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Effect of the Sr—Fe layered double hydroxide
coating based on the microenvironment response
on implant osseointegration in osteoporotic rats¥
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Osteoporosis is a disease that manifests itself as an abnormality of bone metabolism and is
characterized by low bone mass and destruction of the bone microstructure. Since bone resorption
occurs more rapidly than new bone formation, osteoporosis leads to reduced orthopedic implant
stability. From a microenvironmental point of view, the rationale for this outcome is that osteoclasts are
overactive in the bone tissue of patients with osteoporosis, and the large amount of H* they produce
leads to local chronic acidosis, which promotes bone mineral loss. Therefore, we designed a weakly
alkaline layered double hydroxide (LDH) coating to modulate the pathologically acidic microenvironment
and the osteogenic—osteoclastic coupling by releasing Sr2*. We prepared Sr—Fe LDH coatings on pure
titanium implants using a hydrothermal method in this study and characterized the material using SEM,
AFM, XRD, XPS, EDS, ICP, pH acidimeter, etc. We found that the coatings had good nanomorphology
and were able to efficiently neutralize H* as well as steadily release Sr?* for up to 21 days. In vitro, the
coating not only significantly promoted the adhesion, proliferation, and differentiation of osteoblasts, but
also inhibited the differentiation of osteoclasts at the same time. In addition, in animal experiments, the
coating significantly improved the mechanical stability of the implant in osteoporotic rats, increasing
Sr—Fe LDH@Ti maximal push-out force by 72.2% compared to Ti. At the same time, the coating was
effective in reversing the osteoporotic state, resulting in a 58.5% increase in BV/TV (%), and a 12.4%
increase in Tb. N (1 mm™Y), a 31.6% increase in Tb. Th (um), and a 30.9% increase in BA (%). Our results
suggest that this Sr—Fe LDH nanocoating material with acid-neutralizing, as well as long-term Sr2*-
releasing capabilities, is a novel and effective orthopedic implant coating material under osteoporotic
conditions.
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1. Introduction

Today, osteoporosis affects more than 1.02 billion people world-
wide," and the vast majority of these people are postmenopausal
women and middle-aged and older men.? There is a very high
demand for bone implants as these people are at high risk of
tooth loss and bone joint diseases.?

It is well known that in osteoporotic patients, it is difficult
to form enough bone to support the implant because of the
osteogenic-osteoclastic uncoupling, which leads to loosening
and detachment of the implant.*™®

In osteoporosis, the bone tissue microenvironment is charac-
terized by reduced osteoblast activity and impaired bone tissue
regeneration. In addition, hyperactive osteoclasts produce a
slightly acidic environment by secreting large quantities of
hydrogen ions, resulting in bone mineral loss and destruction
of the bone microstructure. In addition, a high concentration of

This journal is © The Royal Society of Chemistry 2024
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H" will reduce osteoblast activity and inhibit bone tissue rege-
neration.”® All of these factors affect bone metabolism and
inhibit osseointegration, thereby increasing the risk of implant
failure.'® Therefore, in order to improve the osseointegration of
implants, the coating material should not only focus on the
modulation of cellular function but also on the modulation of
the pathological acidic microenvironment."'™*?

In order to modulate cellular function, many studies have
been conducted to release growth factors such as bone mor-
phogenetic proteins (BMPs), transforming growth factor-p (TGF-
B), vascular endothelial growth factor (VEGF), interleukin-4 (IL-4),
and interleukin-10 (IL-10) by constructing coatings on the implant
surface that can be loaded with drugs."*"® However, these drugs,
cytokines, or growth factors have disadvantages such as short half-
life, susceptibility to inactivation, lack of long-term stability, tissue
selectivity, potential toxicity, and dose-dependence,'®*® making
it difficult to achieve better results. The strategy of introducing
strontium elements into coating materials and modifying pure
titanium and titanium alloy implants to modulate cellular func-
tion is a strategy that is simple to prepare, inexpensive, and no
less effective than strategies based on the release of drugs,
cytokines, and growth factors and it has already produced
impressive results. Coatings containing strontium can emit
Sr** relatively steadily during in vivo degradation. Sr** is a known
biologically active ion that, at appropriate concentrations,** >
increases pro-osteoblast activity and inhibits osteoclast over-
activity, thereby regulating bone metabolism and promoting
osseointegration.>*>®

