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Postmenopausal osteoporosis (PMOP) is a prevalent condition among elderly women. After menopause, women
exhibit decreased iron excretion, which is prone to osteoporosis. To design a specific titanium implant for PMOP,
we first analyze miRNAs and DNA characteristics of postmenopausal patients with and without osteoporosis. The

Ferm_ptOSI,S results indicate that iron overload disrupts iron homeostasis in the pathogenesis of PMOP. Further experiments
Caffeic acid nanosphere . . s s . . .
Ti implant confirm that iron overload can cause lipid peroxidation and ferroptosis of MSCs, thus breaking bone homeostasis.

Based on the findings above, we have designed a novel Ti implant coated with nanospheres of caffeic acid (CA)
and deferoxamine (DFO). CA can bind on the Ti surface through the two adjacent phenolic hydroxyls and
polymerize into polycaffeic acid (PCA) dimer, as well as the PCA nanospheres with the repetitive 1,4-benzo-
dioxan units. DFO was grafted with PCA through borate ester bonds. The experimental results showed that
modified Ti can inhibit the ferroptosis of MSCs in the pathological environment of PMOP and promote
osseointegration in two main ways. Firstly, DFO was released under high oxidative stress, chelating with excess
iron and decreasing the labile iron pool in MSCs. Meanwhile, CA and DFO activated the KEAP1/NRF2/HMOX1
pathway in MSCs and reduced the level of intracellular lipid peroxidation. So, the ferroptosis of MSCs is inhibited
by promoting the SLC7A11/GSH/GPX4 pathway. Furthermore, the remained CA coating on the Ti surface could
reduce the extracellular oxidative stress and glutathione level. This study offers a novel inspiration for the
specific design of Ti implants in the treatment of PMOP.

1. Introduction

Osteoporosis, an imperative global public health concern, particu-
larly affects older women who have transitioned through menopause.
Specially, postmenopausal osteoporosis (PMOP) is an increasingly
prevalent condition [1,2]. For most postmenopausal women, osteopo-
rotic fractures easily occur and sometimes need a permanent fixation
system for treatment [3]. Titanium and titanium (Ti) alloys are
commonly used in clinical fixation systems [4,5]. However, the decrease
of bone mineral density in PMOP patients and the insufficient
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osseointegration ability of Ti implants will lead to an aseptic loosening
and implantation failure [6,7]. So, it’s urgent to find a novel Ti implant
decorated strategy for postmenopausal women from the pathogenesis of
PMOP.

It’s well known that postmenopausal women have a significant
decrease in estrogen, leading to disorders of bone metabolism and the
easy occurrence of PMOP [8]. However, except for the change in es-
trogen level, for PMOP patients, iron overload in the body is also a major
clinical feature [9]. Iron is an essential trace element for many biological
processes [10,11], but unbalanced iron metabolism enhances the risk of
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certain bone problems, most notably osteoporosis [12,13]. After
menopause, women have difficulty in discharging iron due to menstrual
periods, resulting in iron overload in the body [14-17]. Although some
studies have shown that iron overload induces bone loss and may be
related to ferroptosis and oxidative stress [13]. these results were based
on animal models and no real clinical cases to confirm it.

In this work, based on the plasma samples of postmenopausal pa-
tients with and without osteoporosis from the Gene Expression Omnibus
(GEO) database, the differentially expressed miRNAs and DNAs were
screened out. We found the main biological processes occurring in
PMOP were signal transduction, cell growth, apoptosis, and cell
communication. Some key genes (TP53, GPX4, MYC, KEAP, IL-6, JUN,
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etc.) in PMOP pathogenesis mainly focused on ferroptosis, mitophagy,
fatty acid biosynthesis, necroptosis, NOD-like receptor signaling
pathway, adipocytokine signaling pathway, autophagy, etc. These re-
sults proved that in PMOP, excessive iron accumulation leads to the
destruction of iron homeostasis [18,19]. Based on the important role of
mesenchymal stem cells (MSCs) in the pathologic process of PMOP [20,
21]. we further explored the effect of excessive iron accumulation on
MSCs. Excessive iron accumulation can cause oxidative stress and MSC
cell death. Ferroptosis, a programmed cell death process, is character-
ized by lipid peroxidation, the accumulation of ROS, and iron overload
[17,22]. Ferroptosis affects the occurrence and development of post-
menopausal osteoporosis, regulating ferroptosis may be a novel
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Scheme 1. The design and preparation of ROS-responsive CA-DFO coating modified Ti implant based on a comprehensive analysis of RNA-seq from plasma samples
of postmenopausal osteoporosis patients, and schematic illustration of inhibiting ferroptosis of MSCs and promoting the osteointegration mechanism.
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therapeutic strategy for postmenopausal osteoporosis [23-25]. Ti and Ti
alloys are commonly used materials in clinical bone defect repair [26,
27]. However, oxidative stress and MSC cell death induced by excessive
iron accumulation hindered bone integration in PMOP patients. There-
fore, enhancing osseointegration through the reduction of oxidative
stress and iron accumulation surrounding implants represents a poten-
tial strategy for optimizing implantation success in PMOP patients.

Based on the considerations above, deferoxamine (DFO) and caffeic
acid (CA) were adopted in this work. DFO is an FDA-approved injectable
drug for iron chelator, which can bind free iron and form iron com-
plexes, and reduce intracellular iron absorption [28-30]. We con-
structed a responsive coating to realize the slow release of DFO in the
high ROS microenvironment of osteoporosis. Caffeic acid is a poly-
phenolic compound whose structure (aromatic core, conjugated double
bonds, and hydroxyl group) enables CA to both function as an antioxi-
dant and to be highly chemically versatile and modifiable. Studies have
shown that CA has self-polymerization and adhesion due to its special
structure [31,32]. In addition, the two adjacent phenolic hydroxyl
polyphenols of CA can bind on the surface of transition meal oxide liking
TiO4 by electron transfer, and polymerize into polycaffeic acid (PCA) by
the auto-oxidation triggered radical chain-growth polymerizationt [33,
34]. In our previous work, we have investigated CA to repair ONFH [35].
We have found that oxidative stress is the main responsible for both
ONFH and PMOP. In this work, we mainly investigate the feasibility of
inhibiting ferroptosis under the condition of iron overload in PMOP by
exploiting another important role of DFO, iron chelation.

To investigate a novel modifying Ti implant for PMOP, we initially
investigated the pathogenesis of PMOP by transcriptome sequencing
results from plasma samples of postmenopausal osteoporosis patients
and obtained the main pathways and gene expression changes related to
PMOP. Meanwhile, we have further verified the association between
postmenopausal osteoporosis and ferroptosis of MSCs induced by
excessive iron accumulation. The above results guided the subsequent
design of titanium implants for PMOP. Considering the two main factors
of ferroptosis, lipid peroxidation and iron overload. We designed a novel
titanium coating with caffeic acid and deferoxamine, which can inhibit
ferroptosis of MSCs by chelation of excess iron and reduction of lipid
peroxidation (Scheme 1). Firstly, DFO was grafted with carbox-
yphenylboric acid to form a small molecule CPBA-DFO through an
amide reaction. It can combine with the caffeic acid self-polymerizing
nanospheres coating on the Ti surface through the borate ester bond.
Under normal physiological conditions, DFO could promote angiogen-
esis and osteogenesis. However, under the pathological environment of
high reactive oxygen species (ROS) in osteoporosis, DFO could achieve
ROS-responsive release through the breakage of the borate ester bond,
thereby complexing iron and reducing the iron concentration around the
implant. Meanwhile, the remained caffeic acid coating could reduce the
oxidative stress and lipid peroxidation levels around the implant.
Through the analysis of transcriptome data related to osteoporosis in the
GEO database, the pathologic characteristics and related mechanisms of
osteoporosis were explored. On this basis, titanium implants that can
regulate ferroptosis and promote bone integration are designed, which
provides a new idea for the development and design of biofunctional
titanium implants. The modified titanium implants have the potential to
enhance bone formation by modulating iron metabolism to suppress
ferroptosis of MSCs and activating antioxidant systems, thereby facili-
tating osseointegration between bone and implants under osteoporosis.
Using disease databases to develop optimal biomaterials for specific
pathologies and analyzing the underlying mechanisms of PMOP bone
repair through transcriptome data was lacking in previous studies. This
provides a framework for future smart biomaterials design.
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2. Results

2.1. The molecular mechanism of PMOP and its relationship with iron
metabolism

To discover the possible pathogenesis of postmenopausal osteopo-
rosis, miRNA data from the GEO database (GEO Series: GSE201543)
were downloaded. The differentially expressed miRNAs based on the
plasma samples of postmenopausal patients with and without osteopo-
rosis were investigated first. A total of 110 differentially expressed
miRNAs (|logoFC|>2, P-value <0.05) were screened out and their rela-
tionship was presented with a heat map in Fig. 1A. Contrasting with the
control group, 85 up-regulated miRNAs and 25 down-regulated miRNAs
were found in the plasma of PMOP patients. GO analysis of miRNAs was
performed to find the Biological Process (BP), Cellular Component (CC),
and Molecular Function (MF) of these differentially expressed miRNAs.
The main biological processes occurring in the plasma (Fig. 1B) were
signal transduction, cell growth and/or maintenance, and cell commu-
nication, whose respective ratios in the whole BP were 20 %, 18 %, and
18 %. The cell components are mainly concentrated in the nucleus and
cytoplasm (Fig. 1C). Meanwhile, there are a large number of transcrip-
tion factor activities and transcription regulator activity in molecular
function (Fig. 1D). Further, enrichment analysis of these differentially
expressed miRNAs was run to find the main reactome pathways. The
results in Fig. 1E showed that most miRNAs were enriched to four
reactome pathways, including signal transduction, immune system,
metabolism, and metabolism of proteins.

