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ABSTRACT: Conventional sunscreens block ultraviolet B (UVB) but fail to
scavenge accumulated reactive oxygen species (ROS), causing severe photodamage.
Herein, we develop a room-temperature, aqueous coordination strategy that
assembles metal−polyphenol networks (MPNs) to confine in situ nucleation and
growth of metal oxide nanozymes. Utilizing tannic acid coordinated ceria (CeO2-
TA) as a model system, we achieve programmable regulation of surface oxygen
vacancies (Ov) by adjusting the ligand-to-metal molar ratio. This process involves
ligand-to-metal charge transfer (LMCT) mediated interfacial electron redistrib-
ution, resulting in significant enhancements in superoxide dismutase (SOD)- and
catalase (CAT)-like activities. This “ligand-unit equivalence” design is universally
applicable across diverse polyphenols, yielding highly dispersed and catalytically
efficient nanozymes. In vivo, topical CeO2-TA profoundly scavenges UVB-induced
ROS, mitigating acute skin inflammation and preserving the extracellular matrix
against photoaging. This work establishes a universal and scalable method for the
development of Ov engineered nanozymes and promotes their integration into next-generation topical sunscreens.
KEYWORDS: nanozymes, metal−polyphenol network, oxygen vacancies, antioxidant activity, photodamage therapy

Prolonged solar ultraviolet B (UVB) exposure drives
excessive reactive oxygen species (ROS) production,

causing oxidative damage to cellular lipids, proteins, and
genomic DNA and triggering severe skin inflammation and
photoaging.1−5 When antioxidant defenses are overwhelmed,
excessive oxidative stress induces cell apoptosis or necrosis.
Meanwhile, sublethal oxidative stress activates various
inflammation-related signaling pathways, thereby exacerbating
skin inflammation.2,6,7 Conventional sunscreens primarily rely
on UVB absorbers or scatterers.3,8 They decrease incident
UVB but do not address downstream oxidative and
inflammatory effects.9 Furthermore, uncertainties concerning
long-term biocompatibility,10 the limited duration of ROS
scavenging capacity, and the inadequate modulation of
immune and inflammatory pathways constrain their capacity
to deliver comprehensive and enduring photoprotection during
ongoing UVB exposure.11

Benefiting from tunable properties and robust enzyme-
mimetic activities, nanozymes have emerged as highly versatile
catalytic platforms.12−15 Antioxidant nanozymes can regulate
ROS levels by mimicking enzymes such as superoxide
dismutase (SOD) and catalase (CAT), demonstrating
potential applications in biomedical engineering.16−20 Among
these, metal oxide nanozymes such as cerium dioxide (CeO2)
are particularly attractive for interventions related to
inflammation,21,22 especially in the skin,23 owing to their

reversible Ce3+/Ce4+ redox cycling and generally advantageous
biocompatibility.24−27 Critically, the enzyme-like activity of
metal oxide nanozymes is profoundly influenced by surface
defect states, particularly the density and accessibility of oxygen
vacancies.28−30 Therefore, precisely engineering the oxygen
vacancy density is essential. However, establishing a high
density of oxygen vacancies while preserving the colloidal
stability to maintain the accessibility of vacancy-associated
active sites remains a challenge. Several approaches have been
explored to enrich oxygen vacancy populations, including
chemical reduction,31 aliovalent ion doping,28 thermal
annealing,32 pressure,33 and high-energy irradiation,34,35

typically relying on harsh thermal or reducing conditions.
These treatments further exacerbate the intrinsic thermody-
namic instability of high-surface-energy nanocrystals, driving
irreversible aggregation.36,37 Such irreversible agglomeration
reduces the accessibility of oxygen vacancy-associated active
sites, imposes mass-transport limitations, and hinders inter-
facial electron/proton transfer, thereby diminishing the
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catalytic efficiency of nanozymes. Additionally, it may adversely
affect dispersibility and stability in practical applications.25,38

