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Ultrathin ZIF-8 Coating-Reinforced Enzyme
Nanoformulation Avoids Lysosomal Degradation for Senile
Osteoporosis Therapy

Shiyuan Liang, Liyuan Chen, Cong Liu, Bowen Guo, Yijie Fan, Zhou Li,* Yan Liu,*
and Dan Luo*

Antioxidant enzymes are considered to be the most direct and safe candidates
to effectively resist oxidative stress and treat senile osteoporosis. However,
due to their size, existing enzyme delivery carriers are inevitably endocytosed
by cells and subsequently enter endosomes/lysosomes with low pH and rich
in acid hydrolase, resulting in the limited therapeutic effects. In this work, an
ultrasmall superoxide dismutase (SOD) nanoformulation reinforced with ultra-
thin ZIF-8 coating (utZIF-SOD) via in situ coordination-mediated self-assembly
strategy is constructed. Notably, utZIF-SOD achieves direct, efficient cellular
uptake mediated by small size effect, thereby avoiding lysosomal degradation.
In particular, ultrathin ZIF-8 coating strengthened the stability of enzyme.
Even in aged cells with high oxidative stress levels, utZIF-SOD maintained
excellent stability, and its efficiency in scavenging excess intracellular reactive
oxygen species (ROS) is ≈1.5 times that of native SOD, better promoting
the osteogenic differentiation of aged bone marrow mesenchymal stem cells.
In a senile osteoporosis mouse model, the bone mineral density increment
after treatment with utZIF-SOD is ≈2 times that of native SOD, achieving
the reversal of senile osteoporosis. This work demonstrates the great promise
in the synthesis of ultrasmall nanoformulations with ultrathin metal-organic
framework coating and opens new avenues for efficient enzyme delivery.
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1. Introduction

With the aging of the world population,
senile osteoporosis (SOP) has become a
worldwide aged-related disease with fea-
tures of bone loss and destruction of bone
microstructure, substantially increasing the
health-care costs and life-threatening risks
in the elderly.[1,2] At present, it is well
accepted that excessive reactive oxygen
species (ROS), as a result of oxidative stress
with the imbalance between oxidation and
antioxidation in the aging process, are the
main cause of SOP.[3,4] In particular, an-
tioxidant enzymes are considered to be the
most direct and safe candidates to effec-
tively resist oxidative stress and treat SOP
in the elderly.[5] As an important antiox-
idant enzyme in biological systems, su-
peroxide dismutase (SOD) can effectively
eliminate ROS, which has been widely
used in the therapeutics of oxidative stress-
mediated pathophysiological diseases, such
as osteoarthritis, inflammatory bowel dis-
ease and ischemia-reperfusion injury.[6–10]

Currently, native enzymes have exhibited the outstanding char-
acteristics of high specificity, effectiveness, and low toxicity in
treating diseases,[11–13] but their therapeutic effects are greatly
limited due to low membrane permeability, short circulating half-
life in the delivery process, and particularly poor stability in aged
cells with high oxidative stress levels.[11,14–17] To cope with these
challenges and limitations, researchers have integrated proteins
with nanocarriers to promote cellular uptake and increase their
stability.[18] Among numerous carriers reported so far, metal-
organic frameworks (MOFs) have been widely used as drug deliv-
ery carriers in recent years due to flexible structure,[19–21] tunable
pore size,[22,23] easy functionalization,[24,25] and mild synthesis
conditions.[26,27] Zeolite imidazolate framework-8 (ZIF-8) is con-
sidered as an ideal carrier for enzyme immobilization because of
its easy synthesis, excellent chemical and thermal stability and
negligible cytotoxicity.[28] As a carrier, it has been widely used
in biomedical fields, such as antibacterial, anti-inflammatory,
tissue repair, tumor treatment, etc.[22] Especially in the treat-
ment of osteoporosis, Zn2+ contained in ZIF-8 also has anti-
inflammatory and osteogenic effects, which is more beneficial
to the recovery of osteoporosis.[29] However, due to size effects,
existing enzyme delivery carriers are inevitably endocytosed by
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Figure 1. Schematic diagram of utZIF-SOD treating senile osteoporosis mice. utZIF-SOD achieved direct and efficient cellular uptake mediated by small
size effect, rather than being endocytosed. utZIF-SOD could effectively scavenge excess intracellular ROS, thereby reversing senile osteoporosis.

cells and then enter endosomes/lysosomes via various endocy-
tosis pathways, including reticulin and caveolin-mediated, retic-
ulin and caveolin-independent pathways, macropinocytosis, and
phagocytosis.[30,31] Certainly, plenty of methods have been devel-
oped to enable protein@MOF nanoparticles to escape from lyso-
somes effectively,[32,33] but a certain amount of enzyme nanofor-
mulation is still confined to endosomes/lysosomes with low pH
and rich in acid hydrolase, resulting in the inhibition of enzyme
activity and limited therapeutic effects. It is worth mentioning
that, smaller nanoparticles (< 10 nm) can enter the cell via di-
rect membrane penetration, avoiding entry into lysosomes and
subsequent degradation, thus allowing more nanoparticles to be
utilized for subsequent treatment.[31] Hence, ultrasmall enzyme
nanoformulation is a rational designing strategy, enabling en-
zymes to directly penetrate into cells via passive uptake, thereby
maintaining excellent stability and catalytic activity in aged cells
with high oxidative stress levels.

In this study, encapsulation SOD with ZIF-8 via in situ
coordination-mediated self-assembly strategy was employed to
prepare an ultrasmall SOD nanoformulation reinforced with ul-
trathin ZIF-8 coating (utZIF-SOD), which effectively reduced ox-
idative stress for treating SOP (Figure 1). Owing to its ultra-
small size, utZIF-SOD could be absorbed and utilized by cells
through direct, efficient cellular uptake rather than being endo-
cytosed, thereby evading lysosomal degradation and exhibiting
high utilization efficiency. In particular, the ultrathin ZIF-8 coat-
ing strengthened the stability of the enzyme. Even in aged cells
with high oxidative stress levels, utZIF-SOD could still effectively
eliminate excess ROS, reducing the aged-related phenotype of
bone marrow mesenchymal stem cells (BMSCs), thereby leading

to enhanced proliferation, migration, and osteogenesis ability. As
a result, utZIF-SOD prepared by in situ coordination-mediated
self-assembly strategy would prevent bone loss in adult mice, ac-
celerate bone regeneration in aged rodents, and ultimately re-
verse SOP.