To further discuss the key genes in PMOP, the corresponding target
genes from these 110 differentially expressed miRNAs were analyzed on
mirWALK, and a total of 16754 target gene data were obtained in
Fig. 1F. After menopause, women are prone to iron accumulation. So,
taking into consideration the iron overload and high ROS in clinical
manifestations, we sought 116 intersection genes from the target gene
set and iron metabolism gene set as shown in the Venn diagram in
Fig. 1G. GO enrichment analysis of the 116 intersection genes (Fig. 1H)
showed that the most biological process concentrated in response to
oxidative stress, cellular iron ion homeostasis, iron ion homeostasis,
cellular transition metal ion homeostasis, transition metal ion homeo-
stasis, iron ion transport, which are closely related to ferroptosis.
Meanwhile, in cellular component and molecular function, the auto-
phagosome, mitochondrial outer membrane, fatty acid ligase activity,
iron ion transmembrane transporter activity, and ferric iron binding also
play core roles in PMOP.

KEGG enrichment analysis was adopted for the 116 genes. Fig. 11
showed that the key genes in PMOP pathogenesis mainly include TP53,
ALB, ACTB, GPX4, HMOX1, MYC, IL-6, RELA, etc. These genes are
closely related to ferroptosis, oxidative stress, and bone metabolism
[36-42]. The possible pathways of these key genes mainly focus on
ferroptosis, mitophagy, necroptosis, NOD-like receptor signaling
pathway, adipocytokine signaling pathway, autophagy, etc.
Disease-related analysis (Fig. 1J) showed that these 116 genes-related
diseases concentrated in skeletal-musculoskeletal diseases, including
skeletal diseases, musculoskeletal disorders, congenital malformations,
congenital malformations of the musculoskeletal system, osteosclerosis,
osteogenesis implasia, etc.

Protein-Protein Interaction Networks (PPI) and the Matthews Cor-
relation Coefficient (MCC) algorithm were taken again to investigate the
hub genes in these 116 mutual genes. From Fig. 1K and 18 key genes
including TP53, ALB, ACTB, HMOX1, GPX4, MYC, KRAS, IL-6, etc. are
strongly linked to cell apoptosis and ferroptosis. To prove the roles of
these mutual genes in the occurrence of PMOP, we got the hub genes
related to miRNAs by the corresponding relationship of DNA and miRNA
in Fig. 1L. By calculating the Pearson correlation coefficient in Fig. 1M,
we found the ferroptosis-related miRNAs, e. g. hsa-miR-200b-3p (R =
0.914) and hsa-miR-340-5p (R = 0.999), were closely positive related to
the occurrence of PMOP. Interestingly, hsa-miR-300 has a negative
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Fig. 1. (A) The differentially expressed miRNAs based on the plasma samples of postmenopausal patients with (Group B) and without (Group A) osteoporosis; (B)
Biological processes, (C) Cellular component, and (D) Molecular function based on the differentially expressed miRNA; (E) The key reactome pathways of the
differentially expressed miRNAs; (F) Graph of the corresponding target gene network of the differentially expressed miRNA; (G) The Venn diagram of target gene set
and iron metabolism gene set; (H) GO enrichment results of the union 116 genes; (I) KEGG pathways of the union 116 genes; (J) Disease analysis of the union 116
genes; (K) Protein-protein interaction network and the hub genes of the union 116 genes; (L) The hub miRNAs and their correlation with the top 50 hub genes; (M)
Pearson correlation coefficient between the hub miRNAs and the occurrence of PMOP. |log,FC|>2, P-value <0.05.

correlation with the occurrence of PMOP. The analysis of the public
functional genomics data of PMOP proved that cell apoptosis, including
ferroptosis, is the important pathogenesis of PMOP.

2.2. Iron accumulation and ferroptosis

Postmenopausal osteoporosis has a clinical symptom of iron accu-
mulation [43]. Some studies have shown that excessive iron might
negatively impact the balance of bone metabolism [44,45]. To further
verify the relationship of osteoporosis, as well as ferroptosis, with iron
overload, in vitro cytology experiments and transcriptome sequencing
were adopted together. MSCs were cultured with different FAC solu-
tions, and the cell viability (Fig. 2A) and osteogenic differentiation
ability represented as alkaline phosphatase (ALP) (Fig. 2B) were
detected. The results showed that the moderate Fe®* (FAC, <100 pM)
could promote cell growth and ALP activity. However, the excessive
Fe3t (FAC, >100 pM) would inhibit cell viability and ALP activity.
Apoptosis, cell live/dead staining, mitochondrial membrane potential
staining, GPX4 protein staining, and Calcein-AM staining were also
performed to further verify the influences of iron overload on MSCs
(Fig. 2C & D). In live/dead staining, the cell survival rate in the TCPS
(tissue culture polystyrene) group was 99.5 %, but the ratio was 94.9 %

in the Fe group. Flow cytometry was taken to measure apoptosis levels of
MSCs, and DFO was used as an inhibitor of ferroptosis. From Fig. 2C,
contrasting with TCPS, the apoptosis levels in the other three groups
increased diversely. Specifically, after co-culture with 100 pM Fe, no
obvious difference was found in the early apoptosis of MSCs, and the late
apoptosis of MSCs increased slightly. But when Fe is 200 pM, the early
and the late apoptosis of MSCs, especially in the late apoptosis,
enhanced obviously, and the total apoptosis of MSCs was 15.09 %. At the
same Fe concentration, when DFO was added as the inhibitor of fer-
roptosis, the apoptosis of MSCs decreased significantly, and the total
apoptosis of MSCs decreased from 15.09 % to 8.02 %, indicating the
ratio of ferroptosis is about 7.07 %.

As the main symbols of ferroptosis, Calcein-AM, JC-1, and GPX4
immunofluorescence staining were performed. According to previous
methods, Calcein-AM staining was used to indirectly characterize the
changes in iron content in cells. From laser confocal microscopy (CLSM)
in Fig. 2D & Figure S1, the fluorescence intensity of MSCs in the Fe group
was weaker than that in TCPS. Because the fluorescence of Calcein-AM
can be quenched by forming complexes with cytosolic iron, the weaker
fluorescence intensity meant the higher intracellular iron ion content in
the Fe group. Moreover, the JC-1 kit was used to detect mitochondrial
membrane potential and apoptosis because excessive iron ions in MSCs
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Fig. 2. (A) MSCs viability after treatment with different concentrations of Fe ions; (B) ALP content after treatment with different concentrations of Fe ions; (C) Flow
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could cause changes in mitochondrial membrane potential. From the
result of JC-1, the fluorescence of JC-1 in the Fe group decreased greatly,
indicating the mitochondrial membrane potential of MSCs was changed
significantly by excessive iron ions. Meanwhile, the cytoskeleton of
MSCs in the Fe group has shrunk contrasting with TCPS. As the most
important antagonist molecule in ferroptosis, down-regulation of GPX4
is one of the most important symbols of ferroptosis. GPX4 immunoflu-
orescence staining showed that GPX4 in the Fe group was decreased,
meaning the occurrence of ferroptosis. These above results proved that
excessive iron could lead to MSCs ferroptosis.

