups of the hybrids facilitated photoelectric enhancement and
in-situ enrichment of polyphenols in LDI MS. This study proposed a novel
strategy for polyphenol detection using advanced materials, inspiring
future development and applications of other photoactive
nanomaterials.

2. Experimental section
2.1. Materials

Chloroplatinic acid hexahydrate (HoPtClg-6H20, 37%), ethanol
(99.7%), 30% H20, solution, and sucrose (Suc) were procured from
Sinopharm Chemical Reagent Beijing Co., Ltd (China). Methanol
(99.8%) and acetonitrile were ordered from Fisher Chemical (USA).
Sodium borohydride (NaBH4, 99%) was purchased from Fluka
(German). 3,3,5,5-Tetramethylbenzidine (TMB), dimethylsulfoxide
(DMSO, 99.8%), (—)-epicatechin (EC, 97%), (—)-epigallocatechin (EGC,
98%), (—)-epigallocatechin gallate (EGCG), tea polyphenol (98%),
ascorbic acid (AA, 99%), and chlorogenic acid were ordered from
Aladdin Reagent Co., Ltd (China). L-alanine (Ala, 98%), L-serine (Ser), L-
lysine (Lys, 98%), D-(+)-glucose (Glc, 99.5%), bovine serum albumin
(BSA, 98%), a-cyano-4-hydroxycinnamic acid (CHCA, 99%), and 2,5-
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dihydroxybenzoic acid (DHB) were purchased from Sigma-Aldrich
(USA). Theanine and NaAc-HAc buffer (0.2 M, pH 3.7) was purchased
from Shanghai Yuanye Bio-Technology Co., Ltd (China). Arabinose was
purchased from Shanghai Titan Scientific Co., Ltd, (China). Rhamnose
was ordered from Meryer (Shanghai) Chemical Technology Co., Ltd.
(China). (—)-epicatechin gallate (ECG, 98%) was purchased from Baoji
Herbest Bio-Tech Co., Ltd (China). Sodium chloride (NaCl) was pur-
chased from Tianjin Chemical Reagent Research Institute Co., Ltd
(China). NiFe layered double hydroxide (NiFe-LDH) and gold nano-
particles (Au NPs) were acquired from Jiangsu XFNANO Materials
Technology Co., Ltd. (China). Ferulic acid, nickel nanoparticles (Ni
NPs), and iron nanoparticles (Fe NPs) were ordered from Shanghai
Macklin Biochemical Technology Co., Ltd (China).

2.2. Preparation of Pt/NiFe-LDH hybrids

Synthesis of Pt/NiFe-LDH hybrids followed an ultrasound-assisted
reduction method [28]. 50 mg of NiFe-LDHs were dispersed in 100
mL of deionized water (DIW) by ultrasonication (360 W) for 30 min. 50
mL of chloroplatinic acid solution (10 mM) was added into NiFe-LDH
solution and then ultrasonicated for 10 min. Then, 50 mL of fresh so-
dium borohydride solution in an ice bath was slowly added to the
mixture and ultrasonicated for 30 min. The blackish turbid solution was
obtained and centrifuged at 10000 rpm for 5 min. The precipitates were
washed four times with ethanol and DIW, and then dried at 60 °C to
obtain Pt/NiFe-LDH hybrids as the final product. The hybrids were
optimized through variation of the volume of chloroplatinic acid solu-
tion (10 mM; 10 mL, 25 mL, 75 mL, and 100 mL), following the same
synthesis approach. Pt NPs were synthesized using the same method in
Pt/NiFe-LDH hybrid synthesis.

2.3. Characterization of Pt/NiFe-LDH hybrids

Scanning electron microscope (SEM) and selected area electron
diffraction (SAED) were conducted to analyze the morphological and
crystallographic characteristics using Gremini 300 (ZEISS, Germany).
The distribution and abundance of platinum nanoparticles (Pt NPs) on
the Pt/NiFe-LDH hybrids were quantified using transmission electron
microscopy (TEM) and energy-dispersive X-ray spectroscopy (EDS)
using FEI Talos F200s (Thermo Fisher Scientific Inc., USA). X-ray pow-
der diffraction (XRD) pattern was acquired utilizing a D8 ADVANCE
diffractometer (Bruker, USA). The measurements were conducted at 60
kV and 80 mA utilizing copper K-alpha emission and a ceramic X-ray
tube. Ultraviolet—visible (UV-vis) spectra between 200 and 800 nm were
collected using UV1900 (Shimadzu Ltd., Tokyo, Japan). The X-ray
photoelectron spectroscopy (XPS) was recorded on a powder sample
using ESCALAB 250xi (Thermo Fisher Scientific Inc., USA) with Al Ka
radiation.