2. Result and Discussion

2.1. Synthesis and Characterization of utZIF-SOD

The synthesis process of utZIF-SOD via in situ coordination-
mediated self-assembly strategy was as follows (Figure 2a). First,
the free amino group (-NH2) of the protein was chemically cou-
pled with the carboxyl group (-COOH) in 2-Imidazolecarboxylic
Acid (2-ICA), resulting in the growth of a layer of organic lig-
and on the protein’s surface in situ. Then, the organic ligand 2-
Methylimidazole (2-MIM) was added and thoroughly mixed. Fi-
nally, the added metal ion Zn2+ was assembled with the imidazole
ring in the 2-ICA and 2-MIM via in situ coordination-mediated
self-assembly, generating utZIF-SOD. Transmission electron mi-
croscopy (TEM) was used to characterize the resulting utZIF-
SOD. The utZIF-SOD exhibited spherical morphology with an
average particle size of 8.8 ± 0.9 nm (Figure 2b). Representative
atomic force microscope (AFM) images of utZIF-SOD revealed
an average size of approximately 9.7 ± 1.5 nm (Figure 2c), consis-
tent with the TEM result. The average size of pure SOD measured
by AFM was ≈7.2 nm (Figure S1, Supporting Information), indi-
cating successful encapsulation of SOD with ZIF-8, with a shell
thickness of ≈1.25 nm (Figure 2d). To further validate the struc-
ture of utZIF-SOD, dynamic light scattering (DLS) (Figure 2e)
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Figure 2. Synthesis and characterization of utZIF-SOD. a) Schematic illustration of in situ growth synthesis of utZIF-SOD. b) A representative TEM
image and grain diameter distribution map of utZIF-SOD. c) A representative AFM image of utZIF-SOD. d) Schematic diagram of shell thickness of
utZIF-SOD. e) DLS measurements revealing the size distribution of native SOD and utZIF-SOD. f) Zeta potentials of native SOD and utZIF-SOD.
g) FTIR spectra of native SOD, utZIF-SOD and ZIF-8. h) XRD patterns of utZIF-SOD and ZIF-8. i) XPS spectra of utZIF-SOD. j) CD spectra of native
SOD and utZIF-SOD.
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was employed to measure the particle size distribution and zeta
potential of native SOD and utZIF-SOD (Figure 2f). Native SOD
exhibited a negative charge (−10.9 mV) with its size distribution
concentrated at 9.2 nm. In comparison, utZIF-SOD displayed a
slightly negative charge (−6.8 mV), with its size distribution con-
centrated at 11.6 nm, indicating successful encapsulation of SOD
with ZIF-8 shell.

Successful encapsulation was further validated by Fourier-
transform infrared (FTIR) spectra (Figure 2g). UtZIF-SOD ex-
hibited characteristic absorption peaks of SOD at ≈1650 cm−1

and ≈1535 cm−1, attributed to the amide I and II bands,
respectively.[18,34] The characteristic absorption peak of the C═N
bond in the imidazole ring was observed near the position of
≈1580 cm−1, corresponding to the ZIF-8 shell of utZIF-SOD.[33]

In the subsequent powder X-ray diffraction (XRD) characteriza-
tion, utZIF-SOD did not exhibit the obvious crystal form as ZIF-8
nanoparticles (Figure 2h), possibly due to the defects in the ul-
trathin ZIF-8 shell with poor crystallinity. The surface composi-
tion of the as-prepared samples was investigated by X-ray photo-
electron spectroscopy (XPS). As shown in the survey scanning
XPS spectra (Figure 2i), all peaks were attributed to C (68.61
at.%), N (12.91 at.%), O (16.49 at.%), Zn (1.76 at.%), Cu (0.23
at.%), respectively. In the C 1s spectrum (Figure S2a, Support-
ing Information), the peaks at 284.8 eV, 285.6 eV, 286.58 eV,
287.19 eV and 288.34 eV were attributed to C–C, C═N, C–O–C,
C–N, O–C═O and C–O, respectively. The peak at 399.3 eV was
attributed to C═N, whereas the peaks at 400.8 eV and 406.8 eV
were C–N and N–H, respectively (Figure S2b, Supporting In-
formation). The O 1s peaks at 531.6 and 532.6 eV could be re-
garded as C–O and C═O, respectively (Figure S2c, Supporting
Information). Additionally, the Zn 2p spectrum was displayed at
1045.4 eV and 1022.4 eV, which were assigned to Zn 2p1/2 and Zn
2p3/2 (Figure S2d, Supporting Information) of Zn2+. Analogously,
the Cu 2p spectrum showed two merged characteristic peaks (Cu
2p1/2 at 953.2 eV, Cu 2p3/2 at 932.4 eV), which were referred to
the Cu2+ species (Figure S2e, Supporting Information). Among
them, the atomic percentage of Zn was about 7.65 times that of
Cu, which further proved that SOD was successfully encapsu-
lated with ZIF-8. In order to investigate whether the structure of
SOD changed before and after encapsulation, the structural sta-
bility was characterized by circular dichroism (CD) (Figure 2j).
The CD peak shape of native SOD in the range of 190–250 nm
showed a positive peak near 194 nm and a negative peak in the
range of 208 nm, which was a typical CD spectrum with 𝛽 confor-
mation components as the main component.[36,37] Consistently,
the CD peak with native SOD was also observed in utZIF-SOD,
and the peak position did not change obviously, which indicated
that the structure of native SOD was not affected after the protein
was encapsulated with ZIF-8. In order to further confirm the suc-
cessful encapsulation of SOD by ZIF-8, we replaced Zn2+ in the
ZIF-8 shell with Ni2+ (Ni-utZIF-SOD).[38,39] Scanning transmis-
sion electron microscopy (STEM) image (Figure S3, Supporting
Information) revealed uniform element distributions of N, O, P,
Zn, and Ni in Ni-utZIF-SOD. XPS analysis (Figure S4, Support-
ing Information) confirmed that Ni effectively replaced Zn in the
ZIF-8 shell, with no significant changes observed in the propor-
tion and peak position of other elements. This further verified
the successful encapsulation of SOD with the ZIF-8 shell.

2.2. Catalytic Activity and Stability of utZIF-SOD

Catalytic activity and stability of enzymes were the critical is-
sues during delivery in vivo.[40] Particularly, various unamiable
environments could affect the structure of proteins,[3] ultimately
leading to their denaturation and inactivation (Figure 3a). Due
to the imbalance of oxidative stress between oxidation and an-
tioxidation, aged cells have higher ROS levels. High ROS lev-
els can easily lead to lipid peroxidation, protein degeneration,
DNA damage and oxidative damage of other biomolecules,[41]

so we explored the effect of high ROS levels on SOD activity
and structure in utZIF-SOD. After native SOD and utZIF-SOD
were treated with high concentration of H2O2, the O2