Polymer or small-molecule ligands remain the primary
approach for enhancing nanocatalyst stability and dispersibility.
However, such ligands often exhibit biological inertness,
limiting precise regulation of surface electronic structures and
interfacial microenvironments,39−41 thereby restricting their
capacity to modulate enzyme-like activity. Therefore, a
generalizable and mild strategy that concurrently suppresses
agglomeration and enables precise oxygen vacancy engineering
is urgently needed.
Herein, we utilize the versatile coordination between small-

molecule polyphenols and metal ions,42−47 to construct
metal−polyphenol networks (MPNs) with programmable
physicochemical and biological functionalities.48 This network
assembles in situ to confine the nucleation and growth of metal
oxide nanozymes, thereby generating highly dispersed,
colloidally stable nanocrystals with maintained active site
accessibility and efficient mass transport. Furthermore, ligand
to metal charge transfer (LMCT)49 and the mild electron-
donating nature of polyphenols induce and stabilize surface
oxygen vacancies, enabling controllable oxygen vacancy density
(Scheme 1a). The intrinsic antioxidant properties of
polyphenols combined with oxygen vacancy engineering
significantly enhance the enzyme-like catalytic activity of
antioxidant nanozymes. Consequently, this strategy presents
a promising approach for the effective and sustainable
regulation of ROS, as well as the treatment and prevention
of UVB-induced skin inflammation (Scheme 1b).

■ PREPARATION AND CHARACTERIZATION OF
METAL−POLYPHENOL NANOZYMES

Tannic acid (TA) contains numerous phenolic hydroxyl
groups (−OH), exhibiting multidentate coordination proper-
ties.44,50 Under mildly alkaline conditions, deprotonated TA
coordinates metal ions (e.g., Ce3+) to self-assemble into an
MPN. Concurrently, TA confers mild electron-donating
capability and intrinsic antioxidant capacity, while the induced
LMCT effectively modulates the interfacial electronic
structure. Based on these properties, TA is an effective ligand
and building block for achieving confinement-assisted nano-
crystal dispersion and tunable surface oxygen vacancies (Ov).
Therefore, to investigate the influence of MPNs on nanocrystal
dispersion and Ov engineering in CeO2, we established an
aqueous, room-temperature, in situ confinement-assisted syn-
thesis method to prepare TA-coordinated cerium oxide
nanozymes (CeO2-TA).
Specifically, Ce(NO3)3·6H2O was combined with TA in an

aqueous solution. Upon adjusting the pH to a slightly alkaline
level with dilute ammonia, a TA−Ce network formed rapidly.
This network sequestered the cerium precursors and imposed
nanoscale confinement on subsequent nucleation and crystal
growth. Under these MPN-confinement conditions, slow
oxidative crystallization at room temperature resulted in
uniformly dispersed CeO2-TA nanocrystals. Bare CeO2
prepared in the absence of polyphenolic ligands served as
the control (Figure 1a, b). Furthermore, a ligand equivalence
gradient (TA:Ce = 0, 0.0125, 0.025, 0.05, 0.1, 0.5, and 1) was

Scheme 1. MPN-Confined Synthesis of Metal−Polyphenol Nanozymes with Programmable Oxygen Vacancies for UVB-
Induced Skin Photodamage Therapy: (a) Programmable Regulation of Oxygen Vacancies and Enzyme-like Activities via
Tuning the Polyphenol-to-Metal Ratio during Confined Nucleation; (b) Topical Application of Nanozymes to Scavenge ROS,
Attenuate Inflammation, and Promote Photodamage Repair.
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used to systematically assess the influence of polyphenols on
the synthesis of nanozymes. As shown in Figure 1c, after 24 h
of quiescent storage, a TA-free (bare) CeO2 dispersion
exhibited pronounced sedimentation. In addition, dynamic
light scattering (DLS) analysis showed that both the
hydrodynamic diameter (Figure 1d) and polydispersity index
(PDI) (Figure 1e) of the CeO2-TA nanozymes initially
decreased and then increased as the molar amount
(polyphenol/Ce ratio) of the polyphenol ligand was raised.
When the polyphenol ligand equivalence was 0.1, the
hydrodynamic diameter reached a minimum size (∼24.7
nm), indicating optimal dispersion under these conditions.