Layered double hydroxide (LDH), a biomaterial composed of
a body laminate of divalent and trivalent cations and a guest
laminate of anions, has been investigated extensively in the
field of bone repair.?*?® The formula for this substance is
M1 >N (OH), I [Any,," |*-mH,0. LDH’s chemical compo-
sition is modifiable, and various biological effects can be
conferred on LDH by introducing different bioactive
elements.>*? Notably, LDH is an alkaline substance, and its
first biomedical application was as a pH-raising anti-acid
medication. LDH has an acidic environmental response, and
LDH coatings containing bioactive elements can undergo an
acid-neutralization reaction with H' in acidic environments
and degrade swiftly, releasing bioactive ions. In contrast, it
self-degrades slowly in neutral and alkaline environments.**>*

Therefore, in order to regulate the abnormal acidic micro-
environment of osteoporosis, as well as to improve the dysfunc-
tional state of osteoblasts and osteoclasts, and ultimately to
enhance osteointegration, we combined the excellent perfor-
mance of Sr** in improving bone metabolism in this work with
the ability of alkaline LDH to neutralize acid and utilized the
biologically-safe Fe*" to assist in the construction of the Sr-Fe
LDH coating. To verify that this was achieved, we used ICP to
measure the ability of Sr** to be released in PBS and a pH
acidimeter to detect the ability of Sr-Fe LDH to neutralize H".
The effects of Sr-Fe LDH coating on the function of osteoblasts
and osteoclasts were investigated using mouse embryonic
osteoblasts (3T3-E1) and mouse monocyte macrophage leuke-
mia cells (RAW264.7) as cell models. The effect of Sr-Fe LDH
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coating on osseointegration was investigated using ovariecto-
mized rats as a model. Our results show that the Sr-Fe LDH
coating can release Sr** for a long time and stably, and has a
good acid-neutralising ability. In vitro, it can significantly
promote the proliferation and differentiation of osteoblasts
while inhibiting the differentiation of osteoclasts. In addition,
the Sr-Fe LDH coating was able to improve the mechanical
stability, peripheral bone formation, and osseointegration of
implants in vivo.

2. Methods

2.1 Preparation of materials

The pure titanium size used for in vitro experiments in this
study was 10 mm x 1 mm and the bar implant size used for
in vivo experiments was 10 mm x 1 mm. The surface of pure
titanium was ground, polished, and then acid etched for 90 s
using 0.2 vol% hydrofluoric acid. We used the most widely used
and simple hydrothermal method for the preparation of Sr-Fe
LDH: firstly, 4.008 g of sodium hydroxide was added to the
PTFE liner with 60 ml of deionised water, and mechanically
stirred completely and allowed to dissolve, then pure titanium
flakes or rods were added, followed by the addition of 1.5899 g
of sodium carbonate, 6.2172 g of strontium oxide, and 6.4122 g
of ferric hydroxide, in that order. Stirring was continued for
30 min. Finally, the PTFE liner was placed in a hydrothermal
kettle and the hydrothermal reaction was carried out at a
temperature of 120 °C for 14 h. To remove the residual
impurities, the prepared material was required to be ultrasoni-
cally cleaned with 50% ethanol more than 5 times. In this work,
we refer to pure titanium sheets and pure titanium implants as
Ti, and to sheets and implants prepared with Sr-Fe LDH
coatings as Sr-Fe LDH@Ti.

2.2 Characterization of materials

A field emission scanning electron microscopy (FE-SEM, Apreo
2 S Lovac, Czech Republic) and an atomic force microscope
(AFM, SPM-9600, Japan) were used to investigate the surface
morphology and the roughness of the samples. The crystal
structure of the samples was examined via X-ray diffraction
(XRD). X-ray photoelectron spectroscopy (XPS) was used to
analyze the elemental composition and chemical state of the
samples. The thickness, elemental species, and elemental dis-
tribution of the samples were detected using X-ray energy
spectrometry (EDS). The hydrophilicity of the materials was
analyzed using an optical contact angle meter (DSA25E, DEU).
Sr**, which has a bone repair regulatory function, was quanti-
fied using inductively coupled plasma emission spectroscopy
(ICP-OES). Analysis of the acid-neutralizing capacity of samples
using a pH acidimeter.