•− scav-
enging ability of native SOD were significantly reduced. How-
ever, utZIF-SOD still showed higher ROS scavenging efficiency,
demonstrating that utZIF-SOD could maintain excellent stabil-
ity and catalytic activity in aged cells with high oxidative stress
levels (Figure 3b; Figure S5, Supporting Information). In the
CD spectra, it was found that the negative absorption peak at
208 nm and the positive absorption peak near 194 nm of native
SOD shifted obviously after high concentration of H2O2 treat-
ment, while the spectral band of utZIF-SOD remained basically
unchanged (Figure 3c). Relevant studies have proved that osteo-
porosis is a pathological disease associated with oxidative stress
disorders characterized by heavy metal ions overload.[42,41] In the
lesion location of osteoporosis, metal ions will reduce the activ-
ity of enzymes, thus affecting the antioxidant function of aged
cells.[43] After treating SOD and utZIF-SOD with different heavy
metal ions (Pb and Fe), respectively, the enzyme activity of na-
tive SOD was obviously decreased, but the activity of utZIF-SOD
was not affected (Figure 3f,h). Different pH conditions will also
affect the activity of the enzyme. Because the pH of aged cells
is lower than that of normal cells and the pH of mitochondria
is about 8, we explored the enzyme activity under the conditions
of pH = 6.5 and pH = 8, respectively.[44,45] Compared with nor-
mal conditions, SOD activity decreased, while utZIF-SOD activ-
ity remained unchanged (Figure S6, Supporting Information).
In addition, high temperature can lead to denaturation and in-
activation of enzymes.[46] The effect of high temperature on en-
zyme activity of native SOD and utZIF-SOD were also investi-
gated, and the change trend of enzyme activity was consistent
with the effect of high ROS levels and heavy metals (Figure 3d).
This superiority could be attributed to the protective effect of
the ZIF-8 shell on SOD, which could prevent functional inac-
tivation resulting from structural damage in the unamiable en-
vironments. Consistently, significant changes were observed in
the negative absorption peak of native SOD within the range of
197–240 nm in the subsequent CD results. Particularly notewor-
thy was the substantial shift or near disappearance of the pos-
itive peak near 194 nm (Figure 3e, g,i). Conversely, the spec-
tral band of utZIF-SOD remained basically unchanged. These
results suggested that high ROS levels, elevated temperatures,
and heavy metals disrupted secondary structure of native SOD,
whereas they showed minimal impact on the structural integrity
of SOD in utZIF-SOD. Hence, utZIF-SOD could exhibit excel-
lent stability in aged cells with high oxidative stress levels, ren-
dering them to effectively resist oxidative stress and treat senile
osteoporosis.
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Figure 3. Catalytic activity and stability of utZIF-SOD. a) Schematic illustration of the utZIF-SOD stability. O2
•−-inhibition rates of native SOD and

utZIF-SOD after b) high ROS concentration, d) 85 °C, f) Pb2+, h) Fe3+ treatment. Data are expressed as mean ± standard deviation (SD) (n = 3). CD
spectra demonstrating the secondary structures of native SOD after (c) high ROS concentration, (e) 85 °C, (g) Pb2+, i) Fe3+ treatment. Student’s t-test,
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns P > 0.05.

2.3. Biocompatibility and Internalization Pathway of utZIF-SOD

In order to better explore the biological characteristics of utZIF-
SOD, we also synthesized SOD loaded on submicron scale
ZIF-8 carrier (SOD@smZIF) with the size of about ≈100 nm
(Figure S7, Supporting Information) and conducted compara-
tive experiments. To quantitatively explore the therapeutic effi-
cacy of native SOD, utZIF-SOD, and SOD@smZIF, we initially
conducted the typical cell-counting kit 8 (CCK-8) protocol to eval-
uate in vitro cytotoxicity (Figure 4a–c). No significant decrease
in cell viability was detected in the native SOD and utZIF-SOD
group, even at a dose as high as 200 μg mL−1. In contrast, the
SOD@smZIF group showed a high cell death rate and signifi-

cant cytotoxicity at concentrations as low as 50 μg mL−1. There-
fore, a concentration of containing 20 μg mL−1 SOD was se-
lected for the subsequent experiments. Additionally, BMSCs co-
incubated with native SOD, utZIF-SOD, and SOD@smZIF were
co-stained with Calcein-AM (green: live cells) and PI (propid-
ium iodide, red: dead cells), and then detected using confocal
laser scanning microscopy (CLSM) (Figure S8, Supporting In-
formation). Consistent with the results of CCK-8, obvious cell
death occurred in the SOD@smZIF group, but almost no cell
death occurred in the native SOD and utZIF-SOD group. The
high cytotoxicity of the SOD@smZIF group might be related to
the inflammation caused by its large size and high mechanical
damage (Figure 4d)[47,48] In subsequent experiments, we used
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Figure 4. Biocompatibility and endocytosis pathway of utZIF-SOD. Cytotoxicity after treatment with a) native SOD, b) utZIF-SOD and c) SOD@smZIF
at varied concentrations. d) Schematic diagram of cytotoxicity. Relative expression of mRNA levels of e) IL-6 and f) TNF-𝛼 in aged BMSCs after differ-
ent treatments. The quantification was made by qRT-PCR. g) The flow cytometry analysis of intracellular utZIF-SOD treated with various endocytosis
inhibitors. Intracellular internalization statistics of h) utZIF-SOD and i) SOD@smZIF treated with various endocytosis inhibitors (Control: treated only
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 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202410931 by C
as-B

eijing Institution O
f, W

iley O
nline L

ibrary on [05/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

quantitative real-time polymerase chain reaction (qRT-PCR) to
explore the changing trend of pro-inflammatory factors after BM-
SCs were treated with different groups. The expression levels of
interleukin-6 (IL-6) (Figure 4e) and tumor necrosis factor-𝛼 (TNF-
𝛼) (Figure 4f) in the native SOD and utZIF-SOD group were sim-
ilar to or lower than those in the control group, which indicated
that the native SOD and utZIF-SOD group did not induce the
inflammatory reaction in cells. On the contrary, due to SOD ef-
fectively scavenging ROS from cells, they showed a certain anti-
inflammatory role. However, the levels of inflammatory factors
in the SOD@smZIF group increased sharply, showing an obvi-
ous pro-inflammatory phenomenon. The above experimental re-
sults revealed that utZIF-SOD was a novel enzyme nanoformu-
lation with high biocompatibility, which was more conducive to
the study of protein delivery and enzyme catalysis.

Next, we studied the intracellular internalization pathway of
utZIF-SOD, we initially labeled SOD with cyanine 3 (Cy3) to ob-
serve the intracellular delivery of utZIF-SOD (Cy3-utZIF-SOD).
Various endocytosis inhibitors, including rottlerin (micropinocy-
tosis inhibitor), chlorpromazine and sucrose (clathrin-mediated
endocytosis inhibitor), nystatin (caveolae-mediated endocyto-
sis inhibitor), and methyl-𝛽-cyclodextrin (Me-𝛽-CD, clathrin-
independent endocytosis inhibitor) were employed to study the
intracellular internalization pathway (Figure 4g, h; Figure S9a,
Supporting Information). Comparing the internalization effi-
ciency of Cy3-utZIF-SOD pretreated with and without endocy-
tosis inhibitors, it was found that the intracellular delivery of
Cy3-utZIF-SOD was not significantly inhibited. Additionally, the
internalization of Cy3-utZIF-SOD when treatment was slightly
limited at low temperature (4 °C), demonstrating no obvious
energy dependence. This result indicated that the uptake route
of Cy3-utZIF-SOD might not depend on surface-mediated pro-
teins. Conversely, the intracellular delivery of Cy3-SOD@smZIF
was significantly inhibited after chlorpromazine treatment, and
the inhibition effect was more pronounced at 4 °C (Figure 4i,
Figure S9b–h, Supporting Information), showing that the cell
uptake of Cy3-SOD@smZIF was an energy-dependent, receptor-
mediated endocytosis. After uptake through the endocytosis
route, Cy3-SOD@smZIF eventually entered lysosomes, which
would reduce the utilization efficiency of nanodrugs. Then,
CLSM analysis showed that the accumulation of SOD in the cy-
tosol was observed after treating BMSCs with Cy3-utZIF-SOD
(containing 20 μg mL−1 SOD) for 2 h (Figure 4j). Additionally,
the co-localization coefficient (Pearson’s correlation coefficient)
of Cy3-utZIF-SOD and lysosome in CLSM imaging was 0.11,
indicating that Cy3-utZIF-SOD were not present in lysosomes.
From the above results, it could be concluded that utZIF-SOD
was internalized into cells mainly through passive uptake and
would not enter lysosomes to avoid degradation (Figure 4k). On
the contrary, after BMSCs were treated with Cy3-SOD@smZIF
containing 20 μg mL−1 SOD for 8 h, the Pearson’s correlation
coefficient of Cy3-SOD@smZIF and lysosome was 0.51, which
was lower than that after 2 h treatment (0.68) (Figure 4j), in-
dicating that a certain amount of Cy3-SOD@smZIF could es-

