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An ultrasmall theranostic nanozyme for abdominal 
aortic aneurysm management and therapeutic 
efficacy monitoring
Wanling Liu1,2, Yihong Zhang1, Xiaomiao Cui1, Qi Sun1, Xiang Gu1, Tong Li1, Shicheng He3,  
Zhexue Qin2, Hui Wei1,4,5,6*

Abdominal aortic aneurysm (AAA) is a life-threatening condition lacking effective drug interventions, and its pro-
gression is difficult to predict, complicating early clinical management. Here, we present a reactive oxygen spe-
cies–responsive theranostic nanozyme for AAA early intervention and efficacy monitoring, establishing a feedback 
loop between treatment and diagnostics. OZn, designed by encapsulating ultrasmall Prussian blue (SPBZn) with-
in oxidation-sensitive dextran, targets aneurysm sites, where it responds to inflammatory microenvironments by 
releasing SPBZn. In vivo, SPBZn not only mitigated CaCl2-induced aneurysm expansion and AAA progression in rat 
models but also enabled noninvasive diagnostic monitoring via urinalysis due to its enzymatic activities and renal 
metabolism. This theranostic nanozyme dynamically regulated therapeutic efficacy and provided feedback on 
disease progression. By preventing vascular rupture through early intervention and enabling precise drug admin-
istration, this work highlights a transformative strategy for integrating diagnostics and therapy to improve AAA 
management and clinical outcomes.

INTRODUCTION
Abdominal aortic aneurysm (AAA) is a life-threatening enlarge-
ment of the aorta and one of the leading causes of mortality and 
morbidity in the elderly (1, 2). Guidelines recommend surgical in-
tervention for large asymptomatic AAA, as well as symptomatic and 
ruptured cases (3, 4). While surgical repair is the standard treatment 
for AAA, it is invasive, associated with complications, and has lim-
ited long-term effectiveness. Moreover, ~20 to 30% of patients un-
dergoing endovascular repair require reintervention within 5 years, 
leading to reduced patient compliance and increased surgical risk 
and mortality (5–7). Patients with small asymptomatic aneurysms 
or those with anatomical constraints are often left untreated and 
placed under surveillance. However, AAA progression is nonlinear 
and unpredictable, with a high risk of sudden rupture, presenting 
substantial challenges for disease management (8). Despite being 
asymptomatic before rupture, AAA rupture is often lethal, with a 
mortality rate of 85 to 90% (5, 9). Meanwhile, patients who usually 
undergo “clinical monitoring” face psychological stress and leave 
the risk of rupture unaddressed. These challenges highlight an ur-
gent need for pharmacological therapies to slow aneurysm growth 
and reduce rupture risk. Unfortunately, there are no effective drugs 
to prevent aneurysm growth or delay rupture in clinical (7, 10). 
Developing effective pharmacological treatment will provide safer, 
less invasive alternatives to surgery and offer a crucial approach for 

noninvasive therapeutic efficacy monitoring, addressing critical gaps 
in AAA management.

The pathogenesis of AAA is tangled and involves inflammatory 
cell infiltration, aortic wall dilatation and calcification, oxidative 
damage, and degradation of the arterial elastic matrix. Among these 
factors, oxidative stress and excessive reactive oxygen species (ROS) 
are the critical causes in driving early AAA progression (8, 11–18), 
making ROS regulation a promising therapeutic target. ROS down-
regulation is crucial for mitigating inflammation, protecting vascular 
smooth muscle cells (VSMCs) from apoptosis, preserving extracel-
lular matrix integrity, and inhibiting AAA progression. The redox 
balance in normal cells is maintained by antioxidant enzymes like 
superoxide dismutase (SOD) and catalase (CAT). Administering 
these antioxidant enzymes as a therapeutic intervention has shown 
potential in preventing AAA progression (19, 20). However, the 
therapeutic use of natural enzymes is limited by their low stability 
and immunogenicity, necessitating the exploration of enzyme mim-
ics for AAA management.

To address these challenges, we chose nanozymes, with enzyme-
like theranostic capacities (21–27), for early intervention of AAA as 
well as noninvasive monitoring of therapeutic efficacy. We focused 
on Prussian blue (PB) nanozymes for their broad antioxidant mi-
metic activities, excellent biocompatibility, and tunable particle size. 
As shown in Fig. 1, we designed a ROS-triggerable nanozyme with 
targeted delivery to aneurysms by taking advantage of aneurysms’ 
characteristic pathophysiology. Specifically, ultrasmall Prussian blue 
analog (SPBZn) was encapsulated within an oxidation-sensitive 
polymer, forming a theranositic agent, named OZn. OZn passively 
accumulated at aneurysm sites, releasing SPBZn in response to the 
inflammatory microenvironment, where its antioxidant activities 
efficiently prevented AAA progression. Moreover, ultrasmall SPBZn 
was metabolized by the kidneys, allowing for noninvasive diagnostic 
monitoring via urinalysis. This theranostic nanozyme not only fa-
cilitated early intervention and therapeutic efficacy assessment dur-
ing treatment but also provided dynamic regulation and real-time 
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feedback on disease status. This study highlights a synergistic inte-
gration of therapeutic and diagnostic functionalities, offering a prom-
ising approach for managing AAA.

RESULTS
Design, synthesis, and characterizations of 
ROS-responsive nanozyme
To engineer a ROS-responsive nanozyme, we first prepared the PB 
with ultrasmall size. We used an ethanol/water mixture as the sol-
vent and polyvinylpyrrolidone (PVP) as the surface capping agent 
to get the ultrasmall PB (SPB) nanozyme (28). By doping PB with 
zinc ion, we obtained SPBZn nanozyme (29). The structures of 
SPB and SPBZn nanozymes were determined by powder x-ray 
diffraction (XRD) (Fig. 2A). The peaks at 17.5°, 24.6°, 35.2°, and 
39.5° can be respectively assigned to the planes of PB. The result of 
XRD confirmed that the crystal structure of SPB and SPBZn was 
identical to that in the Joint Committee on Powder Diffraction 
Standards (JCPDS) card no. 33-1061. Transmission electron mi-
croscopy (TEM) imaging revealed that both the SPB and SPBZn 
nanozymes display a uniform size of about 3 nm (Fig. 2B). X-ray 
photoelectron spectroscopy (XPS) was used to analyze the effect 
of doping on the chemical states of these two ultrasmall nano-
zymes. The apparent peaks lying around 1021 eV indicated the 
presence of Zn in SPBZn (fig. S1E). To quantify the doping level, an 

inductively coupled plasma optical emission spectrometer (ICP-OES) 
gave an Fe:Zn ratio of 7.74:1 in SPBZn, indicating successfully Zn in-
corporation (table S1). Energy-dispersive x-ray spectroscopy and 
elemental mapping further revealed the presence and even dis-
tribution of Zn (fig. S2), which demonstrate successful Zn incor-
poration and homogeneous distribution within SPBZn. Collectively, 
these results confirm the successful synthesis of ultrasmall SPB and 
SPBZn nanozymes.