2.4. Catalytic activity of Pt/NiFe-LDH hybrids

Peroxidase activity of Pt/NiFe-LDH hybrids was quantified following
a standardization method [29]. The reaction was performed through the
amalgamation of 50 pL of 3,3',5,5-tetramethylbenzidine (TMB) solution
(10 mg/mL in DMSO) with 1 mL of NaAc-HAc buffer (0.2 M, pH 3.7) and
different quantities of Pt/NiFe-LDH (0.6, 0.7, 0.8, 0.9, and 1.0 pug). Then,
116.8 pL 30% H30, solution was added to the mixtures. The absorbance
value of the mixtures at the wavelength maximum (1) of 652 nm was
immediately recorded by a microplate reader (SpectraMax i3x, Austria)
every 10 s for a total of 1 min. The catalytic activity was determined
using the following equation:

bnanozyme = V/(e x 1) x (AA/At) (€]
SA = bnannzymc/m (2

where bpanozyme referred to the catalytic activity of nanozyme; the total
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volume of the reaction solution was denoted as V; ¢ was the molar ab-
sorption coefficient as 39,000/(M cm) for TMB at 652 nm; the length
traversed by the light within the microplate was denoted as 1; the initial
rate of change of light absorbance per minute was expressed as AA//\
SA represented the activity units per milligram of nanozyme; and m
signified the weight of nanozymes. The stability of nanozymes was
evaluated under different pH (3.5-5.5), temperature (25-65 °C), and
storage time (0-15 days).

For the quantitation of tea polyphenol, 1 pL Pt/NiFe-LDH-50 hybrids
(1 mg/mL) and 50 pL of TMB (1 mM) were added in 1 mL HAc-NaAc
buffer. Then, 50 pL standard tea polyphenols solution was added to
the peroxidase-like system. 25 pL H,O2 was mixed with the above sys-
tem and the absorbance at Aax of 652 nm was recorded at 1 min. 3 kinds
of tea beverages (green, black, and oolong tea) were diluted 20 times for
determination.

2.5. Mass spectrometry analysis

Standard solutions of four tea polyphenols (EGCG, ECG, EGC, EC)
were mixed in 0.5 M NaCl solution at a concentration of 0.5 mg/mL.
Other polyphenols (chlorogenic acid and ferulic acid) were ddissolved in
DIW at a concentration of 1 mg/mL before analysis. For evaluating salt
and protein tolerance, standard molecules were mixed with NaCl (0.5
M) and BSA (5 mg/mL) and analyzed by laser desorption/ionization
mass spectrometry (LDI MS). Theanine, glucose, sucrose, rhamnose, and
arabinose were added to the standard samples at a concentration of 1/10
of the tea polyphenols to eliminate the interferences in real tea.

A series of inorganic matrices (Pt/NiFe-LDH-10/25/50/75/100, Pt
NPs, Ni NPs, Fe NPs, and NiFe-LDH, dispersed within DIW at a con-
centration of 1 mg/mL) were used as matrices for LDI MS. Commercial
gold nanoparticles (Au NPs) were directly used as matrices with a con-
centration of 0.2 g/L. 10 mg of CHCA and DHB were dissolved in 1 mL of
TA30 (30:70 (v:v) acetonitrile: TFA 0.1% in water) and used as organic
matrices.

During the detection process, typically, 1 pL sample solution was
pipetted on the polished target plate and air-dried. Then, 1 pL of the
above matrices were added to the sample point separately and dried
again, according to the method from existing works [15,30]. Mass
spectra were acquired using a Bruker Autoflex Speed mass spectrometer
(Germany) equipped with an Nd: YAG laser (2 kHz, 355 nm). All the raw
spectra (m/z between 100 and 1000) were produced in positive reflector
mode with a fixed laser intensity of 30%.

The standard EC samples at concentrations of 50/60/70/80 pg/mL
with 50 pg/mL EGC as internal standards (IS) were analyzed by LDI MS
and LC-MS. Calibration curves between the response ratio of EC/EGC
and concentration of EC were built by LDI MS and LC-MS analysis
respectively. Each sample analysis was repeated three times. The sam-
ples were analyzed using Triple Quad™ 4500 MD LC-MS/MS equipped
with a Kinetex 2.6 pm C18 100 A ODS column (50 mm x 2.1 mm i.d.;
Phenomenex, Torrance, CA, USA). Elution was carried out at 40 °C,
using a 0.03% (v/v) formic acid/water solution as mobile phase A, and
methyl alcohol as mobile phase B. A flow rate of 0.4 mL/min was
employed and the gradient conditions were as follows: 0 min, 2% B; 0.3
min, 2% B; 1 min, 95% B, 1.6min 95% B, 1.61 min 2% B, and 2 min 2%
B. The injection volume was 1 pL. Mass spectrometry data is recorded in
ESI positive ion mode. Ion source settings were as follows: temperature
500 °C, ion source gas (1/2) 50 psi, curtain gas 35 psi, collision gas 9 psi,
and ion spray voltage 5500 V.