cape from lysosomes. Although Cy3-SOD@smZIF possessed the
characteristics of lysosome escape, a significant number of Cy3-
SOD@smZIF still remained in lysozyme, where the ZIF-8 shell
and SOD structure were decomposed. In order to investigate the
influence of lysosomal degradation on structure and function, we
simulated the microenvironment of cytoplasmic matrix and lyso-
some with pH= 7.4 and pH= 5.3 buffers, respectively. Compared
with the neutral buffer, the scavenging ROS ability of utZIF-
SOD and SOD@smZIF treated with the acidic buffer decreased
(Figure S10, Supporting Information), which was attributed to
the decomposition of ZIF and deprotection of SOD in acidic en-
vironment, thereby resulting in the decrease or even inactivation
of SOD.

2.4. In Vitro Biocatalysis and Cell Function of utZIF-SOD

After exploring the efficient cellular uptake of utZIF-SOD, we
subsequently studied whether enzyme-encapsulated utZIF-SOD
retained its intracellular biocatalytic activity in aged cells with
high oxidative stress levels. To this end, we chose BMSCs that
had grown to different generations, specifically the fifth gener-
ation (P5) and the tenth generation (P10). To observe the ROS
content and the scavenging effect of utZIF-SOD during the ag-
ing process from youth to old age, BMSCs at P5 and P10 were
first treated with native SOD, utZIF-SOD, and SOD@smZIF,
and then stained with DCFH-DA (Figure 5a; Figure S11, Sup-
porting Information). In the BMSCs at P5, which were relatively
young, a small amount of ROS could be observed in the control
group. After treatment with native SOD and utZIF-SOD, most
of the ROS in the cells were removed, with no significant differ-
ence between the two groups. In the BMSCs at P10, which were
in an aged state, higher ROS content was observed in the con-
trol group. Compared with native SOD, the utilization efficiency
of utZIF-SOD effectively scavenged excess ROS was ≈1.5 times
that of native SOD. This result might be attributed to the good
protective effect of ZIF-8 shell on SOD in aged cells with high
oxidative stress levels, which could effectively prevent SOD in-
activation caused by high ROS.[49,50] This result was consistent
with previous stability findings. Due to the high concentration of
ROS inducing DNA damage, phosphorylation of Ser-139 of hi-
stone H2AX molecules (𝛾-H2AX), a common indicator of DNA
damage, was examined in the subsequent experiments.[51] Com-
pared to the control and SOD group, utZIF-SOD showed better
DNA repair after treatment (Figure 5b,c). These results further
indicated that the ultrathin ZIF-8 shell of utZIF-SOD could pro-
tect SOD from the damage caused by high ROS in aged cells,
thus effectively scavenge ROS from aged cells and restore them
to a relatively young state.

Since aging in BMSCs was associated with deteriorations in
proliferation capacity, colony-formation ability, migration activ-
ity, and cell dryness,[52,53] we subsequently investigated whether
utZIF-SOD had any influence on these biological characteris-
tics of aged BMSCs. Senescence-associated 𝛽-galactosidase (SA-
𝛽-gal) staining revealed a decreased percentage of positive cells

with corresponding nanomaterials). BMSCs were pretreated with endocytosis inhibitors as indicated for 1 h before cellular delivery of utZIF-SOD or
SOD@smZIF (containing 20 μg mL−1 SOD). CLSM images of BMSCs incubated with j) utZIF-SOD and SOD@smZIF containing 20 μg mL−1 SOD.
Scale bars: 10 μm. k) Schematic diagram of utZIF-SOD internalization pathway. Data were expressed as mean ± standard deviation (SD) (n = 3).
Analyzed by one-way ANOVA, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns P > 0.05.
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Figure 5. In vitro biocatalysis and cell function of utZIF-SOD. a) Confocal images of intracellular ROS levels of BMSCs stained with DCFH-DA oxidative
stress indicator (green) and Hoechst 33342 (blue, nucleus) after different treatments. Scale bars: 200 μm. Immunofluorescence staining of b) 𝛾-H2AX
in aged BMSCs after different treatments. Scale bars: 200 μm. d) Representative images of senescence-associated 𝛽-galactosidase (SA-𝛽-gal) staining of
aged BMSCs. Scale bars: 200 μm. Relative expression of mRNA levels of e) P16 and f) P53 in aged BMSCs after different treatments. The quantification
was made by qRT-PCR. Immunofluorescence staining of g) Ki67 in aged BMSCs after different treatments. Scale bars: 200 μm. i) Crystal violet staining
of colony-forming units after different treatments of BMSCs. Semi-quantification of c) 𝛾-H2AX derived from Data (b), h) Ki67 derived from Data (g) and
j) colony-forming units derived from Data (i). Relative expression of mRNA levels of k) OCT4 and l) SOX2 in aged BMSCs after different treatments. The
quantification was made by qRT-PCR. m) Scratch assay of aged BMSCs after different treatments. Magenta dotted lines indicated start (0 h), half (6 h),
and end (24 h) positions of BMSCs after scraping. Scale bars: 200 μm. Data were expressed as mean ± standard deviation (SD) (n = 3). Analyzed by
one-way ANOVA, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns P > 0.05.
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in the utZIF-SOD group in aged BMSCs (Figure 5d; Figure S12,
Supporting Information). Consistently, the expression of aging
markers, such as P16 and P53, was significantly down-regulated
in response to utZIF-SOD treatment (Figure 5e,f). Furthermore,
utZIF-SOD-treated aged BMSCs exhibited markedly elevated
proliferation capacity, as indicated by the greater number of
Ki67+ cells (Figure 5g and h). Additionally, the colony formation
assay showed that utZIF-SOD-treated aged BMSCs had a higher
self-renewal capacity than other groups, evidenced by increases
in the number and diameter of the colony-forming unit fibrob-
lasts (CFU-Fs) (Figure 5i,j). Next, we investigated the migration of
aged BMSCs through a scratch assay in the presence or absence
of native SOD and utZIF-SOD. At 0, 6 and 24 h after scratch-
ing, the utZIF-SOD-treated group showed faster wound healing
(Figure 5m; Figure S13, Supporting Information). The accumu-
lation of ROS in the aging process affects the stemness of stem
cell.[54] To observe whether utZIF-SOD could effectively improve
the cell stemness of aged BMSCs, we used qRT-PCR to detect
the expression level of cell stemness. After treatment with utZIF-
SOD, the aged BMSCs showed more significant increases in the
expression levels of SOX2 (Figure 5k) and OCT4 (Figure 5l).