Next, we examined the antioxidant properties of both SPB and 
SPBZn. Enzymes play a crucial role in enzyme catalyzed therapy by 
facilitating anti-ROS cascade reactions. This process begins with the 
conversion of O2

•− into H2O2 by SOD, followed by the transforma-
tion of H2O2 into water and O2 by CAT. First, we assessed the SOD-
like activity by monitoring the O2

•− scavenging (Fig. 2C). Meanwhile, 
we measured the CAT-like activity using the dopamine-based CAT 
assay (30), confirming the higher CAT-like activity of SPBZn than 
SPB (Fig. 2D). With the superior SOD- and CAT-like activity, the 
SPBZn nanozyme exhibited superior antioxidant activity compared 
to SPB. Its excellent antioxidant activity indicated that the SPBZn 
nanozyme shows greater potential for AAA therapy.

Once the antioxidant activity of SPBZn nanozyme was con-
firmed, we used the oxidizable dextran (Oxi-DEX) carrier as the 
ROS-responsive element to achieve targeting. Oxi-DEX, composed 
of polysaccharide dextran (DEX), was chosen for its biocompatibil-
ity, biodegradability, and ease of modification (Fig. 2E). Pinacol 

Fig. 1. Schematic illustration of OZn theranostic nanozyme for AAA management and therapeutic efficacy monitoring. (A) In vivo, OZn passively accumulated at 
aneurysm sites, releasing SPBZn in response to inflammation to prevent AAA progression via antioxidant activity. (B) In addition, the kidneys metabolized SPBZn, allowing 
noninvasive diagnostic monitoring via urinalysis based on its enzyme-mimicking activities. The monitoring signal can reflect the disease index. This theranostic approach 
integrates therapy and diagnostics, offering dynamic regulation and feedback for nanozyme therapeutic efficacy monitoring and effective AAA management.
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boronic esters, a type of arylboronic esters, were selected as trigger-
ing groups due to their convenient degradation mediated by H2O2 
under physiological conditions (31). In addition, ROS-triggered 
oxidation of Oxi-DEX generates phenylboronic acid, which can ad-
here to cells or extracellular matrix at inflamed sites (32). These 
combined effects likely contribute to the targeting efficiency of the 
nanozyme. First, we synthesized the imidazoyl carbamate (fig. S4) 
and used it to modify DEX at the hydroxyl groups, forming Oxi-
DEX. Then, SPBZn nanozyme was encapsulated in Oxi-DEX parti-
cles using standard emulsion techniques to form the ROS-responsive 
nanozyme, OZn. The incorporation of SPBZn was confirmed by 
Fourier transform infrared (FTIR) spectra, which shows that the 
OZn retained the characteristic peak of SPBZn representing C≡N 
stretching vibrations around 2070 cm−1 (29). Moreover, SPBZn 
showed negligible impact on the structure of Oxi-DEX (Fig. 2F). A 
scanning electron microscope (SEM) and dynamic light scattering 
(DLS) indicated that the OZn nanozyme was nearly spherical 
(Fig. 2G), with a mean diameter of 120 ± 15 nm (figs. S6 and S7). In 
addition, all nanozymes exhibited negative zeta potential values 
(Fig. 2H), which can target the inflammation lesion site effectively. 
The OZn retained the SOD- and CAT-like activities (fig. S8).

Next, we examined the H2O2-mediated degradation behaviors of 
OZn nanozyme. After incubating OZn with H2O2, one of the most 
common ROS, the ROS-responsive degradation profiles were record-
ed by an ultraviolet-visible (UV-vis) spectrophotometer (Fig. 2I). The 
UV-vis absorption spectra of SPBZn after incubation with H2O2 are 
shown in the inset of Fig. 2I. Degradation analysis revealed that less 
than 50% of the total SPBZn was released from OZn after 72 hours 
in phosphate-buffered saline (PBS) (Fig. 2J). In contrast, the release 
of SPBZn from OZn was substantially accelerated by H2O2. Nearly 
complete release of SPBZn was observed after 1 hour, demonstrat-
ing a marked increase compared to conditions without H2O2. These 
in vitro experiments confirmed the ROS-responsive release proper-
ties of the OZn nanozyme. Before testing cellular bioactivity, we 
confirmed electron spin resonance (EPR) that SPBZn does not cata-
lyze •OH formation from H2O2 via Fenton reaction, ensuring that its 
ROS scavenging activity is not compromised (fig. S9).

In vitro cellular bioactivity of nanozyme
The primary pathological characteristics of AAA involve changes in 
the extracellular matrix, which lead to the degeneration and loss of 
VSMCs and the accumulation and activation of inflammatory cells 

Fig. 2. Design, synthesis, and characterizations of ROS-responsive nanozyme. (A) XRD patterns of SPB and SPBZn. (B) TEM images of SPB and SPBZn. Scale bars, 5 nm. 
SOD- (C) and CAT-like (D) activities of SPB and SPBZn. Data are presented as mean ± SD (n = 3). (E) Schematic illustration of synthesis and degradation of Oxi-DEX. 
(F) Fourier transform infrared (FTIR) spectra of Oxi-DEX, SPBZn, and OZn. (G) SEM image of OZn. Scale bar, 200 nm. (H) Zeta potentials of Oxi-DEX, SPB, SPBZn, Oxi-DEX@
SPB (OPB), and OZn. (I) In vitro release profiles of OZn in the presence of 1.0 mM H2O2. Inset: the spectra of SPBZn, OZn, and OZn + H2O2. (J) Degradation of OZn. Data are 
mean ± SD (n = 3). a.u., arbitrary units.
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(7, 17, 18). VSMCs play a pivotal role in AAA progression, and their 
impaired function and eventual loss are central to the process. In 
addition, given the substantial and unique contributions of mono-
cytes and macrophages in the initiation and early progression of 
AAA (11), we also took these cells into account. We assessed the 
cellular uptake profiles of OZn in different cells first. To this end, a 
fluorescent conjugate, fluorescein isothiocyanate (FITC)–labeled OZn 
(FITC-OZn), was synthesized (fig. S10). Flow cytometric analysis 
showed that the uptake of FITC-OZn increased in a concentration-
dependent manner in VSMCs, macrophages, and monocytes (fig. S11). 
Both OZn and SPBZn showed no cytotoxicity in the primary vascu-
lar cells (fig. S12).

Calcification, characterized by the deposition of calcium phos-
phate crystals in the medial layer of blood vessel walls, poses a no-
table risk for AAA rupture (16, 33). VSMCs play a crucial role in the 
process of vascular calcification (15, 34). We investigated whether 
nanozymes could protect VSMCs from calcification induced by cal-
cium and inorganic phosphorus (Ca/Pi) (Fig. 3A). Following expo-
sure to Ca/Pi, Alizarin Red staining revealed pronounced calcium 
buildup in the model group (Fig.  3D). Treatment with the OZn 
nanozyme resulted in a notable reduction in relative calcium depo-
sition compared to treatments with Oxi-DEX and OPB (Fig. 3G).