To further explore the iron metabolism mechanism, genetic re-
sponses of MSCs in a medium with and without Fe were revealed by RNA
sequencing. The volcano plot (Fig. 2E) showed a total of 30207 genes
sequenced, in which 240 genes were up-regulated and 113 genes were
down-regulated. The significantly up-regulated genes were SPP1,
NQO1, HMOX1, GSTA1, SLC19A1, GSTP1, etc., which are the key genes
related to oxidative stress and ferroptosis. The significantly down-
regulated genes included NOTCH1, CILP, ELN, LL1RL1, SLIT3,
CCDC80, TRIL, etc. KEGG enrichment analysis (Fig. 2F) was used to
reveal gene functions. The main enrichment pathways in organic
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system, metabolism, and cellular processes, were IL-17 and osteoclast
differentiation pathways, glutathione metabolism, and ferroptosis
pathway, respectively, in the FE group. The GO enrichment analysis
(Fig. 2G) revealed that the differentially expressed genes (DEGs) were
significantly enriched in intracellular and extracellular iron ion trans-
port, iron ion homeostasis, and other related metal ion transport path-
ways, as well as in vivo metal ion homeostasis. The results of in vitro cell
experiments and the genomic characteristics suggested that excess iron
may activate oxidative stress, fatty acid metabolism, and ferroptosis
pathways, which would lead to MSCs ferroptosis.

Based on the above results, we screened the top 20 genes related to
ferroptosis, which were presented with a heatmap in Fig. 2H, and the
possible mechanism map was drawn in Fig. 2I. A high concentration of
Fe ions could increase the intracellular iron, thus inducing apoptosis and
ferroptosis of MSCs. Cell viability and osteogenesis were significantly
inhibited in the presence of iron overload. Because ACLS4 and ALOX15
activated polyunsaturated fatty acid oxidation, leading to the accumu-
lation of lipid peroxides [46]. Meanwhile, the NRF2 pathway was acti-
vated and the expression of its downstream genes, HMOX1 and NQO1,
were up-regulated. Moreover, the expression of GPX4 decreased. Based
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Fig. 3. (A) SEM images of self-polymerized caffeic acid products on titanium surfaces at different pH and concentration; (B) Possible mechanism for the formation of
self-polymerized caffeic acid particles on titanium surfaces; (C) MD simulation of caffeic acid monomer and dimer polymerization; (D) Synthesis process of CPBA-
DFO; (E) Fourier transform infrared spectrum of CPBA-DFO; (F) H NMR spectra of CPBA-DFO.
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on the above pathways, iron overload will lead to oxidative stress and
ferroptosis of MSCs, and decrease their osteogenic differentiation po-
tential [47].

2.3. Preparation and characterization of Ti-PCA-DFO

Caffeic acid represents the o-diphenol structure of many plant-
derived polyphenols, which has antibacterial, anti-inflammatory, anti-
oxidant and other pharmacological activities. Caffeic acid undergoes
auto-oxidation, especially in alkaline environments. Its monomers

Bioactive Materials 41 (2024) 336-354

initially form dissociated states and then oxidize O in solution to form a
superoxide radical. Subsequently, the monomer transforms into a
carbon-oxygen radical or carbon-centered radical, which occurs by
electron transfer. Some of the carbon-oxygen or carbon-centered radi-
cals continue to transfer one electron and transform into the phenolic
acid o-benzoquinone. Thus, we explored the auto-oxidation of caffeic
acid on the titanium surface at various pH levels to create a functional
coating with a specific topology. As shown in Fig. 3A, when immersed in
a caffeic acid solution (100 puM, pH 8.5), a PCA film forms on the Ti
surface, with approximately 50 nm microspheres evenly dispersed
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Fig. 4. (A) Synthesis diagram of titanium surface modification (Ti-PCA-DFO); (B) AFM images of Ti, Ti-PCA and Ti-PCA-DFO; (C) SEM images of Ti, Ti-PCA and Ti-
PCA-DFO, and mapping images and atomic ratio of Ti-PCA-DFO; (D) Cumulative release curve of DFO from Ti-PCA-DFO surface; (E) Illustration of the iron complex
in Ti-PCA-DFO; (F) UV spectra of Fe>* complexed by CPBA-DFO; (G) ICP measurement of different groups after Fe>* adsorption. n = 3, *p < 0.05, **p < 0.01.
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throughout the membrane. During caffeic acid auto-oxidation, in-
termediates of single electron transfer may bond through C-C or C-O
coupling to form dimers, as shown in Fig. 3B. The dimer still contains the
o-diphenol hydroxyl group, which can be further oxidized to produce
free radicals and polymerize. However, due to the high concentration of
caffeic acid (3 mM) and the high pH (9.5 and 10.5), the caffeic acid will
polymerize into a single piece, resulting in uniform surface morphology.
Molecular dynamics (MD) simulation was used to analyze the changes in
the polymerization of caffeic acid monomers and dimers on a titanium
surface, to explore the molecular mechanism of caffeic acid auto-
polymerization. Fig. 3C shows that CA monomers easily aggregate to
form a continuous structure, while CA dimers tend to form discontin-
uous aggregates. Based on this, CA dimers may form uniform nano-
spheres on the surface of titanium through intermolecular cyclization
reactions such as Michael addition, Diels-Alder reaction, and n-n pack-
ing. At high concentrations (3 mM) and high pH levels (9.5 and 10.5),
CA may form a PCA film through rapid polymerization of the monomer.
However, under mild conditions, CA tends to form dimers and nano-
spheres on the Ti surface.

Deferoxamine (DFO) is an FDA-approved iron chelator, which can
bind free iron and be applied to treat chronic iron overload. To achieve
high ROS-responsive release DFO, in this work, we first synthesized a
CPBA-DFO compound via an amide reaction (Fig. 3D). FTIR and THNMR
(Fig. 3E & F) results showed that CPBA-DFO was synthesized success-
fully. In detail, in the FTIR spectrum of DFO, a double peak around 3300
em ™! was a characteristic peak of the amino group in DFO, which dis-
appeared in CPBA-DFO due to the amide reaction. Meanwhile, a new
peak in CPBA-DFO at 1650 cm ™! was attributed to the G=O stretching
vibration of the amide reaction (Fig. 3E). In the 'H NMR spectra
(Fig. 3F), a peak at 56 = 2.27 ppm is the characteristic absorption peak of
the hydrogen atom of NHy in DFO. After the amide reaction, the § =
2.27 ppm peak disappeared, and the characteristic peak of hydrogen
atoms in the amide bond § = 7.98-8.10 ppm was widened. The results of
FTIR and 'H NMR proved that DFO was successfully grafted on CPBA via
amide reaction.

To improve the ability of implant integration with surrounding bone
in PMOP patients, we designed a novel implant that can alleviate
oxidative stress and iron accumulation around the bone (Fig. 4A). The
CPBA-DFO compound could be grafted onto PCA film via the dynamic
borate ester bonds, and the sample was named Ti-PCA-DFO. So, after
coating with CPBA-DFO, the microsphere structure on the Ti-PCA sur-
face became indistinctly because of the shield of CPBA-DFO and the
surface roughness also increased (Fig. 4B & C). EDS spectra results
showed that element B appeared on the Ti-PCA-DFO surface, and the
content of B element was 15.52 %. The content of the N element was
45.56 %. In addition, the chemical composition of the different surfaces
was analyzed by XPS (Figure S2), and the Ti surface has the character-
istic elemental peaks of C(1s), O(1s), and Ti(2p). After CPBA-DFO
formed a bidentate complex with caffeic acid on Ti-PCA-DFO, the
characteristic elemental peaks of B and N could be found on the Ti-PCA-
DFO surface. The contact angle results of Ti, Ti-PCA, and Ti-PCA-DFO
showed that the caffeic acid coating reduced the contact angle, and
the introduction of DFO had no obvious effect (Figure S3). AFM, FE-
SEM, and XPS results proved that phenylboric acid-modified DFO was
successfully grafted on the caffeic acid coating surface.

The ROS-responsive release of DFO was measured also. As shown in
Fig. 4D, DFO could be released quickly in hydrogen peroxide solution
because the borate ester bond in Ti-PCA-DFO could be broken in a high
reactive oxygen environment. Specifically, in 200 pM H305 solution, the
release of DFO was 9.10 pg at the first 12 h, while it was 6.54 pg in PBS.
As for the cumulative release, after 96 h, the cumulative release amount
of DFO in Hy0, was significantly higher than in PBS. To evaluate the
iron ion chelated ability of different Ti samples, illustrated in Fig. 4E, the
content of iron ions in different solutions was tested with ICP. Because
DFO and Fe can form a complex, leading to an absorption peak at 430
nm in the UV spectrum. In Fig. 4F, the peak at 430 nm appeared in
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CPBA-DFO, meaning CPBA-DFO still has the iron ion chelated ability.
ICP results (Fig. 4G) showed that Ti-PCA-DFO could significantly reduce
the content of iron in solution.