2.5. Osteogenic Differentiation of utZIF-SOD Treated Aged
BMSCs

To evaluate the effect of utZIF-SOD on osteogenic differentia-
tion of aged BMSCs in vitro, we selected BMSCs cultured up to
the tenth generation and subjected them to osteogenic induction
medium. Compared to other groups, utZIF-SOD supplementa-
tion significantly increased alkaline phosphatase (ALP) activity af-
ter 7 d of osteogenic induction (Figure 6a,b) and enhanced the for-
mation of mineralized nodules after 14 d (Figure 6c,d). Alizarin
red staining also demonstrated that BMSCs derived from the
utZIF-SOD treatment group formed more calcified nodules.
Next, we assessed the expression of osteogenic-related genes, in-
cluding BMP2 and RUNX2, in aged BMSCs induced in vitro
using qRT-PCR (Figure 6e,f) and Western blotting (Figure 6g).
Consistently, utZIF-SOD treatment upregulated the expression
of osteogenic-related genes (BMP2 and RUNX2). Western blot-
ting analysis showed that the autophagy-related marker LC3
was upregulated after utZIF-SOD treatment, indicating that
utZIF-SOD regulated osteogenic differentiation by activating au-
tophagy (Figure S14, Supporting Information). Aged cells not
only lose normal cellular function but also disrupt the function
of neighboring cells by secreting high levels of inflammatory
cytokines.[55] In addition, ROS can promote the production of
pro-inflammatory cytokines (such as IL-1, IL-6, and TNF-𝛼), and
further up-regulate the expression of ROS.[56] Therefore, effec-
tively inhibiting inflammation can enhance the therapeutic effect
of senile osteoporosis. Subsequently, we investigated whether
utZIF-SOD could exert an anti-inflammatory effect in aged BM-
SCs. Inflammation in BMSCs was induced with lipopolysaccha-
ride (LPS) and then treated with native SOD and utZIF-SOD, re-
spectively. The levels of inflammatory factors IL-1, IL-6, and TNF-
𝛼 decreased significantly after utZIF-SOD treatment, and even re-
turned to the levels observed before LPS induction (Figure 6h–j).
This effect was attributed to the effective scavenging of ROS by
utZIF-SOD.

2.6. Senile Osteoporosis Treatment with utZIF-SOD

To study the therapeutic effect of utZIF-SOD on senile osteo-
porosis, we selected naturally senile mice, 18-month-old mice
with evident osteoporosis, as animal models (Figure 7a). To de-
termine the administration cycle, we initially injected Cy3-labeled
SOD and utZIF-SOD into the senile mice via tail vein injection
and observed the circulating half-life of native SOD and utZIF-
SOD in the old mice. It was found that the fluorescence signal
in mice was significantly weakened after 7 d of administration
(Figure S15, Supporting Information). Therefore, we considered
one week of treatment as a course of administration for treating
osteoporosis in senile mice. Following 10 weeks of administra-
tion, we assessed the therapeutic effect of utZIF-SOD on senile
osteoporosis (Figure 7b). MicroCT analysis revealed that, com-
pared to the native SOD group, the bone mineral density (BMD)
and vertebral bone volume (BV/TV) of osteoporosis mice in the
utZIF-SOD treatment group markedly increased. Significantly,
the BMD increment of utZIF-SOD was ≈2 times that of native
SOD. Consistently, the trabecular thickness (Tb.Th) and trabecu-
lar number (Tb.N) increased, accompanied by a decrease in tra-
becular separation (Tb.Sp) (Figure 7c). Histomorphometric anal-
ysis further confirmed the increased bone mass, particularly in
the utZIF-SOD group (Figure 7d). The crystal violet staining ex-
periment showed that utZIF-SOD was more beneficial to main-
tain the formation of CFU-F (Figure 7e,f). Furthermore, utZIF-
SOD effectively improved the cell stemness of BMSCs in osteo-
porotic mice (Figure 7g,h). As BMSCs played a crucial role dur-
ing bone formation, we isolated BMSCs from treated mice to ex-
plore their osteogenic potential. After 7 d of osteogenic induc-
tion, utZIF-SOD significantly augmented ALP and ARS activ-
ity (Figure 7i–l). In addition, utZIF-SOD-treated BMSCs retained
high expression levels of Bmp2 and Runx2, whereas other treat-
ment groups gradually lost the expression of these genes, as con-
firmed by Western blotting analysis and qRT-PCR (Figure 7m–o).
The above results indicated that utZIF-SOD treatment restored
the osteogenic differentiation ability of the BMSC populations in
senile mice. H&E staining of major organs, including heart, liver,
kidney and spleen, suggested no obvious necrosis, congestion, or
hemorrhage, demonstrating the good biocompatibility of utZIF-
SOD (Figure S16, Supporting Information).