Oxidative stress is widely recognized as a contributing factor in 
the development of aortic aneurysms and is linked to the regulation 
of VSMC function. Both VSMCs and infiltrating inflammatory cells 
are capable of contributing to the elevation of ROS levels within the 

vessel wall (2, 11, 14). Cells were treated with H2O2 to simulate the 
overproduction of intracellular ROS, where cells cultured with me-
dium alone served as the normal control. To directly observe intra-
cellular responsiveness and subcellular localization, we performed 
fluorescence microscopy. In the presence of H2O2, the FITC-OZn 
signal increased, consistent with ROS-mediated shell cleavage 
(figs. S13 and S14). The ability of OZn to scavenge intracellular ROS 
was monitored with a fluorescent probe for intracellular ROS, 
2′,7′-dichlorofluorescein diacetate (DCFH-DA) (Fig. 3B). Fluores-
cence microscopy imaging confirmed that the OZn-treated group 
exhibited lower DCFH-DA fluorescence intensity in VSMCs com-
pared to the Oxi-DEX and OPB groups (Fig. 3, E and H). Similar 
effects of OZn were observed in the monocytes (fig. S15) and mac-
rophages (fig. S16). In addition, superoxide production was detected 
using dihydroethidium (DHE) staining (fig. S17). The lowest level of 
red fluorescence in the OZn group revealed that OZn significantly 
reduced the levels of O2

•− in VSMCs.
Crucially, ROS also triggers apoptosis of VSMCs (35, 36). Mech-

anistically, the reduction of VSMCs in the medial layer through 
apoptosis contributes to the progression of AAA (2, 35, 37). Treat-
ment with H2O2 resulted in substantial VSMC apoptosis. However, 
preincubation with the OZn nanozyme mitigated H2O2-induced 
VSMC apoptosis (Fig. 3F). Among the indicated treatments, OZn 
demonstrated the most pronounced beneficial effects (Fig. 3I). Con-
sequently, OZn effectively inhibits H2O2-induced VSMC apoptosis 
by reducing intracellular ROS generation. To this end, OZn 

Fig. 3. In vitro activities of nanozymes in VSMCs. (A) Experimental protocol: in vitro anticalcification effects of different nanozymes. (B) Schematic illustration of the 
nanozymes’ capacity to scavenge ROS. (C) Schematic illustration of the antiapoptotic capacity of nanozymes in vitro. (D) Representative microscopic images of VSMCs 
stained with Alizarin Red. Scale bar, 50 μm. (E) Fluorescence microscopy images of VSMC staining with DCFH. Scale bar, 50 μm. (F) Flow cytometric profile apoptotic VSMCs after 
induction with H2O2. Quantitative analysis of (G) the relative calcification (n = 3), (H) the average optical density of DCF (n = 4), and (I) the late apoptosis rate of VSMCs 
(n = 3). Data are mean ± SD and analyzed by one-way analysis of variance (ANOVA) and Student’s t test.
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scavenged ROS in cells and reduced apoptosis and calcification in 
VSMCs, which should have great promise in AAA prevention.

In vivo targeting capability of OZn nanozyme
Next, we verified the in  vivo targeting capability of nanozyme. A 
typical CaCl2-induced AAA model in rats was established for the 
in vivo targeting study. FITC-OZn was used to verify the targeting 
ability of ROS-responsive OZn nanozyme to aneurysmal aortas 
(Fig. 4A). Fluorescent signals were observed at the injury site of the 
abdominal aortas isolated from AAA+ rats 8 hours after intravenous 
injection (Fig. 4B). Ex vivo imaging revealed significantly higher flu-
orescent signals in the aneurysmal aortas isolated from AAA+ rats 
compared to AAA− rats (Fig. 4E). Fluorescence imaging on cryosec-
tions confirmed the accumulation of OZn in aneurysmal aortas, with 
immunofluorescence staining revealing the localization of FITC 
fluorescence in F4/80+ macrophages (Fig. 4C) and α-SMA+ VSMCs 
(Fig. 4D) within the abdominal aorta cryosections. In addition, high 
OZn-VSMC and OZn-macrophage colocalization was observed 
(fig. S18). These results demonstrated that the intravenously admin-
istered OZn nanozyme could effectively target aneurysmal aortas. 

Notably, OZn accumulated in aneurysmal lesions is primarily inter-
nalized by inflammatory cells and VSMCs, underscoring its capacity 
to simultaneously affect the primary cell types involved in the pa-
thology of AAA. In a separate study, we found that FITC-OZn ac-
cumulated in the aneurysmal lesion and was sustained for at least 
24 hours (Fig. 4F and fig. S19). These results collectively demon-
strate that the OZn nanozyme efficiently targets aneurysms and re-
mains localized at the lesion site for an extended period.

Diagnosis of AAA by urinalysis
Leveraging the targeting and ROS-responsive release capabilities of 
OZn, we aimed to demonstrate its diagnostic potential for AAA 
through urinalysis (Fig. 5A). First, the kidney metabolism and uri-
nary excretion of OZn following intravenous administration were 
investigated. The SPBZn nanozyme released from OZn, with an ul-
trasmall size (<5 nm), can be metabolized by the kidneys and ex-
creted in the urine (23). To evaluate the metabolism and excretion of 
OZn nanozyme, FITC-OZn was administered. The urine samples 
were collected, and fluorescence images were obtained using the in vivo 
imaging system (IVIS) spectrum imaging following intravenous 

Fig. 4. In vivo targeting of OZn in AAA rats by intravenous delivery. (A) Schematic illustration of CaCl2-induced AAA in rats and the schedule for in vivo targeting in-
vestigations. (B) Fluorescence images of aneurysmal aortic tissue distribution profiles of FITC-OZn after intravenous (iv) injection. Immunofluorescence analysis of the 
distribution of FITC-OZn in cryosections of aneurysmal aortic tissues and colocalization of FITC-OZn with (C) F4/80+ macrophages and (D) α-SMA+ VSMCs in aneurysms. 
Scale bars, 20 μm. (E) Quantitative analysis of FITC-OZn in aneurysmal aortic of AAA+ and AAA− rats. Data are mean ± SD (n = 3). (F) Quantitative intensities of FITC-OZn 
in the aneurysmal aortic of AAA+ rats with times at 3, 12, and 24 hours after injected intravenously. Data are mean ± SD (n = 3). Statistical differences were analyzed by 
one-way ANOVA and Student’s t test: *P < 0.05 and **P < 0.01. SD, Sprague-Dawley; DAPI, 4′,6-diamidino-2-phenylindole; h, hours.
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injection of FITC-OZn. Notably, high fluorescence was observed 
exclusively in the urine of the AAA+ group (Fig. 5B). Since the size 
of OZn is about 150 to 200 nm, it cannot be directly excreted by 
kidneys. However, in the high ROS environment of AAA, FITC-DEX 
was released via FITC-OZn degradation. The DEX with Mw (weight-
average molecular weight) = 10 kDa can be rapidly metabolized by 
the kidneys (38, 39). The results showed that fluorescence, primar-
ily from FITC-DEX, accumulated in the kidneys of AAA+ rats 
(fig. S20). These fluorescence imaging results confirmed both the 
targeting and ROS-responsive capabilities of the OZn nanozyme as 
well as its renal excretion.