2.4. Assessment of cytoactive and osteogenesis

CCK-8 assay was used firstly to evaluate the biocompatibility for
each group. Under normal conditions, no significant difference in cell
viability was found between the Ti-PCA-DFO and Ti groups after 4 and 7
days (Fig. 5A). But for the Ti-PCA group, cell viability after 7 days was
decreased slightly because the application of CA to normal cells may
cause oxidative stress disorder in cells, resulting in a decrease of cell
viability. To simulate the high ROS and iron-overloaded microenviron-
ment in PMOP, a conditioned culture was performed by mixing normal
low-glucose medium with 100 pM FAC and 100 pM H205. Under the iron
overload condition, the cell viability in Ti-PCA-DFO was significantly
higher than that of other groups after 4 days and 7 days (Fig. 5B).
Meanwhile, to further evaluate the cytotoxicity of every sample, the cell
live/dead staining was adopted. From Fig. 5C, although some dead cells
were found in all groups, the cell mortality in Ti-PCA-DFO was signifi-
cantly decreased to 3 %, contrasting with Ti (16 %) and Ti-PCA (9 %).

Fe®" and ROS may affect cell membranes and cell morphology. In the
staining observation of MSCs cytoskeleton (Fig. 5D), the cell
morphology was varied in different groups. MSCs on the surface of Ti-
PCA and Ti-PCA-DFO spread wider and better, but MSCs on the Ti sur-
face shrunk obviously. The transcriptome of MSCs in conditioned cul-
ture was sequenced and analyzed accordingly. When compared with the
Ti group, there were 1239 DEGs in Ti-PCA-DFO (Figure S4). KEGG and
GO analysis (Figure S5 & S6) showed that these DEGs were mainly
enriched in the pathways related to cell proliferation, such as cell cycle,
immune response, DNA replication, apoptosis, and so on. A flow cy-
tometer was constructed to detect the apoptosis level of MSCs on Ti, Ti-
PCA, and Ti-PCA-DFO in a medium containing 100 pM FAC and 100 puM
H>0,. The ratio of apoptotic cells to necrotic cells is an important index
to study the level of apoptosis. As shown in Fig. 5E, Ti, Ti-PCA, and Ti-
PCA-DFO groups induced 25.58 %, 19.84 %, and 12.26 % apoptosis,
respectively. Therefore, Ti-PCA-DFO could significantly improve the
viability of MSCs and reduce cell apoptosis under iron-overloaded
microenvironment and oxidative stress in vitro. To observe the distri-
bution of MSCs on Ti, Ti-PCA, and Ti-PCA-DFO at different periods
under stressful conditions, we labeled DNA with PI. The DNA content
was analyzed by flow cytometry and the proportions of GO/G1, S, and
G2/M were calculated (Fig. 5F). After treatment with Ti, Ti-PCA, and Ti-
PCA-DFO, the proportion of cells in the GO/G1 phase was 66.67 %,
68.84 %, and 62.78 %, respectively, indicating that MSCs on Ti, Ti-PCA
may be blocked in the GO/G1 phase under iron overload microenvi-
ronment and oxidative stress. The S phase of MSCs on Ti-PCA-DFO was
significantly increased, which indicated that Ti-PCA-DFO was beneficial
to alleviating the obstruction of cell division and increasing cell prolif-
eration in the environment of high iron and ROS. Based on the above
results, contrasting with the Ti group, at the normal conditions, Ti-PCA-
DFO had no toxic effect on MSCs. However, in the adverse environment
of high iron and ROS, Ti-PCA-DFO exhibits a remarkable capacity to
enhance the viability of MSCs. This novel bone implant material effec-
tively supported MSCs survival under stressful conditions, mitigated cell
death rates, and facilitated cellular proliferation.

To evaluate the in vitro osteogenic effect of Ti, Ti-PCA, and Ti-PCA-
DFO, ALP, collagen secretion, and mineralization were qualitatively
and quantitatively analyzed. ALP staining photos (Fig. 5G) showed that
more ALP was generated on Ti-PCA-DFO after 7 days, and the quanti-
tative result (Fig. SH) showed that ALP activity of the Ti-PCA-DFO group
was significantly higher than Ti. Moreover, as the marker of early and
middle-stage osteogenesis, the secreted collagen after 14 days was
stained and quantitatively detected. The results proved that MSCs on the
Ti-PCA-DFO surface could secret the most collagen (Fig. 5I). Finally, the
marker of mid to late osteogenesis, and mineralization level was
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Fig. 5. MSCs viability after co-culturing with different samples in (A) normal medium and (B) conditioned medium; (C) Cell lived/dead staining on Ti, Ti-PCA, and
Ti-PCA-DFO was observed in medium containing 100 pM FAC and 100 pM H,0, after 48 h, Scale bar: 200 um; (D) Cytoskeleton in each group after 48 h in the
conditioned medium; Scale bar: 50 pm; (E) Flow cytometer detected the apoptosis levels of MSCs on Ti, Ti-PCA, and Ti-PCA-DFO in medium containing 100 pM FAC
and 100 pM H,05; (F) Cell cycle distribution of MSCs in different phases on Ti, Ti-PCA, and Ti-PCA-DFO in medium containing 100 pM FAC and 100 pM H,0,; (G)
ALP staining, Sirius red staining, and Alizarin red staining of MSCs, Scale bar: 200 pm; (H) ALP quantitative, (I) Collagen quantitative, and (J) Mineralization
quantitative analysis of MSCs. n = 4, *p < 0.05, **p < 0.01.

evaluated with the alizarin red staining and qualitative assay, the same on the Ti-PCA-DFO surface. Meanwhile, SOD activity was significantly

tendency with collagen was found also (Fig. 5J). The in vitro osteogenic increased in Ti-PCA-DFO (Fig. 6B). Furthermore, as one of the important

results showed that Ti-PCA-DFO has the best capability for osteogenesis, products of membrane lipid peroxidation, MDA content (Fig. 6C) in

and the Ti-PCA group took the second place under stressful conditions. Ti-PCA-DFO decreased significantly, meaning the reduction of lipid
peroxidation in MSCs. The above results proved that Ti-PCA and

2.5. Evaluation of the antioxidant activity and lipid peroxidation Ti-PCA-DFO have good inhibition for lipid peroxidation and ROS due to
the excellent antioxidant capacity of caffeic acid.

The accumulation of iron-dependent lipid ROS plays a crucial role in RNA sequencing was applied again. As shown in Fig. 6D, after
all pathways leading to ferroptosis [46]. Lipid metabolism exhibits a coating with polycaffeic acid, a total of 1964 differentially expressed
close association with the occurrence of iron-mediated ferroptosis [48]. genes (DGs) were sequenced out, in which 955 genes were up-regulated
To assess the capacity for regulating oxidative stress and lipid meta- and 1009 genes were down-regulated. These DGs could be clustered into
bolism, we examined lipid ROS levels, superoxide dismutase (SOD) ac- 7 main clusters (Fig. 6E), in which the proportion of Cluster G is 83.99 %
tivity, and malonaldehyde (MDA) in MSCs after co-culturing with Ti, and the accumulated percent of associated genes was 335.19 %. The

Ti-PCA, and Ti-PCA-DFO in a medium containing 100 pM FAC and most important genes in Cluster G included AKT1, AKT3, PIK3CA,
100 pM H,0,. Lipid ROS indicates the destruction of membrane lipid NFE2L2, NQOI1, etc. Who were closely related to oxidative stress and
peroxidation in response to ferroptosis. Firstly, lipid ROS was detected antioxidant activity. Moreover, in Cluster F, GCLC, GPX3, GSS, and
by C11 BODIPY 581/591. In Fig. 6A, Ti-PCA-DFO showed the lowest GSTA1 were the core genes, and they participated in the antioxidant
probe fluorescence intensity meaning less lipid ROS production in MSCs pathway of glutathione metabolism. Furthermore, as the peroxidase
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synthase, PTGS1 and PTGS2 were the key genes in Cluster E, which were
also closely related to lipid peroxidation. The reactome pathway
(Fig. 6F) results showed that these DGs mainly enriched in 10 pathways,
including cell cycle, signal transduction, immune system, metabolism,
metabolism of proteins, etc. Some research has proved that the
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metabolism of in vivo lipid peroxide could influence oxidative stress.
KEGG enrichment analysis was applied again, and the KEGG results
(Fig. 6G) showed that the main pathways included the HIF-1 signaling
pathway, regulation of lipolysis in adipocytes, FoxO signaling pathway,
mTOR signaling pathway, lipid and atherosclerosis, and so on. These
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pathways were closely related to oxidative stress and lipid peroxide. GO
enrichment analysis results (Fig. 6H) showed that the most biological
process in these DGs mainly focused on response to hydroperoxide,
glutathione biosynthetic process, glutathione peroxidase activity,
regulation of oxidative stress, and so on. Based on the above results, we
picked genes associated with oxidative stress from these DGs, and their
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expression was illustrated with a heatmap in (Fig. 6I). To find the key
genes, PPI analysis was adopted, by calculating the number of nodes
between different proteins, the hub genes, AKT1, CCL5, LCN2, SOD3,
and NQO1, were picked out (Fig. 6J). Among them, SOD and NQO1 have
attracted our attention. SOD is an antioxidant enzyme that can clear ROS
and RNS in the body. NQO1 prevents oxidative damage to DNA under
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high oxidative stress. In addition, NQO1 plays an important role in
protecting endogenous antioxidants by maintaining reduced forms of
ubiquinone and a-tocopherylquinone. The antioxidant pathway Keapl/
Nrf2 is an important pathway regulating a series of antioxidant enzymes,
so Ti-PCA and Ti-PCA-DFO may regulate oxidative stress in a high ROS
environment through Keapl/Nrf2. Following the above conjecture,
MSCs were co-cultured with Ti, Ti-PCA, and Ti-PCA-DFO respectively
under high ROS and iron-overloaded microenvironment. Under stressful
conditions, it was observed that the expression of activated KEAP1 in
MSCs cells decreased following treatment with Ti-PCA and Ti-PCA-DFO
compared to Ti, while the expression levels of NRF2, HMOX1, NQO1,
and SOD were enhanced (Fig. 6K & L). It may be that Ti-PCA and Ti-PCA-
DFO enhance the antioxidative capacity of MSCs. Subsequently, we
employed the principles of spatial structure complementarity and en-
ergy minimization to investigate the interaction between CA and the
active sites of KEAP1, NQO1, and HMOX1, while also determining their
optimal binding mode. Consequently, we successfully identified the
optimal binding position and strength of CA with KEAP1, NQO1, and
HMOX1 by obtaining their respective binding conformations (Fig. 6M).