3. Conclusion

Protein therapeutics play an essential role in the treatment of
human diseases. Although many carriers have achieved the de-
livery of proteins, intracellular protein delivery remains a chal-
lenge. During internalization, these nanoparticles will be cap-
tured by the endo-lysosomal system, and restricted to endo-
somes/lysosomes with low pH and rich in acid hydrolase, trigger-
ing enzyme inactivation and limited therapeutic effects. Based
on the scientific questions above, we constructed an ultrasmall
enzyme nanoformulation reinforced with ultrathin ZIF-8 coat-
ing via an in situ coordination-mediated self-assembly strategy
to avoid lysosomal degradation through passive uptake for senile
osteoporosis therapy. Remarkably, utZIF-SOD achieved direct,
efficient cellular uptake mediated by small size effect, thereby
avoiding lysosomal degradation and exhibiting high delivery ef-
ficiency. Due to ultrathin ZIF-8 coating, utZIF-SOD exhibited
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Figure 6. Anti-inflammatory effect and promotion of bone differentiation by utZIF-SOD on aged BMSCs. Representative images of a) ALP and c) ARS
staining of aged BMSCs with different treatments. Scale bars: 200 μm. Semi-quantification of b) ALP derived from Data (a) and d) ARS derived from
Data (c). Relative expression of mRNA levels of (e) BMP2 and f) RUNX2 in aged BMSCs after different treatments. The quantification was made by
qRT-PCR. g) Western blot analyses of BMP2 and RUNX2 in aged BMSCs treated with different treatments. Relative expression of mRNA levels of h) IL-1,
i) IL-6 and j) TNF-𝛼 in LPS-activated aged BMSCs after different treatments. The quantification was made by qRT-PCR. Data were expressed as mean ±
standard deviation (SD) (n = 3). Analyzed by one-way ANOVA, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns P > 0.05.
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Figure 7. Senile osteoporosis treatment by utZIF-SOD. a) Treatment flow chart of senile mice with osteoporosis (3 groups, n = 3). b) Micro-CT re-
construction of femurs. Scale bar = 2 mm. c) Quantitative micro-CT analyses of distal femurs. d) Von Kossa and masson staining of demineralized
femurs sections. Scale bar = 100 μm. e) Crystal violet staining of colony-forming units after different treatments of BMSCs. Semi-quantification of f)
colony-forming units derived from Data (e). Relative expression of mRNA levels of g) Oct4 and (h) Sox2 in aged BMSCs of senile mice after different
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excellent stability, even in the unamiable environment with high
oxidative stress levels. It was demonstrated that ultrasmall en-
zyme nanoformulation reinforced with ultrathin ZIF-8 coating
could promote osteogenic differentiation of aged BMSCs with
high oxidative stress levels, and exhibited profound therapeu-
tic efficacy against senile osteoporosis due to its potent stability
and high uptake utilization rate in BMSCs. Overall, ultrasmall
enzyme nanoformulation reinforced with ultrathin ZIF-8 coat-
ing via an in situ coordination-mediated self-assembly strategy,
which bypasses the endo-lysosomal system during cellular entry,
allows for potent protein delivery and robust therapy for senile
osteoporosis.

4. Experimental Section
Chemicals, Materials, and Reagents: 1H-Imidazole-2-carboxylic acid

(2-ICA), 1-(3-Dimethylaminopropyl)−3-ethylcarbodiimide hydrochlo-
ride (EDC), 2-Methylimidazole (2-MIM), Zinc nitrate hexahydrate
(Zn(NO3)2·6H2O), Cyanine3 amine (Cy3-amine), Lead chloride (PbCl2),
Iron chloride (FeCl3) and bovine erythrocytes Cu, Zn-SOD were obtained
from Aladdin. SOD assay kit was purchased from Dojindo.

Preparation of utZIF-SOD: 2-ICA of 0.1 mg was dissolved in deionized
water. Then, 0.14 mg of EDC was added to the solution. After the reaction
at room temperature for 1 h, 5 mg of superoxide dismutase (SOD) was
added and stirred for 2 h. Next, 1.5 mg of 2-MIM was added, and stirring
continued for 10 min. Finally, 1.39 mg of Zn(NO3)2·6H2O was added to
react for 10 min. The utZIF-SOD was obtained by washing with ethanol
three times and centrifuging.

Preparation of Cy3-utZIF-SOD: 2-ICA of 0.1 mg was dissolved in deion-
ized water, and then 0.14 mg of EDC was added to the solution. After re-
acting at room temperature for 1 h, 5 mg of SOD was added and stirred
for 2 h. Subsequently, another 0.14 mg of EDC was added to the solution.
After 0.5 h, Cy3-amine was added, and the reaction was continued for 1 h.
Then, 1.5 mg of 2-MIM was added and stirred for 10 min, followed by the
addition of 1.39 mg of Zn(NO3)2·6H2O for a reaction period of 10 min.
Afterward, centrifugal washing was repeated to remove excess Cy3-amine.
Finally, Cy3-utZIF-SOD was acquired.

Preparation of SOD@smZIF: SOD of 5 mg was added to the 2-MIM
(0.29 g, 1 mL) water solution. The mixture was stirred at room tempera-
ture for 20 min. Subsequently, Zn(NO3)2·6H2O (13.4 mg) was added and
allowed to react for an additional 20 min. After centrifugal washing with
ethanol, SOD@smZIF was obtained.

Preparation of Cy3-SOD@smZIF: SOD of 5 mg was dissolved in deion-
ized water. Then, 0.14 mg of EDC was added to the solution. After a 0.5 h
reaction at room temperature, 2-MIM (0.29 g, 1 mL) in water solution
was added. The mixture was stirred at room temperature for 20 min.
Subsequently, Zn(NO3)2·6H2O (13.4 mg) was added and allowed to re-
act for an additional 20 min. After centrifugal washing with ethanol, Cy3-
SOD@smZIF was obtained.

Material Characterization: TEM investigations were obtained using
FEI Tecnai G2 F20. Meanwhile, the elemental mapping analysis was de-
termined using EDX. The height and Young’s modulus of nanosheet
were tested by AFM (Dimension Icon, Bruker, USA) under the Peak-
force QNM mode using TAP150-G silicon cantilever. The acquired images,
with 512×512 pixels, were analyzed using a NanoScope software version
3.00. DLS experiments were carried out with Zetasizer Nano instrument
(Malvern Instruments Ltd., UK). FTIR spectra of native SOD, utZIF-SOD
and ZIF-8 were recorded on a Bruker VERTEX80v FTIR spectrometer using
KBr pellets. XRD data were collected using a Panalytical Xpert3 Powder X-

ray diffractometer with Cu K𝛼 (𝜆 = 0.15406 nm). XPS measurements were
performed with a Thermo Scientific K-Alpha spectrometer, and the shift of
binding energy due to relative surface charge was corrected using the C 1s
spectrum at 284.8 eV. CD measurements (190−250 nm) were conducted
with a Jasco J-1500 CD spectrometer in a quartz cuvette with a 1 cm path
length. For the measurements, the protein concentration was adjusted to
0.02 mg mL−1. Each sample was scanned three times at a scanning speed
of 50 nm/min with a bandwidth of 1 nm.

Enzymatic Activity and Stability Assay: The SOD activity of clus-
terzymes was tested according to the description in the SOD Activity Assay
Kit. The environment with high levels of ROS was simulated by adding an
excess of pyrogallol. After SOD or utZIF-SOD was treated at 85 °C, Pb2+

or Fe3+ for 30 min, the inhibition rate of O2
•− of SOD and utZIF-SOD was

determined, respectively.
Cell Culture: Human BMSCs (PCS-500-012) were purchased from Bei-

jing Zhongyuan Company Limited (Beijing, China) and cultured with 𝛼-
MEM medium (Invitrogen, Carlsbad, CA, United States) with 15% fetal
bovine serum (Gibco, MA, United States) and 1% Penicillin/Streptomycin
(Gibco, MA, United States). During the incubation, the temperature at
37 °C was kept, the humidity at 95%, and the CO2 concentration at 5%.
Primary cells were cultured to different generations for further experiments
in vitro.

Cytotoxicity Assay (CCK8): The cytotoxicity of SOD, utZIF-SOD and
SOD@smZIF against BMSCs was evaluated using the Cell Counting Kit-8
assay (CCK-8). Briefly, BMSCs were seeded in 96-well plates at a density of
5000 cells mL−1 for 24 h. Subsequently, fresh media with SOD, utZIF-SOD
or SOD@smZIF (0 – 200 μg mL−1) was replaced and incubated for 24 h.
10 μL of CCK-8 solution (LJ621, Dojindo, Japan) was then added into each
well and incubated for 2 h before measuring the absorbance at 450 nm
using a using a microplate reader (Bio-Rad).