Tea samples were analyzed following a similar protocol. Bio-samples
(plasma and serum, ethical approval number: CHEC2021-157) were
collected and analyzed [31], with consent obtained for experimentation
with human subjects. All the MS findings were directly utilized for
molecular identification without prior processing.
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2.6. Autoxidation monitoring by LDI MS

0.5 mg/mL glucose and 0.5 mg/mL NaCl were mixed with four
polyphenol monomers (EC, EGC, ECG. EGCG, 0.5 mg/mL) standard
solutions. Here, glucose was introduced as the internal standard. Briefly,
1 pL of the standard solution was deposited on the target plate for
autoxidation. After 0, 1, and 2 h of oxidation, we dropped 1 pL of Pt/
NiFe-LDH-50 hybrids on the sample spots and analyzed them by LDI MS.

2.7. Statistical analysis

Principal component analysis (PCA) was performed on Origin 2023.
Other univariate analyses were conducted on SPSS software to calculate
the p-value by Student’s t-test. P-values of <0.05 were regarded as sta-
tistically significant.

3. Results
3.1. Preparation and characterization of Pt/NiFe-LDH hybrids

Pt/NiFe-LDHs were synthesized via an ultrasound-assisted reduction
method, involving ultrasonic peeling and in-situ platinum NP deposition.
We characterized the NiFe-LDH nanosheets with a stacked-layer struc-
ture, by transmission electron microscopy (TEM, Fig. 1A, B-i) and
scanning electron microscopy (SEM, Fig. S1A). During the process of
platinum reduction, the surface area also increased due to the formation
of scattered flake structures by sonication. (Fig. S1B), providing more
active sites for further utilization. Pt clusters (marked by yellow ellipses)
with a diameter of ~4 nm were observed on nanosheets (Fig. 1A, B-ii),
while no Pt NPs were found in locations beyond the NiFe-LDH sheets.
The corresponding energy dispersive X-ray spectra were recorded and
quantitated a platinum loading ratio of 7.19 wt% after platinum intro-
duction, further confirming the successful assembling of hybrids
(Table S1). The obtained hybrids exhibited a uniform distribution of Ni,
Fe, and Pt from elemental mapping analysis (Fig. 1C), which agreed with
the observations from TEM (Fig. 1A, B-ii). These findings evidenced the
stabilizing effect of NiFe LDH crystalline sheets as a support material for
the controlled formation and growth of Pt particles at the nanoscale.

Common techniques for loading noble metals encompass chemical
impregnation [32], electrodeposition [33], and vapor-phase deposition
[34], all of which necessitate harsh experimental conditions such as
elevated temperatures, increased pressures, controlled gaseous atmo-
spheres, and specific dispersants. In contrast, we adopted an
ultrasound-assisted reduction method, maintaining a homogeneous re-
action system while producing small metal particles in a sustainable and
green manner [28]. In particular, the interlayer of the LDH sheets acted
as a miniaturized nanoreactor, allowing for the confined reduction of
Pt" cations. The Pt NPs prepared using this method displayed good
dispersion, and demonstrated reduced aggregation tendencies.

High-resolution TEM (Fig. 1B) and selected-area electron diffraction
pattern (Fig. 1D-E) revealed distinct polycrystalline structures from
NiFe-LDH sheets and Pt/NiFe-LDH hybrids. The measured d-spacing in
NiFe-LDHs (Fig. 1B-i) matched the typical diffraction planes of (015).
Similarly, the measured d-spacing of 0.226 nm and 0.191 nm aligned
with the diffraction plane of (111) and (200) of Pt NPs (Fig. 1B-ii). The
crystalline structures were further verified using wide-angle X-ray
powder diffraction (Fig. 1F) analyses. The diffraction peaks at 39.8°,
46.2°, 67.5°, 81.3°, and 85.7° were assigned to (111), (200), (220),
(311), and (222) diffractions for Pt NPs (JCPDS: 87-0647). X-ray
photoelectron spectroscopy (XPS) was employed to investigate the sur-
face chemical composition of the Pt/NiFe LDH hybrids. Analysis of the
XPS survey revealed signals corresponding to Ni, Fe, O, C, and Pt,
indicating the successful incorporation of Pt and NiFe-LDH (Fig. S2A).
The Fe>* 2p peaks of the NiFe LDH substrate were observed at 711.75 eV
and 723.78 eV in Fig. S2B. Peaks at 855.60 eV and 873.18 eV were
identified as the Ni>™ 2p peaks, with satellite peaks at 861.08 eV and
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Fig. 1. Preparation and characterization of Pt/NiFe-LDH hybrids. (A, B) Transmission electron microscopy (TEM) images of (i) NiFe-LDH and (ii) Pt/NiFe-LDH at
different magnifications. (C) Electron microscopy images, including (i) The high-angle annular dark field-scanning transmission electron microscope (HAADF-STEM)
and (i, ii) elemental mapping images of Pt/NiFe-LDH, which indicated Fe (blue), Ni (red), and Pt (yellow). Selected-area electron diffraction (SAED) patterns of (D)
NiFe-LDH and (E) Pt/NiFe-LDH. (F) X-ray diffraction (XRD) spectra of Pt/NiFe-LDH and Pt (JCPDS: 87-0647). (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)