2.6. Evaluation of the ferroptosis of MSCs

As the main symbols of ferroptosis, ROS, GPX4, Calcein-AM, and JC-
1 immunofluorescence staining in MSCs were performed. The increased
SOD can inhibit ROS levels in MSCs. From Fig. 7A & 7B, Ti-PCA and Ti-
PCA-DFO have better ROS scavenging ability than Ti, especially for Ti-
PCA-DFO under stressful conditions. GPX4 fluorescence in the Ti, Ti-
PCA, and Ti-PCA-DFO groups increased gradually. As the most impor-
tant antagonist molecule in ferroptosis, stronger immunofluorescence of
GPX4 means a weaker ratio of ferroptosis in Ti-PCA-DFO (Fig. 7A & C).
Meanwhile, Calcein-AM staining was used to indirectly characterize the
changes of iron content in cells, because the fluorescence of Calcein-AM
can be quenched by forming complexes with cytosolic iron. From laser
confocal microscopy (CLSM) in Fig. 7A and D, the fluorescence intensity
of MSCs in Ti-PCA-DFO was significantly higher than in other groups,
indicating the minimal intracellular iron content of MSCs in Ti-PCA-
DFO. Furthermore, a JC-1 kit was used to detect mitochondrial mem-
brane potential. From the result of JC-1 (Figure S7), the Ti-PCA-DFO
group has the biggest ratio of red/green fluorescence, indicating the
minimal mitochondrial polarization and ferroptosis of MSCs. RNA
sequencing results showed that contrasting with the Ti group, there are
1239 DGs in the Ti-PCA-DFO group, in which 677 genes were up-
regulated and 572 genes were down-regulated (Fig. 7E). These DGs
could be clustered into 5 main clusters (Fig. 7F), including the p53
signaling pathway (Cluster A), ferroptosis (Cluster B), autophagy and
mitophagy (Cluster C), osteoclast differentiation and AGE-RAGE
signaling pathway in diabetic complications (Cluster D), lipid peroxi-
dation and oxidative stress (Cluster E). Wherein ferroptosis was most
striking, whose ratio of associated genes was 39.02 %. The ferroptosis
related genes from DGs included ATG5, ATG7, CP, GCLC, GPX4,
HMOX1, MAP1LC3A, PCBP1, SLC39A14, SLC3A2, SLC7A11, STEAP3,
TF, TFRC, TP53, and so on. Meanwhile, the reactome pathway (Fig. 7G)
results showed that these DGs between Ti and Ti-PCA-DFO mainly
enriched in the same 10 pathways to the Ti-PCA group, but the relative
genes to cell cycle and metabolism of proteins increased by 6 and 2
respectively. KEGG results (Fig. 7H) showed that the main pathways of
these DGs included ferroptosis, p53 signaling pathway, autophagy,
mitophagy, osteoclast differentiation, TNF signaling pathway, HIF-1
signaling pathway, adipocytokine signaling pathway, etc. These path-
ways were closely related to apoptosis, ferroptosis, autophagy, and lipid
peroxide. GO enrichment analysis results (Fig. 7I) showed that the most
biological process in these DGs mainly focused on the regulation of bone
resorption, regulation of oxidative stress, regulation of superoxide dis-
mutase activity, response to iron (II) ion, etc. Most cellular components
and molecular functions focused on autophagosome, cytochrome-b5
reductase activity, and oxidoreductase activity, respectively. The
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results of GO enrichment proved that after coating with CA and DFO,
iron overload-induced oxidative stress, lipid peroxidation, as well as
iron responses were weakened. Based on the above results, we picked
genes associated with ferroptosis from these DGs, and their expression
was illustrated with a clustered heatmap in (Fig. 7J). To find the key
genes, PPI analysis was adopted, by calculating the number of nodes
between different proteins, the hub genes, TP53, HMOX1, NFE2L2,
SLC7A11, GPX4, and NOX1 were picked out (Fig. 7K).

GPX4 is critical for the regulation of ferroptosis, and an important
upstream protein of GPX4 is SLC7A11 [48]. SLC7A11 is the central
transporter involved in ferroptosis suppression [49,50]. The
up-regulation of SLC7A11 can promote indirectly the activity of GPX4
by increasing the cysteine metabolic pathway, leading to the growth of
intracellular Cystine levels and the reduction of lipid peroxides, and
ultimately inhibiting ferroptosis of MSCs [51,52]. Therefore, we then
explored the effects of Ti, Ti-PCA, and Ti-PCA-DFO on the
SLC7A11/GSH/GPX4 signaling pathway of MSCs in a microenviron-
ment with high ROS and iron overload. Under stress conditions,
SLC7A11/GSH/GPX4 expression levels were increased in MSCs treated
with Ti-PCA and Ti-PCA-DFO compared with Ti (Fig. 7L— N). At the same
time, after Ti-PCA-DFO treatment, the GSH content of MSCs increased
significantly (Figure S8). Ti-PCA-DFO may enhance the resistance of
MSCs to ferroptosis under high ROS and iron-overloaded microenvi-
ronment through the SLC7A11/GSH/GPX4 signaling pathway. We
searched for the interaction between DFO and the active sites of
SLC7A11, GPX4, and HMOX]1 through the principle of spatial structure
complementarity and energy minimization, as well as the optimal
binding mode between them. The optimal binding position and binding
strength of DFO and SLC7A11, GPX4, and HMOX1 were found, and their
binding conformations were obtained (Fig. 70).

2.7. Effects on osteogenic performance

The in vivo osteogenic effects of Ti, Ti-PCA, and Ti-PCA-DFO were
evaluated by implanting into an osteoporosis animal model (Fig. 8A). As
shown in Figure S9, the established osteoporosis rats in this work had a
low number of bone trabeculae, bone structure, and low bone content,
showing pathological features similar to those of osteoporosis models in
past studies [53]. Compared to the Ti and Ti-PCA groups, the
Ti-PCA-DFO group displayed a more compact trabecular arrangement
and the highest amount of new bone growth after one month of
implanting (Fig. 8B). Quantitative examination of the bone tissue sur-
rounding implants supported that result (Fig. 8C). Bone mineral density
(BMD), total volume ratio (BV/TV), and degree of anisotropy (DA) can
reflect bone quality and strength. Trabecular number (Tb. N), trabecular
thickness (Tb. Th), and trabecular separation (Tb. Sp) are the main in-
dicators to evaluate the spatial morphology and structure of trabecular
bone. The BMD, Tb. N, Tb. Th, BV/TV, and DA of the Ti-PCA-DFO group
were significantly higher than that of the Ti group, suggesting
Ti-PCA-DFO had higher bone strength. These results indicated that
Ti-PCA-DFO can promote the formation of new bone and the micro-
structure of bone around the implant.

