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Nicotinamide adenine dinucleotide (NAD") is a key coenzyme for human redox reactions, vital for cellular
health and metabolic balance. Lots of NAD"-dependent redox enzymes, like alcohol dehydrogenase (ADH)
and lactate dehydrogenase, can catalyze both forward and reverse reactions. However, substrate
accumulation and inadequate NAD* replenishment hinder forward reactions, disrupting the proper
metabolism of these substrates. In this work, we reported atomic Ce-doped Pt (Ce;Pt) nanoparticles with
abundant oxygen vacancy sites to boost NADH oxidase (NOX)-like activity for coenzyme regeneration.
Mechanistic studies reveal that atomic Ce doping increases electron density of Pt and surface defects,
enhancing O, adsorption and accelerating the rate-limiting step. Furthermore, Ce;Pt employs a 4e™
pathway for O, reduction during NADH oxidation, minimizing toxic H,O, byproducts and improving

detection accuracy by reducing oxidative interference. Finally, Ce;Pt enables NAD* regeneration and
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Accepted 4th February 2026 substrate metabolism, offering a promising strategy to counteract excessive alcohol intake or lactate
accumulation. Through competitive adsorption between the reduced coenzyme NADH of ADH and

DOI: 10.1039/d6sc00612d chromogenic substrates, a microfluidic device integrated with immobilized Ce;Pt achieves blood alcohol
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Introduction

Nicotinamide adenine dinucleotide (NAD") plays a crucial role
in the human body by participating in various biochemical
reactions, particularly in cellular metabolism and energy
production. The human body regulates energy metabolism,
redox reactions, and overall cellular health by maintaining the
balance between NAD' and NADH.>* However, impairment of
the body's health, for instance, due to excessive alcohol intake
or lactic acid accumulation, can lead to a considerable increase
in NADH levels, disrupting the balance of the NAD'/NADH
ratio.*® In the human body, the biological functions of NOX are
typically performed by other enzymes within a complex electron
transport chain, which requires the coordinated action of
multiple substrates and cannot catalyze NADH oxidation inde-
pendently.” In contrast, NOX from fungi or plants possess
a much simpler catalytic architecture, enabling more direct
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detection with a low limit of detection of 0.012 mM.

NADH oxidation (Scheme 1).** However, these NOX can reduce
O, to produce H,O, for their physiological roles, which do not
fulfill the requirements for efficient catalysis and byproduct-free
reactions essential for human biological processes. To address
this issue, researchers are eagerly exploring NOX mimics as
potential alternatives.

Nanozymes as oxidase mimics have been well developed,
which can activate O, and transfer electrons from substrates to
0,."7'* NOX-driven catalytic reactions contain two individual
half-reactions: NADH dehydrogenation and O, reduction (2e™
or 4e pathways)."”*® The designed nanozyme should not only
serve as an electron carrier, accepting electrons from NADH and
transferring them to O,, but also enable the catalysis of the
more efficient 4e~ oxygen reduction pathway." Due to tunable
electronic structures and versatile active sites, noble metal
nanomaterials exhibit superior enzyme-like activity and excep-
tional stability under harsh conditions.>*** However, research
into noble metal nanomaterials as NADH oxidase mimics and
their catalytic mechanisms remains largely unexplored.* This
limitation stems from the considerable challenge of construct-
ing electron transport structures (like Fe-S clusters or Cu ions)
like natural NOX enzymes. As a result, their ability to activate
both NADH and O, is constrained and the efficiency of proton
and electron transfer between NADH and O, is significantly
compromised.’®* More importantly, their limited electron
transfer and utilization efficiency in redox reactions promote
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Scheme 1
proposed Ce;Pt for NADH oxidation.

the generation of H,0,, which not only interferes with sensing
accuracy but also limits their future safety in biological
applications.

Herein, we synthesized atomic Ce-doped Ce,Pt with abun-
dant oxygen vacancy (OV) sites to boost the NOX-like activity for
coenzyme regeneration. Experimental investigations demon-
strated that the resultant Ce;Pt possesses superior NOX-like
activity to pristine Pt. Mechanism investigation indicates that
the atomically dispersed Ce enhances the electron density of Pt
and facilitates the formation of OV sites, thereby effectively
promoting substrate adsorption. Unlike the 2e™ pathway seen
in natural NOX, Ce;Pt catalyzes the oxidation of NADH while
facilitating the 4e™ reduction of oxygen, significantly enhancing
the utilization of electrons extracted from NADH. Through
synergistic integration with NAD'-dependent natural enzyme
systems, the as-engineered Ce;Pt nanozyme demonstrated
efficient cofactor recycling, enabling continuous bioconversion
of metabolic substrates, including ethanol, acetaldehyde, and
lactate. Then, a microfluidic platform was constructed for the
monitoring of blood alcohol with a low limit of detection of
0.012 mM.