2.3 In vitro study

2.3.1 Cell culture. The medium for MC3T3-E1 cells should
consist of 89% o-MEM (Gibco, USA) plus 1% penicillin/strepto-
mycin (Hyclone, USA) and 10% FBS (Gibco, Australia). The medium
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components for RAW264.7 cells should consist of 89% DMEM
(Gibco, USA) + 1% penicillin/streptomycin (Hyclone, USA) + 10%
FBS (Gibco, AUS). Both cell types were cultured in 6 cm Petri
dishes (NEST, CHA) and a CO, incubator (37 °C, 5% CO,, and
90% relative humidity, SERIES II WATER HACKET, USA). Every
2-3 days, the cells were washed with PBS and the medium was
replaced with the new medium. When 80-90% of the cells were
fused, they had to be passed at a ratio of 1:3 or 1:4.

2.3.2 Cell adhesion and morphology. 500 ml of MC3T3-E1
and RAW264.7 cell suspensions were configured at densities of
1 x 10* cells per ml and 2 x 10* cells per ml, respectively, and
then the cells were inoculated onto the surface of the material
placed in a 48-well plate, which was then placed in a cell-
specific culture incubator at 37 °C for 24 hours. After 24 hours,
the cells were rinsed twice with PBS and then fixed for 24 hours
with an electron microscope fixative (Service bio, CHN). After
24 hours, a 15 minute gradient dehydration was performed using
30%, 50%, 70%, 85%, 95%, and 100% ethanol. After drying and
conductive treatment, the cells were ultimately observed using a
scanning electron microscope (JSM-6510LV, JPN).

Method for laser confocal microscopy observation: 500 ml of
MC3T3-E1 and RAW264.7 cell suspensions were prepared at a
density of 1 x 10" cells per ml and 2 x 10" cells per ml,
respectively. The cells were then inoculated onto the surface of
the material and placed in 48-well plates, which were then
placed in a cell-specific culture incubator at 37 °C for 24 hours.
After twenty-four hours, the cells were rinsed twice with PBS
and then incubated at room temperature. After two washes, the
cells were sequentially fixed with 4% paraformaldehyde, per-
meabilized with 0.2% Triton X-100, and stained at room
temperature with YF®/rhodamine-labelled ghost pen cyclic
peptide (Uelandy, CHN) and DAPI (Biosharp, CHN) for the cell
membrane and nucleus, respectively. Observations were carried
out using a laser confocal microscope (Olympus SpinSR10,
Japan).

2.3.3 Cytocompatibility evaluation. The biocompatibility of
the materials with MC3T3-E1 and RAW264.7 was evaluated by
live and dead cell fluorescence staining: 500 pl of cell suspen-
sion was configured at a density of 4 x 10* cells per ml and
8 x 10* cells per ml, respectively, and then the cells were
inoculated onto the surface of the materials in a 48-well plate
and co-cultured with the materials. Live and dead cells were
fluorescently stained with a calcein/PI cell activity and cytotoxi-
city detection kit (beyotime, CHN) and then observed with an
orthogonal fluorescence microscope (Leica DM4 B, DEU) fol-
lowing 24 h of incubation at 37 °C in a cell-specific incubator.

The CCK8 method was used to determine the effect of
the materials on the cell viability of MC3T3-E1 and RAW264.
7: 500 pl of the cell suspension was configured at a density of
1 x 10* cells per ml and 2 x 10* cells per ml, respectively, and
then the cells were inoculated on the surface of the materials
placed in a 48-well plate and co-cultured with the materials for
1, 3, and 5 days. Every two days, the medium was substituted
with the new medium. After 2 thorough washes with 500 ml of
PBS (biosharp, CHN) on 1, 3, and 5 days, 200 ul of 10% CCK8
solution (Biosharp, CHN) freshly configured with the culture
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medium was added to each well. The absorbance was measured
at 450 nm using an enzyme marker (Synergy H1, USA) following
a 2 hour incubation at 37 °C in a cell-specific incubator.

2.3.4 Osteogenic differentiation experiments. First, sodium-
glycerophosphate, dexamethasone, and vitamin C were added to
-DMEM until their final concentrations were 10 mM, 0.1 M, and
50 ug ml ™', respectively.

Method for ALP staining: 500 pl of the MC3T3-E1 cell
suspension with a density of 4 x 10 cells per ml was inoculated
onto the surface of both materials in 48-well plates, respec-
tively, and the new induction solution was replaced every 2
days. Following a 7 day incubation at 37 °C in a cell-specific
incubator, the cells were rinsed twice with PBS and fixed with
4% paraformaldehyde. The cells were stained with a BCIP/NBT
alkaline phosphatase chromogenic reagent (Beyotime, CHN)
for 24 hours at room temperature. After adding 200 ul of DMSO
to each well and stirring for 30 minutes to dissolve the blue
alkaline phosphatase crystals, 100 pl of the solution was
aspirated, and the absorbance was measured at 520 nm using
an enzyme marker.