H&E and Masson staining (Fig. 8D & E) were used to analyze the
formation of new bone around different implants. The results showed
that thick bone-like tissue could be observed around the Ti-PCA-DFO
implant. However, there was no tight connection between the implant
and the host tissue in the Ti group. There was a cavity between the edge
of the bone defect and the edge of the Ti implant. So, it was difficult to
form dense new tissue, and the new bone structure in the Ti group was
incomplete. After modification, more new bone tissues appeared around
the implants, especially in the Ti-PCA-DFO group, and the implants
fused well with the host. A large area of new bone tissue around the
modified implants could be observed by magnifying images, and the
new bone formation of the implant was thick. According to the results of
Figs. 6 and 7, the important proteins of ferroptosis, the expression levels
of GPX4, HMOX1, and SLC7A1l1 in the tissue were evaluated with
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Fig. 8. Evaluation of in vivo bone formation. (A) Schematic illustration of in vivo implantation. (B) Micro-CT images of new bone formation and trabecular thickness
around different implants, scale bar: 1 mm; Colors from green to red represent changes in trabecular thickness from thin to thick. (C) Quantitative analysis of bone
mineral density (BMD), New bone volume per total volume (BV/TV), the number of trabeculae (Tb. N), trabecular thickness (Tb. Th), trabecular bone separation (Tb.
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nohistochemical staining and (G) Average optical density of GPX4, HMOX1, and SLC7A11, scale bar: 100 pm. (H) Immunohistochemical staining and (I) average
optical density of ALP, OCN, and OPN of new bone around implants, scale bar: 100 pm. n = 5, *p < 0.05, **p < 0.01.

immunohistochemical staining (Fig. 8F) and average optical density
(Fig. 8G). Which, the positive expressions of GPX4 and SLC7A11 in Ti-
PCA-DFO were significantly higher than the other group, especially
for the Ti group. As for HMOX1, although no statistical differences were
found between Ti-PCA and Ti, the expression of Ti-PCA-DFO was
significantly higher than that of the Ti group. As the recognized markers
of osteogenesis, the expression levels of ALP, OCN, and OPN proteins in
the tissues were detected by immunohistochemical staining (Fig. 8H).
ALP, OCN, and OPN are enzyme proteins secreted by osteoblasts, which
are one of the most commonly used indicators to evaluate the secretory
function of osteoblasts. As shown in Fig. 81, ALP, OCN, and OPN were
significantly positive in the Ti-PCA-DFO group, suggesting higher
expression levels of the three proteins. The results of Micro-CT, H&E
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staining, Masson staining, and immunohistochemical staining proved
that contrasting with pure Ti, the Ti-PCA and Ti-PCA-DFO groups could
inhibit ferroptosis greatly, thus could increase bone mineral density and
spatial structure of trabecular bone around the implants in the osteo-
porotic bone defect model.

3. Discussion

Normally, the organism can effectively counteract iron toxicity and
maintain sufficient iron required for hemoglobin synthesis and basic
metabolic functions, while also regulating its concentration, storage,
and distribution within tissues [54-56]. Some work has demonstrated
the effects of iron deficiency on the capacity of progenitor cell
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differentiation pathways. Moderate iron can prove osteoblast differen-
tiation ability [57,58]. However, postmenopausal women, in addition to
estrogen deficiency, may also exhibit iron accumulation, leading to bone
loss and developing postmenopausal osteoporosis (PMOP) [9,59].
Excess iron can potentially catalyze free radicals, leading to cellular lipid
peroxidation and damage to membrane function, ultimately resulting in
the occurrence of PMOP [43,60,61]. Osteoporosis is a chronic metabolic
disease with a high incidence of fractures and requires the support of a
fixation system. Especially for postmenopausal osteoporosis patients,
implantable fixation systems are long-term or even permanent implants
[3]. In any case, postoperative implant loosening remains a serious
challenge for patients with osteoporosis. Postmenopausal women tend
to let more iron accumulation in the body, producing oxidizing sub-
stances that break the balance in the bone, causing bone loss and oste-
oporosis [6,14]. This may result in poor binding ability to the implant.

To investigate the correlation between iron overload and osteopo-
rosis, we initially analyzed the differentially expressed miRNAs in
plasma samples from postmenopausal patients with and without oste-
oporosis, retrieved from the GEO database. By enrichment analysis of
these miRNAs, the main biological processes and the main reactome
pathways occurring in the PMOP plasma (Fig. 1B) were discovered. Most
miRNAs were enriched to four reactome pathways, signal transduction,
immune system, metabolism, and metabolism of proteins. Moreover, the
most target genes (TP53, TNFSF11, RUNX2, WNT3A, COL1A1, COL1A2)
of these different miRNAs were related to bone formation and resorption
(Fig. 1). Some literature showed that iron metabolism is crucial for bone
homeostasis [55,60]. MSCs are the main source of bone formed in the
adult bone marrow and play a key role in bone homeostasis and aging
[62,63]. Therefore, we further explored the effect of excess iron accu-
mulation on MSCs during the pathological process of PMOP. We used a
culture medium with different iron concentrations to culture MSCs. The
results showed that moderate Fe>* could promote cell growth and
osteogenic activity, but excessive Fe*' would inhibit cell viability and
ALP activity (Fig. 2A & B). Moreover, genetic responses of MSCs from
RNA sequencing revealed an iron metabolism mechanism. Among them,
the significantly up-regulated genes were SPP1, NQO1, HMOX1, GSTAL,
SLC19A1, GSTP1, etc (Fig. 2E-H), which are the key genes related to
oxidative stress and ferroptosis. The results of in vitro cell experiments
(Calcein-AM, JC-1, and GPX4 immunofluorescence staining) and the
genomic characteristics suggested that excessive iron may activate
oxidative stress, fatty acid metabolism, and ferroptosis pathways, which
would lead to MSCs ferroptosis and reduction of osteogenesis (Fig. 2).

Ferroptosis is an iron-dependent regulated form of cell death, which
is caused by iron-dependent lipid peroxidation [64]. Based on the two
main conditions of ferroptosis occurrence, iron overload, and lipid
peroxidation, in this work, we designed a novel CA and DFO coating for
the regulation of ferroptosis. CA could form PCA film on Ti by the metal
coordination and the auto-oxidation triggered radical chain-growth
polymerization. Then, DFO was grafted onto PCA film via the dynamic
borate ester bond. Under normal physiological conditions, DFO could
promote angiogenesis and osteogenesis. However, under the patholog-
ical environment of high oxidative stress in osteoporosis, DFO could
complex iron and achieve ROS-responsive release through the breakage
of borate ester bond (Fig. 4G), thereby reducing the iron concentration
around the implant. Meanwhile, the remained caffeic acid coating could
reduce the oxidative stress level and lipid peroxidation around the
implant.

From Figs. 1 and 2, iron overload leads to the increase of intracellular
iron, and increase the expression of ferroptosis-related genes and pro-
teins. Wherein, the KEAP1/Nrf2/HMOX1 pathway was activated may be
that cells are stimulated to activate antioxidant signaling pathways for
self-protection [65]. Moreover, impaired mitochondrial transfer of os-
teoblasts can alter glutathione metabolism. Once excess iron enters the
cell, it can cause metabolic problems. Glutathione reduces Fe>* to Fe?*
[66,67]. In this work, after coating with CA, the samples (Ti-PCA and
Ti-PCA-DFO) inhibited expressions of KEAP1, and up-regulated the
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levels of NRF2, HMOX1, NQO1 and SOD (Fig. 6K & L), indicating the
activation of KEAP1/Nrf2/HMOX1 pathway. The activation of
KEAP1/NRF2/HMOX]1 signal can protect cells from oxidative stress [68,
69]. Ti-PCA-DFO activated the NRF2-dependent cellular defense
mechanism, and NRF2 was released from KEAP1 and translocated to the
nucleus, thereby increasing the expression of HMOX1, NQO1, and SOD,
protecting MSCs from cytotoxicity and apoptosis induced by Hy02 and
high iron environment. Ti-PCA and Ti-PCA-DFO reduced oxidative stress
in MSCs and regulated cell cycle, proliferation, apoptosis, and meta-
bolism (Figs. 5 and 6). Therefore, activation of the KEAP1/NRF2/H-
MOX1 pathway demonstrated that Ti-PCA-DFO enhanced the defense
role of MSCs against oxidative stress and reduced lipid peroxidation
levels around Ti-PCA-DFO.

From the points of the formation of lipid peroxides and the main
marker of ferroptosis, in the conditioned medium with high ROS and
high iron content, ferroptosis may occur in all groups. In the Ti-PCA-
DFO group, the formed DFO-Fe ions complex could be released under
high ROS conditions, leading to a decrease in iron ion concentration and
the induction of ferroptosis in MSCs surrounding the implant (Fig. 7).
Furthermore, the residual caffeic acid coating could mitigate ROS and
lipid peroxide formation, also contributing to a reduction in the fer-
roptosis of MSCs around the implant. Meanwhile, the expression of
SLC7A11 and GPX4 was increased, implying Ti-PCA-DFO can activate
the SLC7A11/GSH/GPX4 signaling axis, prevent glutathione depletion,
and promote the reduction of lipid ROS, thereby inhibiting ferroptosis
[70]. In vivo results showed that high oxidative stress and iron levels in
postmenopausal osteoporosis may lead to ferroptosis of MSCs, thereby
affecting osteogenesis. But, after coating with caffeic acid and DFO, the
level of oxidative stress and lipid peroxidation around the Ti implant
(Ti-PCA and Ti-PCA-DFO) could be decreased obviously, which will
benefit to inhibit the formation of osteoclasts and bone resorption.
Moreover, after being grafted with DFO, Ti-PCA-DFO could inhibit the
ferroptosis of MSCs and promote osteogenesis by reducing the iron
overload around the implant (Figs. 8 and 9).