Results and discussion
Synthesis and morphology characterization of nanozymes

By using platinum(u) acetylacetonate (Pt(acac),) and cerium(mr)
acetylacetonate (Ce(acac);) as precursors, Ce, Pt was successfully
synthesized by a one-step hydrothermal method at 180 °C for
12 h (Fig. 1a).* As a control, Pt was synthesized using the same
method, but only Pt(acac), was used as the precursor. The
morphology of the resultant Ce;Pt, which possesses a uniform
cuboctahedron morphology with an average size of ~20 nm,
was characterized by transmission electron microscopy (TEM)
(Fig. 1b). For comparison, Pt exhibits cubic morphology with
a size similar to that of Ce,Pt. The morphological changes imply
that the introduction of Ce enhances the epitaxial growth of the
crystal plane, leading to a transformation into the crystal phase
structure of Pt (Fig. S1). As shown in Fig. 1c and S2b, high-
resolution TEM (HRTEM) images reveal distinct lattice fringes
of Ce,Pt, with interplanar spacings of 0.24 nm, 0.20 nm, and
0.28 nm, corresponding to the (111), (100), and (110) planes of
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(a) The NADH oxidative respiratory chain in the human body. (b) The catalytic pathway of NOX extracted from fungi or plants, and the

Pt. In addition, energy-dispersive X-ray spectroscopy (EDS)
analysis verifies the uniform distribution of Ce and Pt within
the Ce,Pt nanoparticles (Fig. 1d). The crystal structure of Ce,Pt
was thoroughly characterized using X-ray diffraction (XRD)
(Fig. 1e). Five diffraction peaks observed at 39.8°, 46.2°, 67.5°,
81.3°, and 85.7° correspond to the (111), (100), (110), (311), and
(222) planes of Pt (PDF#04-0802), indicating the consistent
crystal structure of Pt. Further analysis using X-ray photoelec-
tron spectroscopy (XPS) revealed that the high-resolution Pt 4f
orbital can be divided into two paired peaks corresponding to
Pt° and Pt*", indicating that platinum predominantly exists in
its metallic state in both nanozymes (Fig. S3).>* The Pt 4f orbital
of Ce,Pt exhibits a shift of 0.15 eV towards lower binding energy
in comparison to the Pt nanozyme, which indicates that elec-
trons are transferred from Ce atoms to Pt atoms and Pt atoms
are enriched with electrons. As shown in Figurelf, three char-
acteristic XPS peaks at approximately 530.6 eV, 531.3 eV, and
532.4 eV correspond to lattice oxygen, oxygen defects, and
surface-adsorbed oxygen species, respectively.”® The content of
oxygen defects in Ce,Pt is significantly higher than that in Pt,
indicating that the introduction of Ce effectively removes
certain oxygen elements, leading to the formation of more OVs
within the Pt lattice.”**® Besides, electron paramagnetic reso-
nance (EPR) displays a prominent Lorentzian line at a g value of
around 2.003, suggesting a high density of unpaired electrons
and defects in Ce;Pt (Fig. S4).**° As shown in Fig. 1g, the
absence of significant Ce-Ce signals in the Fourier transform
extended X-ray absorption fine structure (EXAFS) analysis
further confirms the atomic dispersion of Ce atoms in Ce;Pt

(Fig. 1g).