To further confirm the urinary excretion of SPBZn, we used ICP-
OES to measure the content of Fe and Zn in the urine. As shown 
in Fig. 5 (C and D), there was a significant difference in the content 
of Fe and Zn between the normal and AAA+ rats. These results dem-
onstrated that SPBZn was specifically released from OZn in AAA+ 
rats after oxidative responsive decomposition. Eventually, the SPBZn 
excreted in the urine, likely due to the elevated ROS levels character-
istic of the disease.

Owing to its excellent CAT-like activity, SPBZn exhibits a dis-
tinct CAT-like catalytic signal in the urine of AAA rats. To noninva-
sively monitor AAA, we measured the catalytic signal of SPBZn in 
urine using dopamine-enabled universal assay. Only the AAA+ 
group exhibited a relatively high level of OD405 (optical density at 
405 nm), reflecting the CAT-like activity in the urine (Fig.  5E). 
Whereas the AAA− group exhibited a negative signal even when ad-
ministered with OZn at the same dose. The healthy rats’ urine also 
showed a negative CAT-like activity signal. In addition, the ICP-
OES results were consistent with the CAT-like activity detection, 

which confirmed the catalytic signal from SPBZn. These results 
demonstrated that SPBZn is specifically released from OZn in AAA 
rats and eventually excreted in the urine, likely due to the elevated 
ROS levels characteristic of the disease. This established a noninva-
sive diagnostic method for AAA via urinalysis.

In vivo therapeutic efficacy of ROS-responsive nanozyme 
in AAA rats
On the basis of the promising results mentioned above, we evaluat-
ed the therapeutic efficacy of the ROS-responsive nanozyme OZn in 
AAA rats. On day 2 after CaCl2-induced injury, saline was injected 
intravenously into the model group, while different nanozymes and 
Oxi-DEX were administered to other groups twice a week for 3 weeks 
(Fig. 6A). At the same dose of 5 mg/kg, OZn exhibited the most 
pronounced therapeutic effect, as demonstrated by histological ex-
amination, showing a relatively intact vascular structure (Fig. 6B-i 
and fig. S21). Alizarin Red staining showed the largest calcium de-
position in the model group. Although SPBZn showed considerable 
effectiveness, OZn achieved the most pronounced effect (Fig. 6, B-ii 
and E). Verhoeff-Van Gieson (EVG) staining revealed severe dam-
age to abdominal aortas and elastin degradation in the model group, 
whereas these pathological abnormalities were alleviated by OZn 
treatment (Fig. 6, B-iii and F). Immunofluorescence staining of the 
α-SMA showed significant VSMC apoptosis, especially in the AAA 
model group, but OZn significantly attenuated this condition (Fig. 6C). 
Correspondingly, the terminal deoxynucleotidyl transferase–mediated 
deoxyuridine triphosphate nick end labeling (TUNEL) assay indi-
cated that the OZn nanozyme remarkably inhibited cell apoptosis in 
aneurysmal lesions (Fig. 6, I and J). These results demonstrated that 

Fig. 5. Diagnosis of AAA by urinalysis. (A) Schematic illustration of urinalysis. FITC-OZn nanozymes were intravenously injected into AAA+ rats, and urine was collected. 
Urine was analyzed using a CAT-like activity assay and ICP-OES to measure the Fe and Zn content. (B) Representative fluorescence images of urine. The content of (C) Fe 
and (D) Zn in the urine was assessed by ICP-OES (n = 10). Statistical analysis to compare median values between groups was determined by the Mann-Whitney U test. 
(E) CAT-like activities of urine. Data are mean ± SD and analyzed by one-way ANOVA and Student’s t test.
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the OZn nanozyme more effectively prevented aneurysm expansion 
in AAA rat models compared to a nonresponsive control, by inhibit-
ing VSMC apoptosis and elastin degradation.

To a large extent, AAA is an inflammation-related disease. Stain-
ing with CD68 (Fig. 6B-iv) and F4/80 (Fig. 6D), two representative 
markers of inflammatory macrophages, revealed that inflammatory 

cell infiltration and activation were attenuated following treatment 
with the OZn nanozyme (Fig. 6, G and H). DHE-stained sections of 
abdominal aortas in the model group exhibited high levels of red 
fluorescence. In contrast, the red fluorescence in the OZn nanozyme 
group was significantly lower than that in the other groups (Fig. 6, K 
and L). These results indicated that oxidative stress was significantly 

Fig. 6. In vivo therapeutic efficacy of different nanozymes in AAA rats. (A) Schematic illustration of CaCl2-induced AAA in rats and the treatment protocols. (B) Repre-
sentative images of aortas sections stained with (i) H&E, (ii) Alizarin Red, (iii) EVG, and (iv) an antibody against CD68. Scale bars, 200 μm. (C and D) Immunofluorescence 
staining of α-SMA and F4/80, respectively. Scale bars, 100 μm. Quantitative analysis of the relative calcium deposition in the abdominal aortas (E), the elastic fibers in 
media (F), and the average optical density of CD68 (G) and F4/80 (H). (I) Representative microscopy images of TUNEL-stained sections of aortic tissues from rats after in-
dicated treatments. Scale bar, 50 μm. (J) Quantitative data of the number of apoptotic cells in aneurysmal lesions based on TUNEL staining. (K) Fluorescence images of 
DHE-stained cryosections of abdominal aortas from rats after indicated treatments. Scale bar, 500 μm. (L) Quantitative analysis of fluorescence intensities of DHE. Data are 
mean ± SD and analyzed by one-way ANOVA and Student’s t test.
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mitigated by the intravenously delivered OZn nanozyme. Accord-
ingly, these findings demonstrated that, by targeting aneurysms and 
releasing SPBZn in response to the inflammatory microenviron-
ment, OZn effectively attenuated systemic oxidative stress, cell apop-
tosis, and inflammation in the abdominal aortas. These results 
confirmed that the OZn nanozyme exhibited superior therapeutic 
efficacy in preventing aneurysm expansion in AAA rats.