In conclusion, we tried to reveal the mechanism of postmenopausal
osteoporosis based on its biological information and confirmed the effect
of iron overload on pmop through subsequent transcriptome sequencing
and cell experiments. Based on the above studies, the design of titanium
implants that meet the special needs of pmop is essential for bottom-up
material design. In this way, we can classify according to the specific
circumstances of disease occurrence and differentiate the design of
intelligent biomaterials to be more suitable for the needs of individuals,
which is in line with the concept of precision medicine. This paper
demonstrates the usability and potential of "Database + Material design"
to improve material design.

4. Conclusion

PMOP is a common disease in elderly women after menopause.
Excepting for the decrease of estrogen level, many factors such as
oxidative stress and iron overload also play important roles in the
occurrence and development of PMOP. MiRNA analysis of plasma
samples from postmenopausal and non-osteoporosis patients showed
that ferroptosis is one of the important pathogenesis of PMOP. The
moderate Fe3* could promote cell growth and ALP activity. However,
the excessive Fe>™ may cause ferroptosis of MSCs, resulting in the
decrease of cytoactive and osteogenesis. Therefore, we designed novel
CA nanospheres and DFO film on the Ti implant surface for the regu-
lation of ferroptosis. Under the high ROS and excessive iron environ-
ment of PMOP, the grafted DFO could achieve ROS responsive release,
which could chelate the excessive iron and decrease the iron overload in
MSCs around the implant. Meanwhile, the remaining CA coating could
reduce the oxidative stress level and lipid peroxidation around the
implant. In conclusion, we designed an intelligent titanium implant (Ti-
PCA-DFO) based on the mechanism of osteoporosis, which can alleviate
iron overload and oxidative stress of PMOP and improve the integration
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ability of bone and implant. This offers a framework for future smart CPBA) was supplied by Aladdin Biochemical Technology Inc. (Shanghai,

biomaterial design, leveraging disease databases to develop optimal China). Deferoxamine mesylate (DFO) was bought from Yien Chemistry
biomaterials for specific pathologies. Technology Co., Ltd. (Shanghai, China). C11 BODIPY 581/591 probe

was purchased from Iboteck Biotechnology Co. Ltd. (Wuhan). Cy3 Goat
5. Experimental section Anti-Rabbit IgG (H + L), FITC Goat Anti-Mouse IgG (H + L), and GPX4

were purchased from Biotechnology Co. Ltd. The primary antibodies of

Materials. Commercial Ti foil rods were provided by Alfa Awsar Co. KEAP1, NRF2, HMOX1, NQO1, SOD, GPX4 and f-Tubulin were pur-
(Tianjin, China) and Northwest Institute for Non-ferrous Metal Research chased from Proteintech Group, Inc (China). The primary antibody of
(Shaanxi, China). Caffeic acid (CA) was obtained from Meryer Chemical SLC7A11 was purchased from Affinity Biosciences. Ltd (China). ALP and
Technology Co. Ltd (Shanghai, China). 3-carboxyphenylboric acid (3- BCA assay kits were purchased from Beyotime Biotechnology Co. Ltd.
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(China).

Bioinformatics analysis of osteoporosis. GSM246440-
GSM246451 were downloaded from the GEO database and named A-1
to A-6 for the osteoporosis sample group and B-1 to B-6 for the normal
sample group. Gene ontology (GO), Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analysis, and protein interaction network
(PPI) analysis were performed by Metascore, String, and Cytoscope.

Synthesis of CPBA-DFO. 3-CPBA (33.2 mg, 0.2 mmol) was dissolved
in 5 ml DMF and stirred. Then 1- (3-dimethylaminopropyl) -3-ethyl-
carbodiimide hydrochloride (EDC, 31 mg, 0.2 mmol) and 1-hydroxyben-
zotriazole (HOBT, 27 mg, 0.2 mmol) were added to the solution for
activation for 1 h. Then deferoxamine mesylate (DFO, 150.6 mg, 0.2
mmol) was added, the pH was adjusted to 8.4 with triethanolamine
(TEA), and the mixture was stirred for 24 h at room temperature.
Finally, the crude product was obtained by rotary steaming, ethanol
washing several times, and centrifugation, which was used in a vacuum
freeze dryer and vacuum dried for 48 h to obtain CPBA-DFO powder.

Fabrication of ROS-responsive coating on Ti surface. The tita-
nium platinum was cut into square pieces (1 x 1 cm?), and cleaned with
surfactant, alcohol, and two steamed water for 15 min. The cleaned
samples were dried in the oven for subsequent experimental use. Then
the Ti substrate was incubated with CA solution (100 pM) in the dark for
12 h, named Ti-PCA. CPBA-DFO (1 mg/mL) was suspended onto the Ti-
PCA surface to prepare a ROS-responsive coating, and the sample was
named Ti-PCA-DFO. (1 mg/mL). Nuclear magnetic resonance (NMR)
spectroscopy (AV500 MHz, Bruker, Switzerland), Fourier transform
infrared spectroscopy (FTIR), and ultraviolet-visible (UV-Vis) spectro-
photometer (PECORD®210 PLUS, Analytikjena, German) were sub-
jected to confirm the successful synthesis of CPBA-DFO conjugates. X-
ray photoelectron spectroscopy (XPS) (Model PHI 5400, PerkinElmer,
USA), Atomic Force Microscopy (AFM) (MFP-3D-BIO, USA), and field
emission scanning electron microscopy (FE-SEM, FEINova Nano SEM,
Phillips Co., Holland) were utilized to observe the micro-morphology
and roughness of specimens.

Drug release. PBS buffer (pH 7.4) and H205 (200 pM) were used as
the release medium for the Ti-PCA-DFO drug release assay in vitro. Ti-
PCA-DFO was placed in PBS buffer or HyO2 (200 pM) solution con-
taining FeClz (500 pM). At different time points (1 h,2h, 6 h, 12 h, 24 h,
36 h, 48 h, 72 h, 96 h, 120 h), 20 pL of the solution was taken and
measured by Ultraviolet-visible spectrophotometry (NanoDrop One,
ND-ONE-W, Thermo, USA) at a wavelength of 430 nm. Ammonium
ferric citrate (100 pM) was added, and absorbance values were deter-
mined using a UV-Vis spectrophotometer at a wavelength of 430 nm.
Subsequently, the same volume of the corresponding PBS solution was
added to the original solution. Drug release was determined according to
the standard curve.

Iron detection assay. To detect the iron chelating ability of Ti-PCA-
DFO, Ti-PCA-DFO was placed in Fe3* solution (100 pM). The iron con-
centration in the solution was quantified with an inductively coupled
plasma series mass spectrometer (ICP-MS-MS, PerkinElmer,
Switzerland).

Cell culture. MSCs suspensions were obtained from SD rat bone
marrow under sterile conditions. The suspension of BMSCs was cultured
in a cell incubator (37 °C, 5 % CO>) and recorded as P, generation. The
medium was changed every 48 h, and when the cells proliferated to
cover about 90 % of the culture flask area, the cells were passaged. The
third-generation cells (P3) with good growth patterns were selected for
subsequent in vitro cell experiments. Unless otherwise specified, MSCs
were cultured with FAC solution (0, 100 pM), or cultured on Ti, Ti-PCA,
and Ti-PCA-DFO in a medium containing 100 pM FAC and 100 pM H30,
for 4 days.

The cell viability assay. MSCs (2 x 10* cells/well) were incubated
in the plates overnight, and cultured with FAC solution (0, 50, 100, 200,
400, 500, 600 pM) for 4 days. Subsequently, the medium was removed
and CCK8 solution was added and incubated at 37 °C in the dark for 2 h.
MSCs (2 x 10* cells/well) were cultured on Ti, Ti-PCA, and Ti-PCA-DFO
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for 4 and 7 days. The medium used contained 100 pM FAC and 100 pM
H50,. CCKS8 solution was added and incubated in the dark for 2 h. FDA/
PI dye was added to observe the survival and death of the cells by CLSM.

Apoptosis and cell cycle. MSCs were incubated in the plates over-
night, and cultured with FAC solution (0, 100, 200 pM) and DFO solu-
tion (10 pM) for 4 days. In a medium containing 100 pM FAC and 100
pM H204, MSCs were cultured on Ti, Ti-PCA, and Ti-PCA-DFO for 4 days,
respectively. After the cells were washed with PBS, the cells were sus-
pended again with 200 pL binding buffer. Annexin V-FITC (5 pL) and
propidium iodide (10 pL) were added, and cell apoptosis was detected
by flow cytometer. The cells that measure cell cycles were first immo-
bilized in 70 % precooled ethanol overnight, then 100 pL of RNase A
solution was added to the cell precipitate at 37° for 30 min. PI staining
solution (400 pL) was added and incubated for 30 min. The cells were
detected by flow cytometry.