NADH oxidase-like activity of nanozymes

Then, we systematically investigated the NOX-like activity of the
resultant nanozymes. NADH, serving as a substrate for NOX,
displays a characteristic UV absorption peak at 340 nm. Upon
oxidation, the absorbance at this wavelength decreases,
enabling the evaluation of the NOX-like activity of the nano-
zymes. As shown in Fig. 2a and b, Ce;Pt can significantly lower
the characteristic peak of NADH at 340 nm in comparison to Pt,
indicating that the incorporation of Ce enhances the NOX-like

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic illustration for the synthesis of Ce;Pt. (b) TEM image, (c) HRTEM image, (d) HAADF-STEM image, and the corresponding EDS

mapping images of Ce;Pt. (e) XRD patterns, (f) O 2p XPS spectra of nanozymes, and (g) EXAFS spectra of Ce Pt and CeO,.

activity of nanozyme.*** The NOX-like activity of Ce,Pt exhibits
a volcano-shaped dependence on pH, reaching maximum effi-
ciency at pH 7.4, which aligns with physiological conditions
(Fig. S5). Under the optimized pH conditions, kinetic experi-
ments indicate that the nanozyme-involved catalytic reaction
follows the Michaelis-Menten equation (Fig. 2c). The maximum
reaction rate (Via,) of Ce; Pt is 7.02 x 107> M min ", which is
1.24 times higher than that of Pt. Moreover, Ce,Pt has a lower
Michaelis constant (K,,), indicating a stronger affinity for the
catalytic substrate in comparison to Pt (Table S1).**** Notably,
the kinetic parameters of Ce,Pt surpass those reported for the
majority of previously documented nanozymes. In O,-saturated
solutions, the oxidation rate of NADH is higher than that in N,
and air-saturated solutions, confirming the essential role of O,
in the simulated oxidase reaction (Fig. 2d). To evaluate the

© 2026 The Author(s). Published by the Royal Society of Chemistry

advantages of Ce,Pt, we compared it with several common
nanozymes known for their NOX-like activity. The results
demonstrated that it shows a significant advantage in NOX-like
activity over other precious metals, metal oxides, and metal-
organic frameworks (MOFs) (Fig. 2e). Moreover, Ce,Pt benefits
from the inherent stability of noble metals, allowing them to
retain catalytic performance after being soaked or dried for 7
days. They are highly resistant to acidic and basic conditions
and can be stored at room temperature for long periods without
loss of activity (Fig. S6). Even after five cycles, Ce;Pt and Pt retain
their catalytic activity, highlighting their high stability (Fig. 2f).

Insights into the underlying catalytic mechanism

To verify the biological activity of regenerated coenzyme, we
introduced glucose and glucose dehydrogenase (GDH) into the
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(a) Absorption spectra and (b) time-dependent absorbance changes of the NADH oxidation reaction catalyzed by nanozymes. (c) The

kinetic curve of nanozymes toward NADH. (d) UV-vis absorption at 340 nm of Ce;Pt-catalyzed NADH oxidation in the N,-, air-, and O,-saturated
solutions. (e) The relative NOX-like activity of different nanozymes. (f) The cycling stability of nanozymes.

reaction system (Fig. 3a and S7). It is observed that after a 30-
minute reaction between NADH and the nanozymes, the
absorbance at 340 nm decreases, indicating that both Ce;Pt and
Pt can effectively oxidize NADH to NAD" during the process.
Then, after the removal of the nanozymes, the addition of
glucose and GDH leads to a renewed increase in absorbance. As
shown in Fig. 3b, mass spectrometry analysis shows the
changes in molecular mass in the solution before and after the
reaction. Before the reaction, the mass spectrum displayed only
a peak at 709.4, corresponding to the molecular mass of NADH.
After the reaction, the peak at 709.4 significantly weakened, and
a new peak appeared at 708.4, corresponding to the molecular
mass of NAD", which indicates that Ce,Pt can oxidize NADH to
NAD'. Using 5-(2-Carboxyphenyl)-5-methyl-1-pyrroline-N-oxide
(CYPMPO) as a spin-trapping agent, EPR was employed to
detect the free radicals generated during the Ce,Pt-catalyzed
oxidation of NADH. As shown in Fig. 3c, a strong signal of the
CYPMPO-NAD adduct was detected by EPR after 10 minutes of
reaction catalyzed by Ce;Pt, confirming the formation of the
NAD' intermediate. Then, electrochemical measurement was
used to examine the selectivity of O, reduction on nanozymes.
As depicted in Fig. 3d, nanozymes were deposited onto the disk
electrode of a rotating ring-disk setup.*

During the negative scan, the nanozyme acts as a catalyst,
promoting the transfer of electrons from the electrode to O, and
catalyzing the ORR. The results indicate that both the disk
current and ring current increase concurrently, suggesting the

Chem. Sci.