Propidium Iodide (PI)/Calcein-AM Staining: The PI/Calcein-AM double
stain kit (CA1630, Solarbio) was used to detect cell apoptosis. After the
SOD, utZIF-SOD and SOD@smZIF (containing 20 μg mL−1 SOD) treat-
ment for 24 h, BMSCs were incubated with 10 μM Calcein-AM and 10 μM
PI at 37 °C for 20 min. CLSM images were captured using a laser-scanning
microscope (LSM510, Zeiss, Germany) and processed with LSM 5 Release
4.2 software. Live cells were observed using a 490 nm excitation filter, while
dead cells were observed using a 545 nm excitation filter.

Cellular Uptake and Intracellular Distribution Study of Cy3-utZIF-SOD
and Cy3-SOD@smZIF: For the cellular uptake study of utZIF-SOD and
SOD@smZIF, BMSCs were seeded at a density of 2.5×104 cells per well
in 6-well plates 24 h prior to the experiment. Subsequently, cells were incu-
bated with different concentrations of Cy3-utZIF-SOD/Cy3-SOD@smZIF
for 8 h. At the end of incubation period, the cells were washed twice with
PBS and harvested for flow cytometry analysis. To further investigate the
endocytosis pathway of Cy3-utZIF-SOD, BMSCs were pre-treated with var-
ious endocytosis inhibitors, including 10 μM rottlerin, 20 μM Cloropro-
mazine, 20 μM nystatin, 0.6 M sucrose, and 3 mM Me-𝛽-CD, for 1 h.
Subsequently, Cy3-utZIF-SOD/Cy3-SOD@smZIF (containing 20 μg mL−1

SOD) was added, and the cells were further incubated for 8 h before flow
cytometry analysis as described above. For the cellular distribution study
of Cy3-utZIF-SOD, BMSCs were seeded at a density of 1.5×104 cells in
confocal dish 24 h prior to the experiment. The cells were incubated with
Cy3-utZIF-SOD/Cy3-SOD@smZIF (containing 20 μg mL−1 SOD) for 2 h
or 8 h at 37 °C. At the end of incubation, the cells were washed with PBS
twice and incubated with 100 nM Lyso-Tracker Green (C1047S, Beyotime)
for 1hours at 37 °C. Subsequently, the cells were washed twice with PBS
before CLSM imaging.

Measurement of ROS: Intracellular ROS levels were measured us-
ing the DCFH-DA oxidative stress indicator (Beyotime, S0033) following
the manufacturer’s instructions. Briefly, BMSCs treated under different
conditions were incubated with serum-free medium containing 10 mM

treatments. The quantification was made by qRT-PCR. Representative images of i) ALP and j) ARS staining of the extracted BMSCs of senile mice with
different treatments. Scale bar = 200 μm. Semi-quantification of k) ALP derived from Data (i) and l) ARS derived from Data (j). m) Western blot analyses
of Bmp2 and Runx2 in the extracted BMSCs treated with different treatments. Relative expression of mRNA levels of n) Bmp2 and o) Runx2 in aged
BMSCs of senile mice after different treatments. The quantification was made by qRT-PCR. Data were expressed as mean ± standard deviation (SD)
(n = 3). Analyzed by one-way ANOVA, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns P > 0.05.
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DCFH-DA at 37 °C for 30 min in the dark. Subsequently, the cells
were washed twice with serum-free medium and resuspended in 𝛼-MEM
medium supplemented with Hoechst 33342 (C1027, Beyotime, China). Fi-
nally, the cells were harvested, and fluorescence signals were assessed at
488/525 nm using fluorescent microscopy (Leica, Germany) and analyzed
using Image-Pro Plus 6.0 software (Media Cybernetics, MD, USA).

Senescence-Associated 𝛽-galactosidase (SA-𝛽-gal) Assay: The aging-
related 𝛽-galactosidase (SA-𝛽-gal) activity was assessed using the cell
aging assay kit (KAA002, Millipore) in treated aged and young fibrob-
lasts after 2 d of culture. SA-𝛽GAL activity was also measured in
BMSCs treated with high (50 ng mL−1) or low (0.5 ng mL−1) cy-
tokine concentration or SCM for 5 or 10 d. In short, cells were in-
oculated in triplicate in a 24-well plate, washed twice with PBS 1×,
and then fixed in formalin at room temperature for 5 min. Next, the
cells were washed twice with PBS 1× and incubated with 𝛽-gal sub-
strate in acidic buffer (pH = 6.0) at 37 °C overnight. The cells were
then examined using an inverted microscope (NIKON TS100) and pho-
tographed. The appearance of perinuclear blue indicates that cells were
aged.

Migration Assay: To evaluate the cell migration property after SOD,
utZIF-SOD and SOD@smZIF treatment, BMSCs were seeded onto 6-well
plates and allowed to grow in a monolayer for 24 h. Subsequently, a sterile
100–200 μL pipette tip was held vertically to scratch a cross in each well.
The detached cells were then removed by washing with PBS and SOD,
utZIF-SOD and SOD@smZIF were added in 𝛼-MEM to treat BMSCs. After
24 h, cell migration was observed using an optical microscope (Olympus,
Japan).

Immunocytofluorescense Staining: Cells were fixed in 4% paraformalde-
hyde and permeabilized with 0.1% Triton X-100 at room temperature for
10 min. Next, the cells were incubated with 5% Bovine Serum Albumin
(BSA) at room temperature for 1 h, followed by incubation with primary
antibodies, including anti-𝛾-HA2X (ab81299, abcam), anti-Ki67 (AF0198,
Affinity) at 4 °C overnight. After thoroughly washed, the cells were then in-
cubated with tetramethylrhodamine isothiocyanate-conjugated secondary
antibodies (1: 200, Zhongshan Golden Bridge Biotechnology, Beijing,
China) in the dark for 1 h. Nuclei were counterstained with DAPI (P0131,
Beyotime, China). Images were captured by using a laser-scanning micro-
scope (LSM510, Zeiss, Germany). The fluorescence intensity was analyzed
by using ImageJ software.

Colony-Formation Assay: BMSCs were plated in 6-well plates and the
medium was replaced every 2–3 d. The medium containing SOD, utZIF-
SOD or SOD@smZIF was added until cell colonies were observed under
a microscope. At the end of the experiment, cells were fixed with 4% PFA
(Sigma) and stained using the 0.1% Crystal Violet Solution. Colonies con-
sisting of more than 50 cells were defined as single colony clusters, and
the number of clusters was counted.