879.78 eV depicted in Fig. S2C. In the core level spectra of Pt, the pt® 4f
peaks were observed at 71.16 eV and 74.48 eV. Additionally, the Pt 4f5 >
peak at 75.98 eV and Pt 4f;/, peak at 72.58 eV were attributed to a small
amount of Pt?*, resulting from incomplete reduction or re-oxidation
processes (Fig. S2D). All the results together verified the successful
modification of Pt in the hybrids.

Ultrasonic stripping during synthesis increased the reaction surface
of nanohybrids, leading to the exposure of more active sites and facili-
tating the extraction of analytes from complex samples [35]. Moreover,
the abundance of hydroxyl groups on the NiFe-LDH surface enhanced
the adsorption of hydroxyl-rich molecules (e.g., polyphenols) through
binding affinity based on hydrogen bonding [27]. The stable crystal
nature of Pt/NiFe-LDH hybrids indicated durability even under laser
ablation during LDI MS detection. Acting as a carrier host material for Pt
NPs, NiFe-LDH sheets enabled the uniform distribution of Pt, holding
promise in suppressing the coffee-ring effect in subsequent LDI MS uti-
lization. Consequently, Pt/NiFe-LDH hybrids, possessing large surface

area, preferential analyte adsorption, and stable crystalline structure,
are anticipated to contribute to enzymatic and LDI enhancement in the
next step.

3.2. Colorimetric detection assisted by hybrids

Colorimetric assay of polyphenols was performed with Pt/NiFe-LDH
as catalyst and HyO, as oxidizing agent. These hybrids exhibit
peroxidase-like properties, where hybrids catalyze the one-electron
oxidation of TMB by H20; to generate the charge transfer complex of
oxidized TMB. The reaction solution yielded a blue-colored product with
a maximum absorbance at 652 nm in the presence of Hy0,, accompa-
nied by the generation of 3,3,5,5-tetramethylbenzidine di-imine
(TMBDI) catalyzed by the Pt/NiFe-LDH hybrids (Fig. S3). In contrast,
no absorbance at 652 nm was observed when only HoO5 was added to
the TMB solution. Notably, the colorless TMB was oxidized to blue
TMBDI only when H;02, TMB, and Pt/NiFe-LDHs were present at the
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same time (Fig. 2A-B), suggesting the intrinsic peroxidase-mimic ac-
tivity of the hybrids for facile colorimetric detection.

According to a standardized method for determining nanozyme ac-
tivity [29], the catalytic activity of Pt/NiFe-LDH was quantified as
33.472 U/mg (Fig. 2C). Control experiments showed lower activities of
23.148 U/mg and 1.036 U/mg using Pt alone or bare LDH sheets as
nanozymes, respectively (Fig. S4). In addition, the Pt/NiFe-LDH nano-
hybrids yielded a 17-fold enhancement over the typical nanozyme
Fe304, which has a reported activity of 1.958 U/mg and is currently
utilized in clinical applications such as biosensing, anti-bacterial, and
cancer therapy [29]. Both the components and morphologies decide the
catalytic properties of nanozymes [36,37]. In terms of components, both
Pt NPs and NiFe-LDH possess intrinsic peroxidase-like activity individ-
ually. The hybrids consisting of these two building blocks exhibited
higher activity, benefitting from a synergistic effect [38,39]. Regarding
morphology, the hybrids provide a greater surface area and more
exposed active sites after exfoliation, leading to an augmentation of the
interacting force between hydroxyl group-containing analytes (e.g.,
H50,) and Pt/NiFe-LDH.