reduction of O,. The H,0, yield (% H,0,) for Ce;Pt was
measured at 0.58% with an electron transfer number of 3.99,
confirming their 4e” pathways in the O,-saturated PBS buffer
(Fig. S8a). HRP colorimetric assay also shows no color devel-
opment of TMB, which confirms that the material prefers the
four-electron pathway (Fig. S8b). Then, in situ attenuated total
reflection FTIR (ATR-FTIR) spectroscopy and Raman spectros-
copy were employed to monitor the NADH oxidation process in
real time. As shown in Fig. 3e, the intensity of the C-N signals
(~1058 cm ™) and C-H signals (~1395 cm™ ') decreases signif-
icantly, while the C=N signals (~1602 cm ') progressively
increase over time, indicating the oxidation of NADH. Further-
more, the gradually increasing peak intensities at ~3200 cm ™
indicate the progressive formation of H,O. The emergence and
increased intensity of the Raman band at ~590 cm ™' during
NADH oxidation are attributed to defect-induced lattice vibra-
tional distortion in Ce-based oxides, which is associated with
OVs. This observation confirms that OVs are dynamically
engaged in the catalytic process (Fig. 3f).*

DFT calculations of the catalytic process

To gain deeper insight into the catalytic behavior of nanozymes,
the mechanism was explored using density functional theory
(DFT) calculations (Fig. S9). The adsorption energy of O, on the
OVs of Ce,Pt was calculated to be —1.80 eV, significantly lower
than that of Pt (—0.49 eV), highlighting the superior adsorption

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3

(a) Time-dependent absorption change at 340 nm. (b) Mass spectra of the NADH oxidation reaction. (c) EPR spectra of the spin adducts

formed from CYPMPO in the reaction of NADH and Ce;Pt. (d) RRDE measurement of the selective oxygen reduction of Ce;Pt in the O,-saturated
electrolyte. (e) In situ ATR-FTIR spectra and (f) In situ Raman spectra of the nanozyme-catalyzed NADH oxidation reaction.

capability of Ce;Pt (Fig. 4a). To investigate electron transfer
between O, and the nanozymes, charge density difference
calculations were conducted (Fig. 4b and ¢, and S10). Upon O,
adsorption at the OVs, significant electron transfer was
observed within the Pt and Ce sites, resulting in a decrease in
electron density around the Pt or Ce atoms and an increase in
electron density around the O,. As illustrated in Fig. 4d, the
energy changes associated with the *OOH to *O step are
calculated to be —2.68 eV for Ce,Pt and —2.49 eV for Pt. These
values are notably lower than those of the *OOH to H,0, step
(0.66 eV for Ce,Pt and —0.42 eV for Pt), highlighting that the
Ce;Pt nanozymes exhibit a strong preference for the 4e™
pathway during O, reduction. In addition, as shown in Fig. 4e,
the d-band centers of both Ce,Pt and Pt are —2.31. While the d-
band center of Ce,Pt remains unchanged, the introduction of
Ce lowers the p-band center of the adsorbed O, resulting in
greater overlap with the d-band center. This suggests that the
incorporation of Ce enhances the interaction with oxygen
intermediates, thereby promoting the oxygen reduction reac-
tion. These findings indicate that Ce,Pt facilitates the dehy-
drogenation of NADH into a NAD" intermediate, followed by the
transfer of electrons from NADH to O,, which is subsequently
reduced to H,O (Fig. 4f).