Transmission electron microscopy (TEM) imaging further
confirmed that uncoated CeO2 nanoparticles exhibited
significant aggregation and morphological heterogeneity
(Figure 1f). At a ligand equivalence of TA:Ce = 0.1, the
particles were uniformly dispersed (Figure 1g), with an average
crystal size of ∼3.5 nm (Figure S1). These observations
indicated that the MPN effectively confines nucleation and
growth, yielding uniformly small and highly dispersed
nanocrystals, which proved advantageous for transdermal
therapy of skin inflammation. Additionally, the zeta potential
of the metal−polyphenol nanozymes became more negative as

Figure 1. Preparation and characterizations of metal−polyphenol nanozymes. Schematic diagram of the preparation process of bare CeO2 (without
polyphenol ligands) (a) and CeO2-TA nanozymes (b). (c) Photographs of metal−polyphenol nanozymes prepared with increasing ligand content.
From left to right (0−6), the TA:Ce molar ratios are 0, 0.0125, 0.025, 0.05, 0.1, 0.5, and 1. Hydrodynamic diameter (d) and polydispersity index
(e) of metal−polyphenol nanozymes. TEM images of CeO2 (f) and CeO2-TA (g). Scale bars: 10 nm. (h) Zeta potential of metal−polyphenol
nanozymes. Data are presented as mean ± SD (n = 3).
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ligand equivalence increased (Figure 1h), indicating successful
modification of the phenol ligand.
To evaluate the effect of MPN confinement on crystal

structure, X-ray diffraction (XRD) patterns of the metal−
polyphenol nanozymes were measured. When the polyphenol
ligand equivalent was less than or equal to 0.1 (five samples),
all patterns showed the characteristic diffraction signals of
cubic fluorite-type CeO2 (PDF 00-034-0394) with no
additional impurity peaks. Furthermore, the diffraction peaks
of CeO2-TA exhibited modest peak broadening that increased
with ligand equivalence (Figure 2a), consistent with a
reduction in coherent crystallite size. High-resolution TEM
(HRTEM) images showed lattice fringes assignable to the
CeO2 (111) planes (Figure 2b, c), corroborating the phase
identified by XRD, and further demonstrated a contracted
d(111) spacing of ∼0.29 nm relative to the standard ∼0.31 nm
of CeO2, indicating confinement-induced lattice strain caused
by polyphenol coordination and the restricted growth
environment established by the MPN framework. However,
at higher ligand equivalents (TA:Ce = 0.5 or 1.0), the
characteristic diffraction peaks of CeO2 disappeared, and the
diffraction pattern was mainly composed of a broad amorphous
peak, which was attributable to the organic MPN/carbona-
ceous matrix. This could be due to the excessive coordination

of polyphenols, which hindered the oxidative growth of
crystals. In the Fourier transform infrared (FTIR) spectra of
CeO2-TA (TA:Ce = 0.1), bands assignable to the galloyl/ester
carbonyl (ν(C�O), ∼1719 cm−1) and aromatic ring
stretching (Ar ν(C�C), ∼1607 cm−1) were attenuated and
shifted, while the vibrations of δ(C−H) at ∼1444 cm−1, ν(C−
O) at ∼1317 cm−1, and aromatic ν(C�C) at ∼1531 cm−1

exhibited discernible shifts and splitting, supporting the
coordination interaction between the Ce ion and the −OH
group of the polyphenol ligand (Figure S2). Furthermore, a
broad absorption band in the UV−vis spectrum at 300−400
nm, which was attributed to LMCT from phenolate donors to
Ce centers, corroborated polyphenol coordination and MPN
formation (Figure 2d). Furthermore, to assess whether MPN
confinement enabled controlled engineering of surface Ov, X-
ray photoelectron spectroscopy (XPS) was performed on the
Ce 3d and O 1s regions (excluding samples with polyphenol
ligand equivalents of TA:Ce = 0.5 and 1.0, contained within an
amorphous MPN matrix). Figure S3 presented the survey XPS
spectrum of the metal−polyphenol nanozymes, confirming the
presence of Ce, O, and C. Deconvolution of the multi-
component Ce 3d envelope showed that the Ce3+ fraction
increased from 26.58% to 49.57% with increasing ligand
equivalence, accompanied by the decrease in average Ce