Pt/NiFe-LDH hybrids remained active in a wider range of environ-
mental circumstances than natural horseradish peroxidase. The opti-
mized experimental properties for Pt/NiFe-LDH hybrids were
determined prior to their application in a clinical colorimetric assay
under varying conditions, including reaction temperature, pH, and
storage stability, respectively. The catalytic activity of Pt/NiFe-LDH
remained stable at 75%-100% within the temperature range of
25-45 °C (Fig. S5A). Various NaAc-HAc buffer solutions with pH values
ranging from 3.5 to 5.5 were employed to evaluate the pH resistance of
hybrids. As shown in Fig. S5B, the peroxidase-like activity of Pt/NiFe-
LDH reached 100% in acidic media (pH of 3.7). Hence, an optimal re-
action was achieved at a catalytic temperature of 25 °C and a pH of 3.7,
taking into consideration the tradeoff between reaction convenience and
detection performance for subsequent analysis. Furthermore, the

Materials Today Bio 26 (2024) 101047

catalytic performance of Pt/NiFe-LDH hybrids was daily monitored over
a 15-day storage period. The relative activities (defined as SA;.qay/
SAmaximum) remained as high as 94% with no significant decrease (p >
0.05 and coefficient of variation (CV) of 1.93%) after long-term storage
(Fig. 2D).

We further applied the Pt/NiFe-LDH hybrids as the nanozymes for
the colorimetric detection of polyphenols. Given the antioxidant prop-
erty of polyphenols that inhibits TMB oxidation, the intensity of color in
the reaction system is directly associated with the concentration of
polyphenols present. Employing TMB as the indicator molecule, the
ultraviolet-visible (UV-vis) spectra revealed a gradual decrease in
absorbance as the polyphenol concentration increased, showcasing the
steady-state kinetic equilibrium (Fig. 2E). Specifically, the absorption
intensity at 652 nm was linearly proportional (R2 = 0.996) to the con-
centration of tea polyphenols (Fig. 2F), within a linear range of 10-50
pg/mL (y = 1.093 - 0.010x). This linear range aligned with the typical
polyphenol concentrations found in real-world samples (e.g., 200-1000
pg/mL in three major categories of tea, including green tea, black tea,
and oolong tea). The range was relatively wider over other recently
reported polyphenol sensing systems [40], thus holding promise for
simple polyphenol quantification.

Notably, the colorimetric platform constructed based on the Pt/NiFe-
LDH hybrids featured a fast enzymatic reaction (~1 min) and minimal
nanozyme consumption (1 pg), due to excellent peroxidase activity
(33.472 U/mg). For comparison, rigorous reaction steps and extended
reaction times (approximately hours) were generally required in the
standard method (Folin-Ciocalteu colorimetric method). While previous
nanozyme-based biosensors have reduced the reaction time for poly-
phenol quantification to 15-50 min [9,40-42], our platform achieved a
minimum 30-fold reduction of time and a 40-100-fold reduction in
nanozyme consumption. These results underscore the potential of
Pt/NiFe-LDH as a quantitation tool for phenols toward on-site field test
applications.
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Fig. 2. Colorimetric detection assisted by hybrids. (A) Photographs and (B) ultraviolet-visible (UV-vis) absorption spectra of different reaction systems. (C) The
catalytic activity of Pt/NiFe-LDH was acquired according to the nanozyme activity standardization method. (D) The relative activity of Pt/NiFe-LDH during 15 days
of storage at room temperature. (E) UV-vis absorption spectra with different concentrations of polyphenols. Inset: color corresponding to the reaction system with
different polyphenol concentrations. (F) Linear calibration plot for polyphenol concentration from 10 to 50 pg/mL. (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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3.3. LDI MS enhanced by hybrids

We further applied Pt/NiFe-LDH hybrids as matrices for LDI MS use
and selected the optimized hybrid for polyphenol detection. We syn-
thesized a series of Pt/NiFe-LDHs by varying the volume of 10 mM
chloroplatinic acid (10, 25, 50, 75, and 100 mL, denoted as Pt/NiFe-
LDH-10/25/50/75/100). Energy-dispersive X-ray analysis revealed an
increased Pt loading ratio for Pt/NiFe-LDH-10/25/50/75/100, with the
gradual addition of a precursor (Fig. 3A, Fig. S6A).

We recorded typical sodium-adducted ([M+Na]™) MS spectra of four
indicator polyphenols (Fig. 3B), for (—)-epicatechin (EC) at m/z of
313.08, (—)-epigallocatechin (EGC) at m/z of 329.07, (—)-epicatechin
gallate (ECG) at m/z of 465.13, and (—)-epigallocatechin gallate (EGCG)
at m/z of 481.14. Notably, Pt/NiFe-LDH-50 offered the highest signal
intensity for polyphenol standards (Fig. 3C, Fig. S6B), surpassing other
hybrids. Excessive platinum loading on the LDH sheets (e.g., Pt/NiFe-
LDH-75) diminished the analytical efficiency due to evident clumping
and aggregation caused by the surplus of platinum (Fig. S7). On the
other hand, inadequate platinum loading (e.g., Pt/NiFe-LDH-25) also
impacted the analytical efficiency, as more surface area from the LDH
sheets was exposed to analytes and fewer specific platinum NPs were
present.