Therapeutic efficacy of OZn in a prolonged AAA model
The in vivo efficacy of OZn was further evaluated in AAA rats sub-
jected to CaCl2-induced injury over a prolonged period, which is 
more representative of clinical settings. Different nanozymes were 
administrated intravenously at a dose of 5 mg/kg on day 10 after CaCl2 
induction (Fig. 7A). In this study, clopidogrel, a medication com-
monly used for cardiovascular disease treatment, was included as a 
positive control. After four-time treatments, OZn demonstrated de-
sirable efficacy by suppressing aortic expansion (Fig. 7B-i and fig. S22) 
and partially preventing elastin degradation to some degree by EVG 
staining (fig. S23). In addition, the immunofluorescence staining of 
the α-SMA showed that the OZn protected the structural integrity 
of VSMCs (Fig. 7C). Matrix remodeling, characterized by changes 
in the expression of matrix metalloproteinase 2 (MMP-2) and MMP-
9, is associated with AAA progression (7). Immunohistochemistry 
analyses revealed that the levels of MMP-2 and MMP-9 were re-
markably reduced by the OZn treatment (Fig. 7, B-iii and B-iv, F, 
and G). Alizarin Red staining showed a reduction in calcium depo-
sition after OZn therapy (fig. S24). This result was further confirmed 
by ICP-OES, which measured the Ca content in the abdominal aor-
tic. ICP-OES analysis indicated a significantly high Ca content in the 
model group, while OZn therapy reduced the Ca content to levels 
comparable to those in the normal group (Fig. 7I). The ICP-OES 
results were consistent with the Alizarin Red staining, confirming 
that OZn effectively reduces calcification. Furthermore, immuno-
histochemistry analysis of CD68 (Fig. 7B-ii), immunofluorescence 
staining of F4/80 (Fig. 7D), and DHE-stained fluorescence images 
of abdominal aortas (fig. S25) demonstrated that the OZn attenuat-
ed inflammatory cell infiltration and activation while also inhibiting 
aortic oxidative stress (Fig. 7, E and H). Moreover, the therapeutic 
efficacy of OZn was superior to that of clopidogrel (fig. S26), par-
ticularly in inhibiting inflammatory cell infiltration (Fig. 7E). With 
its ROS-responsive properties, OZn exhibited greater antianeurys-
mal activity than the SPBZn nanozyme alone. These results clearly 
substantiated that the OZn nanozyme can markedly prevent CaCl2-
induced AAA progression in rats, even after a long-term injury.

Therapeutic efficacy monitoring with urinalysis
Clinically, the postoperative recovery is followed by imaging. How-
ever, the imaging is not only expensive but also harmful to patients 
due to the use of contrast reagents. This clinical dilemma highlights 
the need to assess the therapeutic efficacy of nanozyme during treat-
ment in a more facile way. Moreover, the establishment of interac-
tive feedback between diagnosis and treatment progression would 
also minimize the drug dosage. Encouraged by the dual diagnostic 
and therapeutic functionality of OZn, we next investigated the cor-
relation between urinalysis results and AAA disease progression. To 
evaluate this relationship, AAA rats were treated with OZn at dif-
ferent stages of disease progression, with two treatments per stage 
(Fig. 7J). In the pretherapy phase across all three stages, OD405 sig-
nals were negative. However, at the end of therapy in stages 1 and 2, 

OD405 levels remained positive (Fig. 7K and fig. S27, A and B). Cor-
respondingly, pathological analysis revealed no significant therapeutic 
effect, as the aortic expansion persisted to some extent (fig. S28). These 
findings suggest that the therapy at stages 1 and 2 was insufficient 
and needed to be continued. In contrast, at the end of stage 3, uri-
nalysis results turned negative, showing no significant difference 
from pretherapy levels but a significant difference compared to the 
beginning of therapy (fig. S27C). This indicates that treatment can 
be concluded at this stage. Notably, prolonged OZn therapy in stage 3 
led to greater suppression of aortic expansion (Fig. 7L and fig. S28), 
highlighting the bidirectional feedback between therapeutic efficacy 
and urinalysis results.

Overall, OD405 levels consistently decreased as therapy advanced 
(Fig. 7K). Pathological analysis further confirmed that extended 
OZn therapy notable suppressed aortic expansion, demonstrating 
its therapeutic efficacy (Fig. 7L and fig. S28). The alignment of uri-
nalysis results with therapeutic outcomes underscores the poten-
tial of this strategy to dynamically regulate diagnostic feedback and 
treatment efficacy. Unlike conventional approaches requiring sepa-
rate diagnostic imaging and therapeutic interventions, this nano-
zyme directly modulates the pathological microenvironment while 
simultaneously generating SPBZn as a diagnostic signal. This “treat-
ment while monitoring” strategy markedly enhances clinical effi-
ciency and reduces the need for additional invasive tests.

Biosafety assessment
To assess the biosafety of OZn, the levels of typical hematological 
parameters following OZn injection were first determined. A com-
plete blood count in rats indicated that the levels of red blood cells, 
white blood cells, platelets, and hemoglobin remained within nor-
mal ranges (fig. S29). Next, we evaluated the safety of the full treat-
ment regimen. Histological examination of hematoxylin and eosin 
(H&E)–stained sections from major organs (heart, liver, spleen, 
lung, and kidney) showed no apparent toxicity in any experimental 
group (fig. S30). In addition, IVIS spectrum imaging demonstrated 
the biodistribution of OZn mainly in the liver and kidney (figs. S20 
and S31). The OZn nanozyme was found to be metabolized within 
24 hours (fig. S31). We further quantified the biodistribution of Fe 
and Zn, the main elements of OZn by ICP-OES. Signals were detect-
able across organs, indicating limited off-target accumulation and 
supporting the biosafety of the OZn nanozyme (fig. S32). Therefore, 
these results suggested that intravenous administration of the OZn 
nanozyme is safe at the examined dose, confirming its biosafety.