Cytoskeleton assay. MSCs were cultured on Ti, Ti-PCA, and Ti-PCA-
DFO for 24 h. The medium used contained 100 uM FAC and 100 pM
H20,. Cells on the surface of the samples were fixed with 4 % para-
formaldehyde after the culture medium was first removed. FITC-
amanita phalloides solution (200 pL) was added and incubated at
37 °C in the dark for 30 min. After washing off the staining solution,
Hoechst 33258 staining solution was added and incubated for 15 min.
The cells were observed by CLSM.

Osteogenesis-related assay. Alkaline phosphatase (ALP) and
Collagen activity were quantitatively detected. Mineralization levels
were measured using the alizarin red method. MSCs were incubated in
the plates overnight, and cultured with FAC solution (0, 50, 100, 200,
400, 500, 600 uM) for 7 days. MSCs were cultured on Ti, Ti-PCA, and Ti-
PCA-DFO for 7 days. The medium used contained 100 pM FAC and 100
pM H305. Then the medium was removed and 1 % Triton X-100 was
added to lysis the cells. BCA kit and ALP kit were used to measure the
total protein and ALP activity in the cells. The specific steps of collagen
activity detection are: 4 % paraformaldehyde was used to immobilize
cells after the medium was removed first. Next, Sirius red staining so-
lution (200 pL) was added and stained for 60 min. Afterward, the images
were documented on a digital camera. To quantify the secretion level,
200 pL NaOH (0.1 M) was supplemented lasting 10 min. Ultimately, the
540 nm OD value of the supernatant was measured. The specific steps of
mineralization are: 4 % paraformaldehyde was used to immobilize cells
after the medium was removed first. Next, alizarin red staining solution
(200 pL) was added and incubated at 37 °C for 60 min for staining.
Afterward, the images were documented on a digital camera. As for the
next quantitation, acetic acid with a volume ratio of 10 % was added and
incubated for 30 min with shaking. The cells were then treated in a
water bath at 85 °C for 10 min and centrifuged for 15 min (12000 rpm).
In the end, an equal volume of 10 % ammonia solution was added to the
supernatant and its OD value at 405 nm was measured with a microplate
reader.

MSCs RNA sequencing and results analysis. To explore the Iron
metabolism mechanism and the effects of modified titanium on cell gene
expression. MSCs were incubated in the plates overnight, and cultured
with FAC solution (0, 100 pM) for 4 days. In a medium containing 100
uM FAC and 100 pM H30,, MSCs were cultured on Ti, Ti-PCA, and Ti-
PCA-DFO for 4 days for RNA sequencing. Specifically speaking, extrac-
ted RNA was sequenced through the Illumina Novaseq 6000 sequencing
platform of Magor Biomedical Technology Co.Ltd (Shanghai, China).
Each set was repeated three times. After setting the significance
threshold (|Log2FC|>1.5, P < 0.05), GO/KEGG functional pathway
analysis was performed.

Calcein-AM assay. Calcein-AM assay is a method to evaluate
intracellular iron levels. Calcein-AM can form complexes with cytosolic
iron and quench fluorescence. MSCs were cultured with FAC solution (0,
100 pM), or cultured on Ti, Ti-PCA, and Ti-PCA-DFO in a medium
containing 100 pM FAC and 100 pM H30, for 24 h. The cells were
stained with Calcein-AM and observed by CLSM.

Detection of GPX4 protein. The specific procedures of GPX4
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staining were as follows: cells on the surface of the sample fixed with 4 %
paraformaldehyde. And discarding the liquid and lysing the cells with
0.5 % Triton X-100. Then the cells were blocked with a blocking solution
for 1 h. After washing with PBS, the cells were incubated with GPX4
antibody for 12 h at 4 °C. FITC Goat Anti-Mouse 1gG (H + L) was dis-
carded and stained for 10 min, and then observed by CLSM.

Mitochondrial membrane potential. JC-1 kit was used to detect
mitochondrial membrane potential. After 24 h of MSCs culture, 200 pL
JC-1 working solution was added and cultured in a 37 °C incubator for
20 min. After the staining solution was removed and washed with PBS,
the cells were observed by laser confocal microscopy.

Lipid reactive oxygen species (Lipid ROS) detection and reactive
oxygen species (ROS) detection. MSCs were seeded on Ti, Ti-PCA, and
Ti-PCA-DFO overnight and incubated with 100 pM FAC and 100 pM
H,0; for 24 h. C11 BODIPY 581/591 storage solution was added and
incubated for 60 min to detect Lipid ROS. Flow cytometry was used for
detection. DCFH-DA was added to the supernatant of each sample and
incubated in the dark to detect ROS. Then qualitative and quantitative
ROS were detected by CLSM.

Superoxide dismutase (SOD) activity and Malondialdehyde
(MDA). MSCs were seeded on Ti, Ti-PCA, and Ti-PCA-DFO overnight
and incubated with 100 pM FAC and 100 pM H30,. The SOD enzyme
detection kit was used for detection. MDA was detected by a malon-
dialdehyde Kkit.

Western blot analysis. In a medium containing 100 pM FAC and
100 pM H302, MSCs were cultured on Ti, Ti-PCA, and Ti-PCA-DFO for 4
days for Western blot analysis. Protein was extracted from each group
and then electrophoresis, transmembrane, and protein blocking. After
incubated with the antibodies of KEAP1, NRF2, HMOX1, NQO1, SOD,
SLC7A11, GPX4, and B-Tubulin, secondary antibodies labeled by
horseradish peroxidase were slowly shaken and incubated for 1 h. The
PVDF membranes were developed by instrument. (VersaDoc MP 4000
Bio-Rad, USA).

Detection of GSH. To detect gsh content, MSCs were cultured on Ti,
Ti-PCA, and Ti-PCA-DFO for 4 days in a medium containing 100 pM FAC
and 100 pM H0,, respectively. Specific steps, according to the micro-
reduced glutathione assay kit instructions to detect the gsh content.

SD rat Model construction and implantation in vivo. Female
Sprague-Dawley rats (~200g, 8 weeks of age) were provided by
Chongqing Medical University. All animal experiments were approved
by the Ethics Committee of Chongging University [CQU-IACUC-RE-
202205-001]. They were randomly divided into Ti, Ti-PCA, and Ti-
PCA-DFO groups (n = 5). According to the previous study, all rats
were treated with bilateral ovariectomy and fed for 3 months to estab-
lish an osteoporosis model. Subsequently, different Ti implants were
implanted into the femoral epiphysis of osteoporotic rats for 1 month.

Micro-CT. The remaining osteoporotic rats were sacrificed after 1
month, and their femurs were removed. The collected femur samples
were fixed in a 4 % polyformaldehyde solution to detect bone mass and
bone maturity around different implants; Micro-CT was used to scan the
bone tissue around the implant. The analysis area of bone formation was
set as a radius of 0.4 mm around the implant. CTAn software was used to
quantitatively analyze the new bone volume/total volume ratio (BV/
TV), trabecular number (Tb. N), trabecular thickness (Tb. Th), and
trabecular space (Tb. Sp).

H&E staining and Masson staining. The sections were deparaffi-
nized according to the instructions of the H&E staining and Masson
staining kit. Next, the sections are dyed according to the instructions of
the staining kit. The sectioned tissues were dehydrated by gradient
dehydration with ethanol and xylene. The sections were sealed with
neutral resin, dried, and observed under a microscope.

Immunohistochemical staining. Immunohistochemical staining
was used to detect the expression of alkaline phosphatase (ALP),
osteocalcin (OCN), osteopontin (OPN), glutathione peroxidase 4
(GPX4), heme oxygenase 1 (HMOX1) and cystine/glutamate antiporter
(SLC7A11). After deparaffinization and protein blocking, the primary
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antibodies (1:200) were added and incubated at 4 °C overnight. Then, a
diluent of secondary antibody (1:200) was added and incubated at room
temperature for 60 min. A Hematoxylin staining solution was added for
staining. After the section was sealed, the microscope was used for
observation and quantitation.

Statistical analysis. Data were presented in the form of means +
standard deviation. One-way analysis of variance (ANOVA) together
with the students’ test were exerted to verify the statistical significance
of the data, while OriginPro and Graphpad prism were utilized for sta-
tistical analysis. P value less than 0.05 was considered statistically sig-
nificant. * and ** were represented P < 0.05 and P < 0.01 respectively.
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Data will be made available on request.
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