Moreover, the Pt/NiFe-LDH-50 hybrid also demonstrated signifi-
cantly improved performance (Fig. S8) compared to bare NiFe-LDH and
the individual incorporated metals (Pt, Ni, Fe) (p < 0.05). As a result, we
demonstrated the advantage of using the hybrid for LDI MS over
incorporated metals was the high sensitivity. The Pt NPs incorporating
NiFe-LDH as substrate promoted an increase in detection efficiency.
Photoelectrochemical analyses also provided insight into charge sepa-
ration at the composite interface (Fig. 3D). Upon the introduction of Pt,
we observed the corresponding 5-fold increase in maximum photocur-
rent response from NiFe-LDH to Pt/NiFe-LDH-50 hybrids, indicating
enhanced photoelectric effects through the generation of hot electrons
[31]. The elemental synergies and heterogeneous structures in
Pt/NiFe-LDH hybrids support their role as a matrix for aiding analyte
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desorption and ionization processes. Specifically, the larger plasmon
damping effect of Pt effectively dissipates the initial excitation energy as
heat, thereby enhancing analyte desorption [21]. Additionally, the
heterostructure formed at the hybrid interfaces facilitates the mobility of
inter-component hot carriers, facilitating the ionization of analytes by
reducing the kinetic barrier for interfacial electron transfer [20].
Therefore, we highlighted the advantage of introducing two kinds of
different materials into the hybrid composites for enhanced LDI
efficiency.

Current LDI MS investigations employed organic acids and other
metal NPs as matrices [43]. In our study, we compared the
Pt/NiFe-LDH-50 hybrid with organic matrices (a-cyano-4-hydroxycin-
namic acid (CHCA) and 2,5-dihydroxybenzoic acid (DHB)) as well as
metal matrices (gold NPs) in terms of polyphenol detection performance
(Fig. S9). The mass spectrometry data obtained for the four target
polyphenols using Pt/NiFe-LDH-50 as the matrix exhibited superior
results compared to those obtained using CHCA, DHB, and Au NPs (p <
0.05).

We computed the CVs for peak intensities of standard molecules,
achieving highly reproducible spectra with CVs of 1.8%-9.6% for intra-
batch (Figs. 3F) and 7.8%-11.7% for inter-batch (Fig. S10A) in 5 rep-
licates of 5 samples. We also calculated the CVs in the detection of
polyphenol monomers. The reproducibility of polyphenol detection is
ensured with CVs of 5.7%-12.0% for intra-batch and 4.7%-10.3% for
inter-batch analyses (Fig. S10B). An acceptable CV in the validation of
bioanalytical methods should be less than 15% following the guideline
of the National Medical Products Administration in China [44]. For
comparison, data obtained from organic matrix-enhanced LDI MS (e.g.,
DHB) demonstrated a maximum CV of 22.3% (Fig. S10C). We attributed
the reproducibility of MS data to the homogeneous co-crystallization
and uniform distribution of hybrids and analytes.

Subsequently, we investigated the feasibility of using the optimized
hybrids as the matrix in LDI MS for real-world samples. In contrast to
standards, bio-samples are typically complex mixtures with high con-
centrations of salts and other macromolecules. We incorporated small
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Fig. 3. LDI MS enhanced by hybrids. (A) Elemental composition analysis of Pt/NiFe-LDHs hybrids with different precursor volumes (mL) (B) Typical Pt/NiFe-LDH-
enhanced MS spectra of four standard polyphenols. (C) Mean intensities of mass spectra signals of four polyphenols with different matrices including Pt/NiFe-LDH-
25/50/75 hybrids. (D) Photocurrent response of NiFe-LDH, Pt, and Pt/NiFe-LDH hybrids. (E) Typical Pt/NiFe-LDH-enhanced LDI MS spectra of (i) five standard
metabolites and (ii) MS spectra of the same sample in 0.5 M NaCl and 5 mg/mL bovine serum albumin solution. (F) Intra-batch intensities and coefficients of
variation (CVs) of five standard metabolites obtained by Pt/NiFe-LDH-enhanced LDI MS.
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molecules with abundant salts (NaCl, 5 mM) and proteins (BSA, 5 mg/
mL) [45]. Remarkably, there were no significant differences in signal
intensities between the molecular detection with or without salts and
proteins (Fig. 3E-ii). We then applied the optimized hybrids to the MS
detection of typical hydroxyl-rich small molecules from bio-samples, to
further assess the anti-interference ability of the materials. Circulating
blood is accessible bio-samples in clinical settings and contains
hydroxyl-rich biomarkers for disease diagnosis and prognosis. Using the
designer hybrids, we directly detected the Na*-adducted serine at m/z of
148.01 and Na'-adducted hydroxybutyric acid at m/z of 148.99
(Fig. S11), consuming trace serum and plasma samples (down to 0.1 pL
only). In real-case tea samples, soluble amino acids (predominantly
theanine) and sugars (e.g., glucose, sucrose, rhamnose, and arabinose)
are prominent components alongside tea polyphenols [46]. To address
potential interferences, we included theanine, glucose, sucrose, rham-
nose, and arabinose in the standard polyphenol samples. Analysis of the
mass spectra from the mixed samples revealed no significant degrada-
tion in the MS signals of tea polyphenols, even in the presence of these
interfering substances (p > 0.05, Fig. S12). Thus, we validated the
Pt/NiFe-LDH as an ideal matrix for the real-case measurements of
complex systems.
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3.4. Integrated platform for polyphenol detection