DISCUSSION
We have developed a transformative strategy for AAA management 
that integrates early intervention and efficacy monitoring, establish-
ing a feedback loop between treatment and diagnostics. The versa-
tile nanozyme presented in this work, with its diverse enzymatic 
activities and renal-clearable properties, facilitates noninvasive diag-
nostic monitoring through urinalysis while effectively inhibiting an-
eurysm expansion and mitigating AAA progression. This work 
highlights the versatility of nanozymes, demonstrating that their 
enzyme-like catalytic activity and multifunctionality can be precisely 
engineered to address diverse biomedical application needs. It also 
offers a remarkable advancement in the field of nanozyme-enabled 
theranostics. Furthermore, this approach presents an integrated 
strategy for AAA management with potential for clinical translation.
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Fig. 7. In vivo therapeutic studies of OZn in AAA rats subjected to CaCl2-induced abdominal aortic injury for a prolonged period. (A) Schematic illustration of the 
treatment protocols. (B) Histopathological sections of abdominal aortas stained with (i) H&E and immunohistochemistry analysis of (ii) CD68, (iii) MMP-2, and (iv) MMP-9 
in aneurysmal aortas. Scale bars, 200 μm. (C and D) Immunofluorescence staining of the α-SMA and F4/80, respectively. Scale bars, 100 μm. (E to H) Quantitative analysis 
of the average optical density of (E) CD68, (F) MMP-2, (G) MMP-9, and (H) F4/80. (I) Ca content of AAAs, assessed by ICP-OES. Data are presented as mean ± SD (n = 4). 
(J) Schematic illustration of evaluation disease progression with urinalysis. (K) CAT-like activities of urine after treatment by OZn in every stage (n = 4). Data are mean ± SD 
and analyzed by one-way ANOVA and Student’s t test. (L) Representative images of aortas sections stained with H&E. Scale bar, 500 μm.
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MATERIALS AND METHODS
Chemicals and reagents
K3[Fe(CN)6] (potassium ferricyanide), K4[Fe(CN)6]·3H2O (potas-
sium ferrocyanide), FeCl3 (ferric chloride), NaCl (sodium chloride), 
C6H8O7 (anhydrous citric acid), MgSO4 (magnesium sulphate), 
CHCl3 (trichloromethane), and dry CH2Cl2 (dichloromethane) 
were purchased from Sinopharm Chemical Reagent Ltd. (Shanghai, 
China). ZnCl2 (zinc chloride) was purchased from Macklin Bio-
chemical Co. Ltd. (Shanghai, China). DEX (Mw = 10 kDa) was 
provided by XiYa Reagent Ltd. (Shandong, China). 4-Dimethylami‑ 
nopyridine (DMAP), carbonyldiimidazole (CDI), and 4-hydroxy‑ 
phenylboronic acid pinacol ester (PBAP) were purchased from Tianjin 
Xiensi Biochemical Technology Co. Ltd. (Tianjin, China). H2O2 (hy-
drogen peroxide, 30%), HCl (hydrochloric acid), C2H5OH (etha-
nol), CH3OH (methanol), PVP (k30), polyvinyl alcohol (PVA; Mw, 
~145,000), dibutyltin dilaurate, dry dimethyl sulfoxide (DMSO), FITC, 
and pyridine were purchased from Aladdin (Shanghai, China). CaCl2 
(calcium chloride) was purchased from Sigma-Aldrich (St. Louis, 
USA). SOD assay kits (WST-1), 5,5-dimethyl-1-pyrroline N-oxide 
(DMPO), and Cell Counting kit-8 (CCK-8) were purchased from 
Dojindo Laboratories (Kumamoto, Japan). Dopamine was purchased 
from Yuanye Bio-Technology Co. Ltd. (Shanghai, China). Hoechst, 
4′,6-diamidino-2-phenylindole, DCFH-DA, and annexin V–FITC 
apoptosis detection kits were purchased from Beyotime Chemical 
Reagent Co. Ltd. (Shanghai, China). All chemical reagents were 
used as received without further purification. All aqueous solu-
tions used in the experiments were prepared with deionized water 
(18.2 megohm·cm; Millipore).

Instrumentations
XRD data were recorded with 5°/min on a D8 advance x-ray dif-
fractometer (Bruker-AXS, Germany). DLS and zeta potential results 
were recorded by a Zetasizer NanoZSP (Malvern, UK). FTIR spectra 
were recorded on a Thermo Fisher Scientific Nicolet iS50 FTIR 
spectrometer (Thermo Fisher Scientific, USA). XPS spectra were 
obtained on a Thermo Fisher Scientific Nexsa G2 X (Thermo Fisher 
Scientific, USA). High-resolution TEM images were recorded on a 
Tecnai G2 F30 (FEI, USA) transmission electron microscope at an 
acceleration voltage of 200 kV. The morphology of the nanozymes 
was observed by a SEM (Zeiss Ultra 55 microscope). The absorbance 
was recorded on a SpectraMax M2e microplate reader (Molecular 
Devices, USA). The cellular fluorescence images and histological 
staining images were recorded on a DMi8 fluorescence microscope 
(Leica, Germany). Quantitative analysis of ROS in cells and cellular 
uptake of nanozymes were measured on a flow cytometer (Beckman 
Coulter, cytoFLEX, USA). Fe, Zn, and Ca content in animal samples 
were tested by an ICP-OES (PerkinElmer, Avio 220 Max, USA). 
Ex vivo images were taken via an IVIS spectrum (PerkinElmer, 
USA). Electron paramagnetic resonance (EPR) spectra were record-
ed on a Bruker A300 spectrometer (X-band, Bruker, Germany).

Synthesis of SPB
SPB was synthesized according to a previously reported method 
(28). The synthetic procedure was as follows: A total of 0.75 g of PVP 
and 0.0275 g of K3[Fe(CN)6] were dissolved in 10 ml of 75% ethanol 
solution containing 0.01 M HCl. The reaction precursor solution was 
placed in a water bath at 80°C. The reaction proceeded for 3 hours 
and subsequently cooled to room temperature. The resulting dark 

blue reaction mixture was washed with water. After freeze-drying 
for 24 hours, the SPB nanozyme was obtained.

Synthesis of ultrasmall Zn2+ doped PB
Doping of PB with Zn2+ was performed following a previously re-
ported hydrothermal protocol with slight modifications (29, 40, 41). 
The synthetic procedure was as follows: Twenty milliliters of water con-
taining 20 μl of ZnCl2 (13.6 mg ml−1) and 40 μl of FeCl3 (32.4 mg ml−1) 
was heated at 60°C (solution A). Simultaneously, 20 ml of water con-
taining 0.5 mM citric acid and 0.02 mM K4[Fe(CN)6]·3H2O was also 
heated at 60°C (solution B). Solution B was then slowly added drop-
wise to solution A using an injection pump at 60°C, with magnetic 
stirring, and maintained for 10 min. The resulting dark blue reac-
tion mixture was rapidly cooled to room temperature, centrifuged at 
5000g for 1 hour, and washed three times with water. The samples 
were then freeze-dried for 24 hours.

Synthesis of imidazoyl carbamate (PBAP-CDI)
Imidazoyl carbamate (PBAP-CDI) was synthesized according to a 
previously reported method (42). PBAP (1.10 g, 4.7 mmol) was dis-
solved in dry CH2Cl2 (15 ml), and CDI (1.219 g, 7.5 mmol) was add-
ed dropwise. The reaction mixture was stirred at room temperature 
for 3 hours, under N2 protection. The product was extracted with 
water (15 ml × 3 times). Then, it was washed with saturated brine to 
remove the organics, dried over MgSO4, and concentrated under vac-
uum to yield PBAP-CDI as a white solid. PBAP-CDI was directly used 
in the next step. 1H nuclear magnetic resonance (NMR; 400 MHz, 
CDCl3): δ 1.34 (s, 12H), 5.42 (s, 2H), 7.06 (s, 1H), 7.43 (m, 3H), 7.85 
(d, J = 8.0 Hz, 2H), 8.14 (s, 1H); 13C NMR (100 MHz, CDCl3): δ 24.8, 
69.6, 83.9, 117.1, 127.7, 130.6, 135.2, 136.7, 137.1, and 148.4.

Synthesis of Oxi-DEX
Oxi-DEX was synthesized as follows (31). DEX (Mw = 10 kDa, 90 mg) 
was dissolved in 1.575 ml of anhydrous DMSO. To this solution, 
149.3 mg of DMAP was added, followed by 364.6 mg of PBAP-CDI. 
The mixture was shaken overnight on a shaker plate under N2 pro-
tection. The product was collected, and then it was precipitated in 
water and centrifuged at 10,250g for 15 min. The resulting pellet was 
washed with water three times and then freeze-dried for 24 hours.