ARS staining method: 500 pl of the MC3T3-E1 cell suspen-
sion with a density of 4 x 10 cells per ml was inoculated onto
the surface of both materials placed in 48-well plates, respec-
tively, and the new induction solution was replaced every 2
days. After 21 days of incubation at 37 °C in a cell-specific
incubator, the cells were twice rinsed with PBS and then fixed
with 4% paraformaldehyde. The cells were then stained for 24
hours at room temperature with 1% alizarin red solution
(Solarbio, CHN). Finally, 200 pl of 10% cetylpyridinium chloride
solution was added to each well, agitated for 30 minutes, and
100 pl of the solution was aspirated and analyzed using an
enzyme marker for absorbance at 562 nm.

2.3.5 Osteoclastic differentiation experiments. Configu-
ration of extraction solution: by the ISO 10993-12 standard
3 cm? ml™? extraction ratio, the material was co-cultured with
the osteoblast differentiation medium for 24 hours. After
24 hours, the extraction solution was collected and refrigerated
at 4 °C for future experiments.

TRAP staining procedure: RAW264.7 cells were seeded at a
density of 6000 cells per cm? in 48-well plates, and the induction
solution was replaced every two days. After 6 days of induction,
the cells were rinsed twice with PBS and successively permeabi-
lized with 4% paraformaldehyde fixation and 0.2% Triton-X 100.
The cells were then stained for 1 hour with a TRAP staining
reagent (Servicebio, CHN) and observed under a light microscope.

RAW264.7 cells were seeded onto the surface of the material
in 48-well plates at a density of 6000 cells per cm? and the
induction solution was replaced every two days. After 6 days of
induction, the cells were washed twice with PBS, fixed with 4%
paraformalde, permeabilized with 0.2% Triton-X 100, and
stained with YF®/rhodamine-labelled phantom pen cyclopep-
tide and DAPI, respectively, for cell membrane and nucleus.
Lastly, laser confocal microscopy was utilized for observation
purposes.

6000 cells per cm® RAW264.7 were seeded onto the surface
of the material in 48-well plates for RT-qPCR, and the induction

This journal is © The Royal Society of Chemistry 2024
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solution was replaced every two days. After incubation for six
days, the plate was rinsed twice with PBS. RNA was extracted
using the RNAiso Plus kit. The relative expression of osteoblast-
associated genes NFATcl, c-FOS, CTSK, and TRAP was
determined using a real-time fluorescence quantitative PCR
instrument (Bio-rad CFX96 Touch, USA) and -actin as an
internal reference gene.

2.4 In vivo study

2.4.1 Anaesthesia and surgery on animals. Three-month-
old female Sprague-Dawley rats weighing 200-250 g were
selected. The rearing conditions were 25 degrees Celsius, 55
percent humidity, and 12 hours of light followed by 12 hours of
darkness. The rodents were permitted to consume food and
water at will. Animal experiments were conducted in precise
accordance with the Sichuan University Animal Protection
Committee-approved ARRIVE guidelines.

Regarding the method of anesthesia: we anesthetized the
animals three times in our animal experiments: the osteoporosis
model establishment experiments, the implant placement experi-
ments, and at the time of animal execution. We anesthetized the
rats by intraperitoneal injection of 3% sodium pentobarbital
solution (45 mg kg™~ "). At the same time, 2% lidocaine was used
for local infiltration anesthesia within the incision area to achieve
the best anesthesia effect.

Regarding the method of execution: we euthanized the
animals by injecting an overdose of 3% pentobarbital sodium
solution (150 mg kg™ ') into the peritoneal cavity of SD rats.

Ti and Sr-Fe LDH®@Ti were implanted into the bone marrow
compartments of the bilateral tibiae of rats in both groups
parallel to the long axis of the tibiae and slightly below
the articular surface twelve weeks after bilateral ovariectomy.
All rodents received intramuscular antibiotics and analgesics
for three days following surgery. After 8 W of implant placement,
all rodents were euthanized, and specimens were collected for
further study.