In Vitro osteogenic Differentiation of BMSCs: The osteogenic dif-
ferentiation medium for BMSCs was prepared as described below:
10 nmol L−1 dexamethasone, 100 μmol L−1 ascorbic acid 2-phosphate and
10 mmol L−1 𝛽-glycerophosphate were added to the 𝛼-MEM medium. BM-
SCs were then cultured in the obtained osteogenic differentiation medium
for 14 d. Alizarin red S staining (Sigma) was performed to observe the cal-
cium nodules formed during osteogenic process, following the manufac-
turer’s instructions. Additionally, after culturing in osteogenic medium for
7 d, the cells were fixed in 4% PFA and stained using the ALP staining kit
(Beyotime, P0321S) at room temperature, following the manufacturer’s
instructions.

Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-
PCR): Total RNA was extracted using TRIzol reagent (Invitrogen, Carls-
bad, CA, United States) according to the manufacturer’s instructions.
RNA was then reverse transcribed into complementary first-strand cDNA
using cDNA synthesis kits (Takara Bio, Inc., Otsu, Japan). Real-time
PCR was subsequently performed using the FastStart Universal SYBR
Green master kit (Roche) on an Applied Biosystems 7500 Real-Time
PCR System (Life Technologies Corporation, United States) to de-
termine the relative mRNA expression level. The primers sequences
were designed using Primer Premier 5.0 software and were listed as
follows:

hBMP2-F ACTACCAGAAACGAGTGGGAA

hBMP2-R GCATCTGTTCTCGGAAAACCT

hRUNX2-F CACTGGCGCTGCAACAAGA

hRUNX2-R CATTCCGGAGCTCAGCAGAATAA

hIL-1-F TTCGACACATGGGATAACGAGG-

hIL-1-R TTTTTGCTGTGAGTCCCGGAG

hIL-6-F GGAGACTTGCCTGGTGAAAA

hIL-6-R GTCAGGGGTGGTTATTGCAT

hTNF-𝛼-F CGCCACCACGCTCTTCTG

hTNF-𝛼-R GGCTACAGGCTTGTCACTCG

hGAPDH-F TGCCACTCAGAAGACTGTGG

hGAPDH-R TTCAGCTCTGGGATGACCTT

Western Blotting: BMSCs were harvested and lysis with RIPA buffer
(Thermo Fisher Scientific) mixed with 1 mM PMSF (Beyotime, ST506).
The protein concentrations were measured using BCA Protein Assay Kit
(Beyotime, P0012S), and the 30 μg total protein was separated by 10%
SDS-polyacrylamide gel and then transferred onto a polyvinylidene difluo-
ride (PVDF) membrane (Millipore). After being blocked in 5% non-fat milk
for 1 h at room temperature, the membranes were incubated overnight at
4 °C with the following primary antibodies: anti-BMP2 (ab284387, Abcam),
anti-RUNX2 (12 556, cell signaling technology), and anti-GAPDH (AF7021,
Affinity). Subsequently, the membranes were incubated with horseradish
peroxidase-conjugated rabbit IgG (1: 5000, Zhongshanjinqiao), and pro-
tein bands were detected by enhanced with a SuperSignal West Pico
Chemiluminescent Substrate (Thermo Fisher Scientific).

Animals: C57BL/6J mice aged 18 months were purchased from the
Beijing Weitong Lihua Experimental Animal Center. All the experimental
procedures in this study were conducted in line with animal welfare eth-
ical regulations and approved by the Animal Use and Care Committee
of Peking University (LA2023323). Since this study could not to deter-
mine the animal sample size needed for the experiment by the methods
needed for efficacy analysis. Therefore, an alternative “resource equation”
approach was adopted, which sets an acceptable range of degrees of free-
dom (DFs) to determine the sample size.[57] To achieve a DF in the range
from 10 to 20, the minimum number of each experimental group was 2.67,
while the maximum number of each group was 4.33.[58] In addition, in
in vitro experiments, the designed utZIF-SOD showed excellent biological
effects. Therefore, in the in vivo study, n = 3 was used for each group,
which follows the 3R principle of animal sample size calculation (Reduc-
tion, Refinement, and Replacement). All mice were maintained under spe-
cific pathogen-free rooms with a 12-h light/12-h dark cycle. The animals
were allowed access to free food pellets and tap water ad libitum. Ani-
mals were randomly divided into different groups, including control group
(saline), SOD group (50 μg m−1 L SOD of saline sodium, 200 μL), utZIF-
SOD group (50 μg mL−1 utZIF-SOD of saline sodium, 200 μL). The ther-
apeutics were injected via a tail vein once a week for a total of 10 weeks.
At the endpoint, all animals were sacrificed by excessive anesthesia, and
internal organs (heart, liver, kidney, spleen) and femora were collected for
analysis.

Isolation and Culture of Mice BMSCs: BMSCs were isolated from
aged mice belonging to the control group, SOD group, and utZIF-SOD
group, respectively. The mice were euthanized, and their bones were dis-
sected and washed in sterile PBS. BMSCs was flushed out using a 25-
gauge needle into 𝛼-MEM supplemented with 10% FBS and 1% peni-
cillin/streptomycin. Upon reaching 70–80% confluence, BMSCs were pas-
saged and plated in 6-well or 12-well plates for experiments.

Biodistribution Study of Therapeutics: To better understand the biodis-
tribution of SOD and utZIF-SOD, they were conjugated with Cy3 and in-
jected into healthy mice via the tail vein. At each time point (1 h, 1 d,
3 d, 7 d after injection), three mice in each group were anesthetized
and subjected to vitro imaging using an IVIS Spectrum In Vivo Imaging
System (PerkinElmer).

Adv. Funct. Mater. 2024, 2410931 © 2024 Wiley-VCH GmbH2410931 (13 of 15)
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μCT Scanning and Analysis: The mice femora were fixed in 10%
paraformaldehyde for 24 h and scanned by with a Skyscan 1174 micro-
CT system (Bruker, Belgium) at a resolution of 5.9 μm. The acquired axial
images were imported into NRecon and CTvox software for visualization
and analysis. The region of interest (ROIs) were defined as the areas 0.5-
1 mm distal to the proximal epiphysis to include the secondary trabecular
spongiosa. Bone mineral density (BMD), bone volume fraction (BV/TV),
trabecular number (Tb.N), trabecular separation (Tb.Sp), and trabecular
thickness (Tb.Th) were calculated within the ROIs using CTAn software.

Histomorphometric Analyses: The fixed femora were demineralized in
15% ethylenediaminetetraacetic acid (EDTA) and embedded in paraffin.
Consecutive 4-μm-thick sections were obtained from each group and
stained with haematoxylin and eosin (H&E) as well as Masson’s trichrome
staining, following the manufacturer’s instructions. Similarly, the fixed in-
ternal organs (heart, liver, kidney, spleen) were embedded in paraffin. Con-
secutive 4-μm-thick sections were obtained from each group and stained
with H&E.

Statistical Analysis: Statistical analysis was conducted using Graph-
Pad Prism 8 (GraphPad Software). All data were expressed as mean ±
SD. Comparison of means between two groups was performed using the
Student’s t test. For multiple comparison, one-way analysis of variance
(ANOVA) was used to assess difference in means among groups. Differ-
ences of *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 were
considered statistically significant.
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