Synthesis of ROS-responsive nanozyme (OZn)
ROS-responsive nanozyme (i.e., double emulsion particles contain-
ing SPBZn, termed SPBZn@Oxi-DEX or OZn) was synthesized by 
emulsion following a literature-reported method (31). First, Oxi-
DEX (30.7 mg) was dissolved in 0.8 ml of CHCl3 and 0.5 ml of meth-
anol. Then, the SPBZn solution (4 mg/ml, 0.5 ml, in PBS) was added 
to the Oxi-DEX polymer solution and sonicated for 30 s on ice (with 
an output setting of 5 and a duty cycle of 80%). Next, a PVA solution 
[1.5 ml, 3% (w/w) in PBS] was added (0.5 ml each time), and the 
mixture was sonicated for 30 s on ice under the same settings. The 
resulting double emulsion was then poured into a second PVA solu-
tion [10 ml, 0.3% (w/w) in PBS] and stirred for 2 hours at room tem-
perature. It was then centrifuged at 10,500g for 15 min and washed 
three times with water. The samples were freeze-dried for 36 hours.

Synthesis of FITC-OZn
First, FITC-labeled Oxi-DEX was synthesized (42). In detail, 1 g of 
Oxi-DEX was dissolved in 10 ml of dry DMSO. FITC (5 mg), dibutyltin 
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dilaurate (20 μl), and pyridine (40 μl) were added, and the mixture 
was stirred for 2 hours at 95°C under N2 protection. Then, the mix-
ture was centrifuged at 10,500g for 15 min and washed with water 
until the supernatant became colorless. The final solution was freeze- 
dried, and the FITC-labeled Oxi-DEX products were collected. 
Then, using the same procedure as the “Synthesis of ROS-responsive 
nanozyme (OZn)” section, FITC-OZn was synthesized.

Measurement of CAT-like activity
The CAT-like activity of the nanozymes was evaluated using the 
dopamine-enabled universal assay (30). Typically, a 200-μl reaction 
system in a 96-well plate containing 5-μl nanozyme, 90-μl tris buffer 
(10 mM, pH 8.5), 100-μl dopamine (2 mg/ml), and 5 μl H2O2 (0.8 M) 
was used. After the solution was added, the plate was quickly trans-
ferred to an anaerobic device. The plate was incubated at 37°C for 
30 min, and the absorbance at 405 nm was measured using a micro-
plate spectrophotometer.

Measurement of SOD-like activity
SOD-like activity was measured by detecting the elimination of O2

•−. 
According to the protocol for the SOD assay kits, 20 μl of nanozyme 
was mixed with 200 μl of WST-1 solution and 20 μl of enzyme solu-
tion in a 96-well plate. After incubation at 37°C for 20 min, the absor-
bance at 450 nm was measured using a microplate spectrophotometer.

Measurement of EPR
EPR spectra was used to measure the clearing activity of hydroxyl 
radicals (•OH). •OH was generated by the reaction of H2O2 and 
Fe2+, which can be captured by DMPO. The reaction system con-
tained H2O2 (0.5 mM), Fe2+ (5 μM), SPBZn nanozyme (20 or 50 μg/
ml), and DMPO (22.5 mg/liter) in PBS buffer (pH 7.4). •OH genera-
tion was initiated by the addition of Fe2+, followed by SPBZn, and 
EPR spectra were recorded immediately.

Cell culture
All types of cells were purchased from the Cell Bank of Type Culture 
Collection of Chinese Academy of Science (Shanghai, China). RAW‑ 
264.7 murine macrophages and A7R5 rat VSMCs were cultured in 
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal 
bovine serum (FBS), penicillin G sodium (100 U/ml), and strepto-
mycin sulfate (100 μg/ml). A monocyte cell line (HL-60) and human 
umbilical vein endothelial cells (HUVECs) were cultured in RPMI 
1640 medium containing 10% FBS, penicillin G sodium (100 U/ml), 
and streptomycin sulfate (100 μg/ml). All cells were cultured at 37°C 
in a humidified atmosphere containing 5% CO2.

In vitro cytotoxicity evaluation
RAW264.7 cells, VSMCs, monocytes, and HUVECs were cultured 
in 96-well plates (1.0 × 104 cells per well) in 100 μl of DMEM or 
RPMI 1640 with 10% FBS, penicillin, and streptomycin for 12 hours. 
Cells were treated with various doses of PBZn and OZn. After 24-
hour treatment, cell viability was measured using the CCK-8 assay.

Cellular uptake of OZn in vitro
RAW264.7 macrophages, monocytes, or VSMCs were seeded in a 
12-well plate at a density of 3 × 105 cells per well. After incubation 
in 1 ml of growth medium for 12 hours, the cell culture medium 
was replaced with fresh medium containing FITC-labeled OZn 

(FITC-OZn) at various doses (10, 20, 50, and 100 μg/ml) and incu-
bated for 4 hours. The cells were washed with PBS and collected, 
followed by quantification via flow cytometry. Fluorescence intensi-
ties were analyzed using FlowJo V.10.8.1 software.

Evaluation of intracellular ROS-scavenging ability
Intracellular ROS levels in RAW264.7 macrophages, monocytes, and 
VSMCs induced by H2O2 were evaluated using the fluorescent probe 
DCFH-DA. Cells were seeded in 12-well plates at a density of 1 × 105 
per well and incubated in 1 ml of growth medium for 12 hours. The 
cell culture medium was then replaced with fresh medium contain-
ing different nanozymes and incubated for 2 hours, followed by 
stimulation with 100 μM H2O2 for 0.5 hours. The medium was re-
moved, and 1 ml of fresh medium containing 10 μM DCFH-DA was 
added to each well. After incubating at 37°C for 30 min and wash-
ing three times with PBS, fluorescence microscopic imaging was 
performed. The intracellular ROS level was also monitored by flow 
cytometry.

Detection of calcification in VSMCs
Alizarin Red staining was used to assess the degree of cell calcifica-
tion. VSMCs were seeded in a 12-well plate at a density of 8 × 104 
cells per well and incubated in 1 ml of growth medium for 12 hours. 
Then, different nanozymes (50 μg ml−1) were separately added and 
incubated with cells for 24 hours. Afterward, cells were incubated in 
a medium containing elevated Ca/Pi [2 mM CaCl2 and 2.7 mM 
mixture of NaH2PO4 and Na2HPO4 (pH 7.4)] for 6 days. The cells 
were washed twice with PBS and fixed with 4% paraformaldehyde 
for 15 min. After washing with PBS, the cells were stained with 0.2% 
(w/v) Alizarin Red (pH 4.2) at room temperature for 30 min. Sub-
sequently, the cells were thoroughly washed with water and ob-
served by an optical microscopy. The Alizarin Red–stained area is 
proportional to the extent of calcium mineral deposition in the 
culture well.