Tea polyphenols, generally accounting for 18%-36% of the dry
weight of tea leaves, predominantly encompass four catechins, including
EC, ECG, EGC, and EGCG. The bioavailability of tea polyphenols has
currently attracted great interest in disease treatments owing to their
antioxidant, anti-inflammatory, and anticarcinogenic properties. As a
proof-of-concept study, we constructed a two-step platform for poly-
phenol detection, integrating the polyphenol quantitation by colori-
metric method and qualification by LDI MS, both based on Pt/NiFe-LDH
hybrids (Fig. 4A). In particular, the hybrid was applied for LDI MS to
identify polyphenols and their autoxidation products only. Furthermore,
the hybrids served as the matrix to enhance desorption and ionization
efficacy in LDI MS, distinct from their role as nanozymes in the colori-
metric quantitation assay.

In the first step, we detected total tea polyphenols from 9 tea samples
by Pt/NiFe-LDH-enhanced colorimetric platform (Fig. 4B). The aver-
aged concentrations of tea polyphenols were quantified as 661, 662, and
465 pg/mL for green tea, oolong tea, and black tea, respectively
(Fig. 4B). Tea classification is based on the level of fermentation,
impacting the varying abundance of polyphenols across different tea
types. Green and oolong teas, with lighter fermentation processes,
exhibited higher polyphenol content compared to black tea. Our quan-
tification findings aligned with the expected levels of tea polyphenols as
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Fig. 4. Integrated platform for polyphenol detection. (A) Schematic diagram of the platform. (B) Comparison of quantitative results obtained by Pt/NiFe assisted
colorimetric method and Folin-Ciocalteu colorimetric method. (C-E) Typical MS spectra of tea polyphenols from green tea, black tea, and Oolong tea. (F) Relative
intensity changes of four catechins stored at 25 °C. (G) MS spectra of four catechins with (ii) and without (i) ascorbic acid (AA) added. (H) Relative intensity changes
of four catechins with AA addition at 25 °C. (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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indicated in these three tea varieties as well as previous literature [47].
The quantitation results demonstrated consistency with a commercial
assay kit (Folin-Ciocalteu colorimetric method), yielding a coefficient of
determination (R?) of 0.949 (Fig. S13A). Notably, the polyphenol
quantification by Pt/NiFe-LDH-enhanced colorimetric method resulted
in an average recovery of 100.18% + 1.16% with a CV of 1.16%, which
was comparable to the commercial kit that yielded an average recovery
of 99.72% with a CV of 4.36% (Fig. S13B).

In the second step, we performed LDI MS on tea samples by using Pt/
NiFe-LDH as matrices and distinguished four tea polyphenols according
to their accurate molecular weights. We recorded the typical mass
spectra of tea samples and observed clear characteristic MS peaks of
catechins, at m/z 335.10 [M+2Na-H]* for EC, m/z 351.06
[M+2Na-H]" for EGC, and m/z 465.00 [M+Na] " for ECG. In addition to
the phenolic acids that catechins are classified under, flavonoids and
stilbenoids represent other major classes of polyphenols. For our study
on the generalizability of polyphenol identification using LDI MS, we
selected chlorogenic acid and ferulic acid as indicator analytes. This
analysis yielded clear sodium-adducted (IM+Na]*) mass spectra, for
chlorogenic acid at m/z of 377.07 and ferulic acid at m/z 217.06
(Fig. S14). Particularly, distinct peak intensities for catechins were
observed in three types of tea samples (green tea, oolong tea, and black
tea, Fig. 4C-E), suggesting the potential for tea quality identification and
control based on their unique catechin fingerprints. Given the variations
in the type and abundance of compounds in different types of tea, we
applied principal component analysis to assess all extracted fingerprints
from the mass spectra of diverse tea samples. The scatter plot demon-
strated that the data derived from mass spectra effectively distinguished
between tea types (Fig. S14C).