Practical sensing applications

NAD'-dependent dehydrogenases in
including  alcohol  dehydrogenase

the human body,
(ADH), aldehyde

© 2026 The Author(s). Published by the Royal Society of Chemistry

dehydrogenase (ALDH), and lactate dehydrogenase (LDH), drive
substrate oxidation for metabolic homeostasis. However, NADH
accumulation under substrate overload induces reverse catal-
ysis, creating a vicious cycle of redox imbalance and patholog-
ical substrate retention (Fig. 5a and b).**** Especially for LDH,
since most commercially available LDHs have higher reverse
reaction activity, it becomes challenging to facilitate the forward
reaction effectively.”” Therefore, we aim to leverage nanozymes
for in situ coenzyme regeneration, which helps suppress the
reverse reaction and restore metabolic balance. As shown in
Fig. 5c, the characteristic peak of NADH at 340 nm is restored
after the addition of ethanol and ADH. This demonstrates that
the nanozyme can oxidize NADH to NAD', as a coenzyme for
ADH in the ethanol metabolism process. Similarly, the absor-
bance of NADH at 340 nm is also recovered upon the addition of
acetaldehyde and ADH, or lactate and LDH (Fig. 5d and e). It is
noteworthy that NAD" alone cannot facilitate lactate dehydro-
genation catalyzed by LDH, and the reaction occurs exclusively
in the presence of both NADH and Ce,Pt. This is because the
reverse reaction rate catalyzed by LDH in the human body is
significantly higher than its forward reaction rate, which can
only be driven under conditions where Ce,Pt continuously
catalyzes the regeneration of NAD'. Proton nuclear magnetic
resonance spectroscopy (‘"H NMR) confirmed that after the
addition of Ce;Pt, ADH can effectively metabolize ethanol.
When ethanol is used as the substrate, with ADH, ALDH, and
the nanozyme added simultaneously, the metabolic product of

Chem. Sci.
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(a) The absorption energy of nanozymes to O,. Calculated charge density differences to study the bonding interactions and the charge

transfer of (b) Ce;Pt and (c) Pt among Pt, Ce, and O atoms. The yellow/blue isosurfaces denote an increase/decrease in electron density, and the
grey, red, and yellow spheres represent Pt, O, and Ce atoms, respectively. (d) The free energy diagram of nanozymes determined by the DFT
studies. (e) Projected DOS of Pt-d, Ce-d, and O-p orbitals of nanozymes. (f) Proposed NOX-like mechanism of Ce;Pt involving NADH oxidation

and O, reduction.

the reaction is acetic acid (Fig. S11).*>** Similarly, Ce,Pt also
facilitates ALDH in metabolizing acetaldehyde and promotes
LDH in converting lactate to pyruvate (Fig. S12).**** This
demonstrates that the proposed NOX mimics exhibit the func-
tion of in situ coenzyme regeneration for inhibiting reverse
reactions and promoting substrate metabolism. Furthermore,
real-time assessment of in vivo metabolite concentrations offers
a practical method for monitoring systemic health.***” This
clinical relevance has accelerated the development of micro-
fluidic platforms featuring integrated flow reactors, miniatur-
ized architecture, and automated operation capability (Fig. 5f).
The samples (ethanol), NAD', ADH, and PBS buffer (pH 7.4)

Chem. Sci.

were introduced into the first reaction chamber for NADH
production. Then, NaAc-HAc buffer (pH 3.0) was introduced to
push the solution into the second reaction chamber and adjust
the pH to around 3.5. The intrinsic oxidase-like activity of Ce,Pt
induces competitive adsorption between TMB and NADH as
substrates. As the blood alcohol concentration increases, the
absorbance of the TMB-derived chromogenic product
decreases. Based on this mechanism, we engineered a highly
sensitive ratiometric sensor for quantifying NADH in blood
ranging from 0.02-43 mM, with a low limit of detection of
0.012 mM mg 100 mL~" (Fig. 5g).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a and b) Schematic illustration of the ethanol, aldehyde, and lactate metabolic processes. Absorption spectra of NADH oxidation and

regeneration reaction catalyzed by nanozymes with (c) ADH, (d) ALDH, or (e) LDH. (f) Nanozyme reaction system in a microfluidic device. (g) The
ratiometric calibration curves for the detection of alcohol in blood. Inset: colorimetric response to different concentrations of alcohol in blood.

Conclusions

In summary, inspired by natural enzymes, we developed Ce;Pt
nanozymes with NOX-like activity through the doping of
atomic Ce. The introduction of Ce effectively reconstructed the
Pt lattice and promoted the formation of OVs within the
materials, and the NOX-like activity of the resultant Ce;Pt
increased by 1.5 times that of Pt. Mechanistic studies reveal
that Ce-OV sites enhance O, adsorption, effectively reducing
the reaction energy change and accelerating the reaction
process. Moreover, the incorporation of Ce promotes the pref-
erence for the 4e~ O, reduction pathway in Ce;Pt, thereby
reducing H,O, generation and facilitating NADH oxidation.
By harnessing its NOX-like activity, Ce,Pt can effectively facili-
tate in situ coenzyme regeneration, promoting the forward
reaction of the enzyme-catalyzed reaction and thereby acceler-
ating substrate metabolism. Finally, Ce Pt was successfully
utilized in fabricating a microfluidic chip for detecting alcohol
in blood.
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