Figure 2. Ligand-programmed oxygen vacancy engineering in metal−polyphenol nanozymes. (a) XRD diffraction patterns of metal−polyphenol
nanozymes. (b) High-resolution TEM image of CeO2-TA and (c) lattice fringes of a CeO2 nanocrystal. Scale bars: 10 and 2 nm, respectively. (d)
UV−vis absorption spectra of TA, CeO2, Ce3+-TA, and CeO2-TA (the TA:Ce molar ratios are 0.1). (e) Ce 3d XPS spectra of metal−polyphenol
nanozymes. (f) Relative concentration of Ce3+ and average Ce valence state in the metal−polyphenol nanozymes. (g) O 1s XPS spectra of metal−
polyphenol nanozymes. (h) Raman spectra of the metal−polyphenol nanozymes. (i) EPR spectra of the metal−polyphenol nanozymes.
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valence (Figure 2e, f). The O 1s spectra were separated into
three peaks: lattice oxygen (Olatt), vacancy-related oxygen
(Ov), and adsorbed oxygen (Oads). The Ov proportion
increased from 41.53% in bare CeO2 to 50.28% in CeO2-TA
(Figure 2g). These trends indicated that MPN confinement of
CeO2-TA nanozymes enriched the surface oxygen vacancies.
Furthermore, Raman spectroscopy was performed to

evaluate the tunability of defects in metal−polyphenol
nanozyme structures. As shown in Figure 2h, the ∼456 cm−1

band corresponded to the triply degenerate F2g mode of CeO2
(Ce−O symmetric stretching), while the defect-induced band
(D) at 550−610 cm−1 was associated with surface/near-surface
disorder and oxygen vacancies. Relative to bare CeO2,
increasing ligand equivalence led to a slight red-shift of F2g
(∼458 to ∼444 cm−1) and peak broadening, together with a
relative intensification of the D band, indicating increased
defect density and local lattice distortion. Using the integrated-
area ratio AD/AF2g as a semiquantitative descriptor, AD/AF2g
increased with ligand equivalence (Figure S4), identifying that
MPN confinement under mild conditions generated and
stabilized surface Ov. Consistently, electron paramagnetic
resonance (EPR) revealed a signal at g = 2.003 attributable

to Ov-related unpaired electrons; its intensity increased with
the equivalence of ligand and reached a maximum at TA:Ce =
0.1 (Figure 2i), confirming that MPN confinement enables
controllable Ov engineering.

■ GENERALIZABLE MPN-CONFINED SYNTHESIS OF
METAL−POLYPHENOL NANOZYMES

To verify the universality of the MPN-confined nanocrystal
growth strategy and to analyze the influence of ligand structure
on the structure−activity relationship, three representative
polyphenols, epigallocatechin gallate (EGCG), gallic acid
(GA), and pyrogallol (PG), were selected to synthesize
corresponding metal−polyphenol nanozymes (CeO2-EGCG,
CeO2-GA, and CeO2-PG) (Figure S5a). Based on ligand
equivalence optimized within the TA system, the synthesis
conditions were adapted to preserve the fluorite phase of
CeO2. The effective ligand equivalent was TA:Ce = 0.1.
Furthermore, to ensure comparability across different ligands, a
normalization strategy termed “ligand-unit equivalence” was
implemented. This approach involved treating each galloyl and
catechol fragment as a single coordination unit and adjusting
the feed amounts accordingly, ensuring that all systems

Figure 3. Versatile synthesis and antioxidant activity of metal−polyphenol nanozymes. Hydrodynamic diameter (a) and zeta potential (b) of CeO2-
EGCG, CeO2-GA, and CeO2-PG. Data are presented as mean ± SD (n = 3). (c) XRD diffraction patterns of CeO2-EGCG, CeO2-GA, and CeO2-
PG. (d) Schematic illustration of the ROS and reactive nitrogen species (RNS) scavenging capacities of metal−polyphenol nanozymes. SOD-like
(e) and CAT-like (f) activities of metal−polyphenol nanozymes. ABTS•+ (g) and DPPH• (h) radical scavenging capacity of metal−polyphenol
nanozymes. Data are presented as mean ± SD (n = 3). (i) Heat map summarizing the antioxidant performance of metal−polyphenol nanozymes.
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maintained an identical ligand-to-Ce ratio. Under these
matched conditions, metal−polyphenol nanozymes were
prepared (Figure S5b). TEM showed that uniformly dispersed
nanocrystals were obtained in all three ligand systems (Figure

S5c−e). DLS indicated hydrodynamic diameters of approx-
imately 35.2, 24.6, and 36.5 nm for CeO2-EGCG, CeO2-GA,
and CeO2-PG, respectively, and all three nanozymes exhibited
negative zeta potentials (Figure 3a, b), combined with the