In vitro apoptosis assay of VSMCs
Apoptosis analysis was performed using annexin V–FITC apoptosis 
detection kits with propidium iodide (PI), following the manufactur-
er’s protocol. Specifically, VSMCs were seeded in a 12-well plate at 
4 × 105 cells per well and incubated for 12 hours. The medium was 
then replaced with the fresh growth medium containing various 
nanozymes at a concentration of 25 μg ml−1. After 12 hours of incu-
bation, cells were treated with 100 μM H2O2 for 6 hours. The medium 
from each sample was collected, and the cells were washed three 
times with PBS, digested with 0.25 wt % trypsin, collected (by the 
medium collected before), and centrifuged. Then, the cells were re-
suspended in 195 μl of annexin V binding buffer with 5 μl of annexin 
V and 10 μl of PI viability staining solution at 1 × 105 cells ml−1. Last, 
the cells were incubated in the dark for 20 min and monitored by flow 
cytometry.

Animals
All animal experiments were approved by the Institutional Animal 
Care and Use Committee (IACUC) of Nanjing University (IACUC-
2306004). Male Sprague-Dawley rats (150 to 160 g) were supplied by 
Beijing Vital River Laboratory Animal Technology Co. Ltd. (China). 
All the animals were acclimatized to the laboratory for 7 days before 
experiments.
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Establishment of AAA model in rats
Elastin damage in the abdominal aortic of rats was induced using 
the perivascular application of anhydrous calcium chloride (CaCl2), 
based on previously established protocols (43, 44). Briefly, following 
anesthesia, the infrarenal abdominal aorta was exposed, and a sterile 
cotton gauze (0.5 cm by 0.5 cm) soaked in CaCl2 solution (0.50 M) 
was applied to the aorta for 15 min. The treated area was then rinsed 
with saline, and the abdominal incision was closed with sutures. 
Iodine-soaked cotton balls were used to sterilize the incision. Rats in 
the normal control (AAA−) group underwent the same surgical pro-
cedure but were treated with saline instead of CaCl2.

In vivo targeting capability of OZn nanozymes
First, the AAA model in rats was established by CaCl2. Then, FITC-
labeled OZn was injected in randomly assigned AAA+ rats via the 
tail vein on day 14 postsurgery. Rats in the model group (AAA+ 
rats) also received an intravenous injection of saline, while those in 
the sham group (AAA− rats) received an intravenous injection of 
FITC-labeled OZn. Each rat was housed in standard rat cages alone, 
and the urine was collected. After 8 hours, the animals were eutha-
nized. The entire aortas, including the thoracic aorta, abdominal 
aorta, and bilateral iliac arteries, were harvested. Major organs, in-
cluding the heart, liver, spleen, lungs, and kidneys, were also col-
lected. After washing with PBS, the samples were imaged using an 
IVIS instrument. Fluorescence intensities were quantified using Liv-
ing Image 4.5 software.

Study on retention time of OZn at the lesion site
In a separate experiment (Fig. 4F), the retention of OZn at the aneu-
rysm site was observed after tail vein injection. On day 14 post–
AAA model establishment, FITC-labeled OZn was injected via the 
tail vein, and urine samples were collected. Rats were euthanized at 
3, 12, and 24 hours postinjection (three rats per time point). The 
entire aorta and major organs were harvested and observed using an 
IVIS instrument.

Therapeutic efficacy of different nanozymes on rats with 
CaCl2-induced AAA
To evaluate the therapeutic efficacy of different nanozymes on rats 
with AAA, rats were randomly assigned into five groups (n = 5) 
(Fig. 6A). On day 2 postinjury, rats in the model group were intrave-
nously injected with saline, while rats in other groups received dif-
ferent nanozymes (5 mg/kg) twice a week for 3 weeks. The sham 
group (AAA− rats) received saline injections. On day 23, the rats were 
euthanized, and the abdominal aortas with induced aneurysms were 
exposed and harvested. Midsections of the abdominal aortas were pre-
pared as paraffin sections (5 μm) and stained with Alizarin Red, H&E, 
and EVG. Sections were also stained with anti–MMP-9 antibody (cata-
log no. GB15132-100, Servicebio, China), anti–MMP-2 antibody (cata-
log no. GB111507-100, Servicebio, China), anti–α-SMA antibody 
(catalog no. ET1607-53, HUABIO, China), and anti-CDF4/80 anti-
body (catalog no. GB113373-100, Servicebio, China). In addition, 
the abdominal aorta was frozen directly in optimal cutting tem-
perature (O.C.T) Compound and sectioned at a thickness of 8 μm. 
The obtained cryosections were incubated with DHE (10 μM) for 
30 min. After washing with PBS three times, the cryosections were 
imaged with a fluorescence microscope. Calcium contents in the 
abdominal aortas were weighted and dissolved in nitric acid for 
ICP-OES measurement.

Therapeutic efficacy of OZn on aneurysms induced by 
long-term CaCl₂ injury
A total of 25 rats were used and divided into five groups. The normal 
group underwent sham surgery. After the AAA model was established, 
the remaining 20 rats were randomly divided into four groups (five rats 
per group): model, SPBZn, OZn, and clopidogrel. Treatments were 
commenced on day 10 postsurgery. The normal and model groups re-
ceived saline injections, while the remaining groups received SPBZn, 
OZn, and clopidogrel injections (5 mg/kg). Treatments were adminis-
tered every 3 days for a total of four treatments. On day 26, the experi-
ment was concluded, and rats were euthanized for analysis.

Correlation between urinalysis and disease progression
We evaluated the correlation between urinalysis and disease progres-
sion in another separate experiment (Fig. 7J). On the 10th day after es-
tablishing the CaCl2-induced AAA model, treatments were begun, 
with nanozymes administered every 2 days. Two treatments constitut-
ed one treatment stage. The experiment was divided into three stages, 
with four rats in each stage. Urine samples were collected on the day 
following the completion of each treatment stage, and the rats were eu-
thanized. Urine was also collected on the 9th and 11th days to assess the 
changes in CAT-like activity in the urine before and after OZn injection.

Statistical analysis
All data are presented as the means ± SD. One-way analysis of vari-
ance (ANOVA) and Student’s t test were used for statistical analyses. 
Values of *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 
were applied to annotate statistical significance. The data of ICP-
OES analysis of the content of Fe and Zn in the urine and statistical 
analysis to compare median values between groups were determined 
by the Mann-Whitney U test.

AI-assisted language polishing
AI tools, including ChatGPT (GPT-5) and DeepSeek (version 2.0), 
were used solely for linguistic refinement, specifically for grammar 
correction, optimization of sentence structure, and improvement of 
expression fluency. The authors declare that these tools were not in-
volved in experimental design, data analysis, or formulation of 
scientific conclusion. Prompt used: “Please check and polish the 
following text for grammar errors and improve its academic read-
ability while retaining the original scientific meaning.”
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Figs. S1 to S32
Table S1
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