We further monitored the redox reaction of catechins by Pt/NiFe-
LDH-enhanced LDI MS for a consecutive 2-h period (Fig. 4F). Specif-
ically, in the LDI MS analysis, the autoxidation products of catechins
were analyzed, including &-type dehydrodicatechins, dihydro-indene-
carboxylic acid, theasinensin, etc. In a typical reaction, catechins un-
dergo auto-oxidation due to their highly reactive attributes, indepen-
dent of any enzymes. Accordingly, we observed a decrease in the relative
signal intensities (intensityerma]/intensityfrglu + Nap) of the sodium salt
of four catechins respectively. Taking EC as an example, we recorded
increasing relative signal intensity of the primary auto-oxidative prod-
ucts (e.g., 8-type dehydrodicatechins, Fig. S15). In particular, the signal
intensities of EGCG and EGC displayed a more rapid decline as compared
to EC and ECG, suggesting their active nature. The different degradation
efficiency of catechins correlates with their antioxidant properties, as
the oxidation rate varies based on the number of hydroxyl groups pre-
sent in different catechins [48]. We also investigated the antioxygen
functions of ascorbic acid on catechins. Upon the introduction of
ascorbic acid, we validated the presence of ascorbic acid, as indicated by
the Na* adducted signal at m/z 199.01 as compared to the original
system (Fig. 4G). Following a 2-h reaction, the addition of ascorbic acid
resulted in a maximum 2-fold decrease in the degradation rate of all
catechins (Fig. 4H).

The LDI MS method is featured by fast analysis speed for qualifica-
tion studies but lacks sufficient accuracy for quantitation applications.
To address this flaw, we replaced conventional organic matrices with
inorganic hybrids, facilitating the formation of uniform co-crystals be-
tween analytes and the matrix. This approach eliminates the manual
search for the optimal analysis spot, enhancing the accuracy of quanti-
tative analyses. As a result, the experimental ratio between EC and EGC
(internal standard) was linearly proportional (R? = 0.999, y = 0.014x-
0.237) to the concentration of analyte (EC) with an average recovery of
98.75% and a relative standard deviation (RSD) of 1.8% (Fig. S16A).
Currently, the LC-MS method has already adopted a widely recognized
analytical technique. The detection performance acquired from the
developed LDI MS was comparable to that from LC-MS, which yielded an
average recovery of 100.68% with an RSD of 1.2% (Fig. S16B). In
addition to quantitation accuracy, LDI MS offered advantages in terms of
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sample preparation and detection time (Table S2), making it more
suitable for the swift detection and monitoring of polyphenol monomers
with chemical activities.

To confirm the feasibility of large-scale applications, we calculated
the yield rate and consumption of the Pt/NiFe-LDH hybrids on three
replicates. Our synthesis strategy exhibited a satisfactory yield of
63.56% per pass of chloroplatinic acid hexahydrate (50 mL, 10 mM),
defined as the mole ratio between final products and theoretical prod-
ucts. An average of about 100 mg of the final product was produced from
three batches, enough for 100,000 tests (1 pg/test), indicating its po-
tential for large-scale applications.

This work offered a reference method for the rapid quantitation of
polyphenols and accurate quantitation of polyphenol fingerprints. The
optimized Pt/NiFe-LDH hybrids, designed with peroxidase activity,
heterogeneous structure, and preferential affinity toward polyphenols,
are pivotal in the development of this integrated platform. Notably, the
platform featured a shortened detection time (e.g., ~2 min per sample),
making it suitable for on-site field applications. Moreover, the hybrid-
enhanced LDI MS consumed 250 times fewer samples (200 nL at most)
within a shortened duration (~seconds), enabling the direct monitoring
of the oxidation-reduction reaction of phenolic substances.

4. Conclusion

To further validate this approach, collecting more biofluid samples
from individuals who have consumed polyphenols is necessary. In the
context of drug delivery, the collection of biofluid samples from animal
models is also crucial for investigating the release and metabolism of
catechin. This analysis will play a key role in assessing the efficacy of
monitoring polyphenol bioavailability through the integrated platform
utilizing Pt/NiFe-LDH hybrids, particularly in scenarios related to
catechin pharmacokinetics in clinical and research environments.

In summary, we developed an integrated platform that supports the
quantification and qualification of polyphenols based on Pt/NiFe-LDH
hybrids. The platform facilitated the fast and easy quantitation of total
polyphenols, accurate identification of polyphenol monomers, and
monitoring the decomposition of unstable polyphenols. This strategy
could be expanded to develop assays for various polyphenols aimed at
bioavailability evaluation.
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