Figure 4. In vitro cytoprotective effects of CeO2-TA nanozymes against UVB-induced cellular photodamage. (a) Schematic illustration of HaCaT
cell protection by CeO2-TA nanozymes under UVB irradiation. (b) Cell viability of HaCat cells after UVB irradiation. Data are presented as mean
± SD (n = 3). (c) Flow cytometry analysis of intracellular ROS levels in HaCaT cells after UVB irradiation. (d) Representative scratch-wound
images of UVB-injured HaCaT monolayers at 0, 12, and 24 h after CeO2 and CeO2-TA treatment. Scale bars: 200 μm. (e) Quantification of scratch
distance. Data are presented as mean ± SD (n = 3). (f) Flow cytometric profiles of apoptotic HaCat cells after UVB irradiation. (g) Quantification
of late apoptotic HaCaT cells. Data are presented as mean ± SD (n = 3). (h) Live/dead staining of HaCat cells. Scale bars: 100 μm.
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FTIR spectra (Figure S6a−c), confirming successful mod-
ification with the polyphenol ligands. The XRD pattern
showed retention of the CeO2 crystalline phase (Figure 3c).
These results collectively suggested that the MPN-confined
growth strategy could be applied to a diverse range of
polyphenol ligands, yielding small, highly dispersed, and
structurally preserved nanocrystals.

■ ANTIOXIDANT ACTIVITY OF
METAL−POLYPHENOL NANOZYMES

Accordingly, we systematically evaluated the antioxidant
catalytic activity of the nanozymes. Metal−polyphenol nano-
zymes modified with different polyphenol ligands exhibited
significant ROS/RNS scavenging capabilities (Figure 3d). As
shown in Figure 3e and f, compared with bare CeO2 without
polyphenol modification, the SOD-like and CAT-like activities
of the metal−polyphenol nanozymes were significantly
enhanced, and CeO2-TA nanozymes exhibited a dose-depend-
ent increase (Figure S7a−c). Consistently, the CAT-like
activity of CeO2-TA nanozymes measured by dissolved-oxygen
detection also showed concentration-dependent activities.
Furthermore, the RNS scavenging ability of the metal−
polyphenol nanozymes was assessed using ABTS•+ and
DPPH• (Figure 3g, h). The results showed higher RNS
scavenging efficiency after polyphenol coordination and
displayed concentration-dependent behavior (Figure S8).
Taken together, these results indicated that MPN-confined
nucleation and growth produced highly dispersed nanocrystals
with an oxygen vacancy enriched surface, while LMCT
facilitated interfacial electron transfer. This cooperative
regulation of surface defects under MPN confinement was
therefore a key determinant of the enhanced enzyme-like
catalytic activity. Differences in antioxidant activity among
polyphenol systems were modest, likely due to our “ligand-unit
equivalence” normalization that aligned the number of
coordinated fragments across ligands. Furthermore, CeO2-TA
nanozymes demonstrated enhanced performance across multi-
ple antioxidant measurements (Figure 3i).

■ IN VITRO ANTIOXIDANT ACTIVITY OF CEO2-TA
NANOZYMES

To evaluate the in vitro antioxidant activity of CeO2-TA
nanozymes, the cytocompatibility of these nanozymes was first
assessed in keratinocyte (HaCaT) cells and murine macro-
phage (RAW 264.7) cells. The CeO2-TA nanozymes exhibited
negligible cytotoxicity up to 500 μg mL−1 (Figure S9a, b).
Quantitative analysis via inductively coupled plasma optical
emission spectrometry (ICP-OES) (Figure S10) revealed
efficient cellular uptake of CeO2-TA nanozymes, peaking at
approximately 6 h. Subsequently, 2′,7′-dichlorodihydrofluor-
escein diacetate (DCFH-DA) was used as a probe to detect
intracellular ROS levels. HaCaT cells and RAW 264.7 cells
were stimulated with H2O2 and LPS to induce excessive
intracellular ROS production. Flow cytometry analysis showed
that CeO2-TA nanozymes exhibited superior ROS scavenging
ability compared to bare CeO2. Fluorescence microscopy
images further showed the weakest green fluorescence signal in
CeO2-TA nanozyme-treated cells, demonstrating that CeO2-
TA nanozymes can mitigate the oxidative response caused by
H2O2 and LPS, consistent with the flow cytometry results
(Figures S11−S13). Consequently, we further evaluated the

ability of CeO2-TA nanozymes to reduce UVB-induced
intracellular ROS in a photodamage cell model (Figure 4a).
Consequently, a model of UVB-induced cellular photo-

damage was developed by exposing HaCaT cells to a
narrowband UVB lamp (311 nm). The results showed that
the cell viability decreased progressively with increasing
irradiation time. At 4 min (∼100 mJ/cm2), cell viability
decreased to ∼65% (Figure S14). On this basis, we selected
100 mJ/cm2 for subsequent assays to evaluate the regulatory
effect of CeO2-TA nanozymes on the UVB-induced cell
photodamage model. As shown in Figure 4b, CeO2-TA
treatment increased the viability of UVB-irradiated cells and
performed better than bare CeO2. Simultaneously, intracellular
ROS levels in the UVB-induced cell model were measured
using DCFH-DA, and flow cytometry results showed that
CeO2-TA nanozymes could attenuate the UVB-induced
oxidative response, likely due to enhanced antioxidant activity
(Figures 4c and S15). Furthermore, UVB exposure also
impaired keratinocyte migration, which is essential for tissue
repair. Scratch-wound assays showed that HaCaT cell
migration was significantly reduced after UVB exposure
(Figure 4d, e). After CeO2-TA nanozyme treatment, the cell
migration rate significantly increased at the 24 h time point,
indicating CeO2-TA nanozymes can significantly protect
HaCaT cells from UVB-induced cell damage. Annexin V/PI
staining was further employed to quantify apoptosis.
Quantitative analysis revealed that the CeO2-TA nanozyme
treatment group effectively inhibited the cell apoptosis
(0.64%), lower than bare CeO2 (1.42%) and approaching
the normal group (Figure 4f, g). Live/dead staining exhibited a
similar trend (Figures 4h and S16). In conclusion, the CeO2-
TA nanozymes could effectively alleviate ROS-induced damage
in skin cells following UVB irradiation and inhibit apoptosis
and necrosis.

■ TOPICAL CEO2-TA NANOZYMES MITIGATE
UVB-INDUCED SKIN INFLAMMATION

Next, we assessed the therapeutic effectiveness of CeO2-TA
nanozymes in a mouse model of UVB-induced skin damage.
First, whether nanoparticles can penetrate the stratum
corneum and enter the skin was crucial to their ability to
suppress skin inflammation. Therefore, we first quantified the
skin penetration of CeO2-TA nanozymes. As shown in Figure
S17, after topical application of CeO2-TA nanozymes to mouse
dorsal skin, ICP-OES detected ∼170 μg Ce content in skin
tissue at 24 h. This result indicated that CeO2-TA nanozymes
penetrated the stratum corneum and accumulated in the skin,
providing a basis for subsequent therapeutic evaluation of
UVB-induced inflammation. Accordingly, we evaluated the
treatment effect of topical CeO2-TA nanozymes on UVB-
induced photodamage. Specifically, a photodamage model was
established by irradiating the dorsal skin of mice with a narrow-
band UVB lamp (311 nm, ∼560 mJ/cm2 per day) for three
consecutive days (Figure 5a). The overall appearance of the
dorsal skin was recorded during this period. As shown in
Figure 5b and Figure S18, the UVB-control group exhibited
typical features of photodamage after repeated irradiation,
including erythema, edema, surface erosion, and crusting. After
5 days of topical treatment, the CeO2-TA group showed visibly
improved skin appearance compared with both the UVB-
control group and the CeO2 group, whereas the CeO2 group
showed only partial improvement. These observations were
consistent with efficient intradermal delivery and sustained
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ROS scavenging by CeO2-TA, along with MPN-confined
synthesis, which enabled Ov enrichment to enhance anti-
oxidant catalysis. To evaluate pathological changes and
collagen deposition in photodamaged skin tissue after
treatment, H&E and Masson stainings were performed. The
H&E results with quantitative analysis showed that, compared
to the normal group, the UVB-control group exhibited
significant epidermal hyperplasia characterized by acanthosis
and elongation of rete ridges (Figure 5c, e). In the mice treated
with bare CeO2, these lesions were only partially reduced, and
epidermal thickening persisted. However, topical CeO2-TA
nanozymes markedly diminished epidermal hyperplasia, with
minimal acanthosis and almost no rete-ridge elongation,
indicating reduced inflammation. Collagen fibers represent a
principal structural component of the dermal extracellular
matrix, critically responsible for maintaining the skin’s
mechanical strength and structural integrity. When the skin
was damaged by ultraviolet radiation, oxidative stress occurred,
leading to skin aging and collagen fiber loss. Given the
structural role of dermal collagen, Masson’s trichrome was
used to evaluate matrix integrity. As shown in Figure 5d and f,

UVB irradiation resulted in the disruption and rarefaction of
collagen bundles within the control group, concomitant with
thickening of the spinous layer. After treatment with CeO2-TA
nanozymes, the skin experienced less collagen loss and better
maintained bundle integrity compared to bare CeO2,
indicating CeO2-TA nanozymes could reduce UVB-induced
matrix damage. Subsequently, dihydroethidium (DHE) stain-
ing was used as an ROS probe to assess oxidative stress in skin
tissues. As shown in Figures 5i and S21a, DHE fluorescence
intensity was markedly reduced in photodamaged skin after
topical CeO2-TA treatment, consistent with reduced oxidative
stress and alleviated skin inflammation. Immunofluorescence
for pro-inflammatory cytokines further showed lower TNF-α
and IL-1β signals in the CeO2-TA group, demonstrating
suppression of downstream inflammatory responses. By
contrast, the bare CeO2 group exhibited only partial
attenuation of both DHE signal and cytokine expression
(Figures S19 and S20). These results demonstrated that the
CeO2-TA nanozymes reduced oxidative stress more effectively
in UVB-induced skin photodamage models. As shown in
Figures 5g and S21b, the UVB-induced cells displayed
markedly elevated γ-H2A.X signals in both the epidermis and
the dermis, which were effectively suppressed to near-normal
levels after CeO2-TA treatment, whereas bare CeO2 showed
only partial reduction. Consistently, the green fluorescence
fraction of cleaved caspase-3 positive cells was lowest in the
CeO2-TA group (Figures 5h and S21c), indicating that CeO2-
TA nanozymes attenuated UVB-induced cell apoptosis. In
conclusion, the results demonstrated that CeO2-TA nano-
zymes could mitigate oxidative stress in UVB-induced skin
photodamage and provide effective treatment to slow the
progression of photoaging by reducing DNA damage and
inhibiting cell apoptosis. Furthermore, H&E staining of major
organs revealed no treatment-related inflammatory infiltrates,
necrosis, or architectural abnormalities compared with
controls, indicating satisfactory biocompatibility (Figure
S22). Notably, topical CeO2-TA also provided robust photo-
protection against UVB irradiation by scavenging ROS,
mitigating acute skin inflammation, and preserving dermal
collagen continuity (Figures S23−S28).
In summary, we developed a universal, mild aqueous

strategy using MPNs to confine the in situ nucleation and
growth of highly dispersed metal oxide nanozymes. Using
CeO2-TA as an example, we demonstrated programmable
surface Ov was achieved by tuning the ligand-to-metal ratio.
Correlative characterization and functional evaluation con-
sistently showed that LMCT-mediated interfacial electron
redistribution, together with Ov enrichment, enhanced SOD-
and CAT-like activities. This strategy was readily generalized to
other polyphenols (EGCG, GA, and PG). In vivo, the metal−
polyphenol nanozymes provided photoprotection against
UVB-induced damage by efficiently scavenging ROS and
attenuated inflammatory responses. Overall, MPN confine-
ment not only ensures uniform nanocrystal dispersion but also
enables programmable surface oxygen vacancy regulation and
facilitates LMCT-mediated interfacial electron transfer. This
synergistic integration significantly yields enhanced enzyme-
like catalytic activity, thereby providing a general pathway for
the development of stable, sustained action antioxidant
nanozymes and their topical formulations for photoprotec-
tion/skin inflammation intervention.

Figure 5. Topical CeO2-TA nanozymes mitigate UVB-induced skin
photodamage in mice. (a) Schematic illustration of the UVB-induced
skin photodamage and topical treatment protocols in mice. (b)
Photographs of representative skin treated with CeO2 and CeO2-TA
nanozymes at 0 and 5 days. Histological analysis of the skin by H&E
(c) and Masson (d) staining. Scale bars: 200 μm. Quantification of
epidermal thickness (e) and collagen volume fraction (f) in UVB-
damaged skin after the indicated treatments. Data are presented as
mean ± SD (n = 3). Immunofluorescence staining for γ-H2A.X (g),
cleaved caspase-3 (h), and DHE (i) in the skin to assess DNA
damage, apoptosis, and oxidative stress, respectively. Scale bars: 100
μm.
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