2.4.2 Biomechanical test. The end of the implant was
exposed by epiphysis separating the left tibia of the rodent.
The samples were embedded with the self-coagulating resin so
that the implant could be moved perpendicular to the carrier
table from the bone marrow cavity. For egress testing of these
samples, an electronic universal material testing machine
(INSTRON5565, USA) was used. The compression rate was set
to 1 mm min~ ', the displacement versus force relationship was
recorded, and the maximal push-out force was determined.

2.4.3 Micro-CT evaluation. After collecting the samples,
they were fixed with 4% paraformaldehyde for 48 hours before
being scanned with a micro-computed tomography scanner
(Micro-CT 100, CH). The system was set to 70 kV, 200 A, 10 m
per layer for the tibia and 90 kV, 200 A, 10 um per layer for the
implants. To reduce the effect of noise, the Gaussian filter
parameters were set to = 1.2, support = 1. In the tibia investiga-
tion, the region of interest (VOI) was positioned 100 layers
beneath the growth plate within the bone marrow. In implant
analysis, the region of interest (VOI) was established within
a ring 500 um from the implant surface with a total of one
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thousand layers (10 000 um). The VOI region was evaluated for
bone volume fraction (BV/TV), trabecular thickness (Tb. Th),
trabecular number (Tb. N), trabecular separation (Tb. Sp), and
bone-implant contact (BIC).

2.4.4 Histomorphometric analysis. Immediately following
micro-CT, implant-bearing samples were dehydrated with an
ethanol gradient, infiltrated with resin, and photocured with
methyl isocrotonate. The segment was cut using a microtome
for hard tissue (EXAKT300CP, DEU). The obtained slices’
ultimate thickness is 60 pm after grinding and polishing with
a grinding machine (EXAKT400CS, DEU). The region of inter-
est, stained with 1% toluidine blue and extending 100 pm from
the implant’s surface, was defined as a ring area. The percen-
tage of bone tissue area (BA) in the region of interest was
quantified using the Leica DMI 6000B microscope and its
software. After the rats were Kkilled, their five organs were
promptly preserved in 4% paraformaldehyde and fixed for 48
hours, followed by gradient dehydration, pruning, embedding,
slicing, hematoxylin-eosin staining, and sealing.

2.5 Statistical analysis

All data were expressed as mean =+ standard deviation and
statistically analyzed using IBM SPSS Statistics 26 software
(SPSS, 14hicago, IL, USA). Comparisons between groups were
made using the independent samples ¢test. p < 0.05 was
considered statistically significant.

3. Result and discussion
3.1 Synthesis and characterization of the Sr-Fe LDH coating

Scanning electron microscopy (Fig. 1A) and atomic force micro-
scopy (Fig. 1B and Fig. S1A, ESIt) were utilized to observe the
morphology of the samples, and uniform nanospherical Sr-Fe
LDHs were found on the surface of pure titanium but there is
no significant difference in roughness between Ti and Sr-Fe
LDH@Ti (Fig. S1B, ESIt). We then conducted XRD and XPS
analyses. In the XRD mapping characterization of Ti and Sr-Fe
LDH@Ti (Fig. 1C), it can be seen that Sr-Fe LDH@Ti, in
addition to the diffraction peaks of Ti, diffraction peaks are
also detected at around 10° and 20°, corresponding to the
(0 0 3) and (0 0 6) crystal planes, which are consistent with
the typical LDH physical structure (PDF# 50-0652). From the
XRD patterns (Fig. S2, ESIt), we can observe that the Sr-Fe LDH
powders are mainly composed of two main phases, namely
Sr;Fe,OH;, and FeOOH. The diffraction peaks of these phases
exhibit sharp and symmetric features, which is a typical sign of
the integrity and crystallinity of the crystal structure. This
means that during the synthesis of Sr-Fe LDH, both phases
formed a structure with excellent crystallinity, and it can also
prove that the synthesis of Sr-Fe LDH was successful. XPS
spectroscopy analysis was performed to further ascertain the
surface elemental states of the coatings, the Ti, Fe, Sr, C, and O
elements were observed in the complete XPS spectra of the
sample surface (Fig. 1D). A split-peak fitting procedure was
performed on the Fe 2p binding energy peaks (Fig. 1E), and it
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(A) SEM images of Ti and Sr—Fe LDH@Ti. (B) AFM images and quantitative analysis of Sr—Fe LDH@Ti; (C) XRD images of Ti and Sr—Fe LDH@Ti.

(D) Complete XPS spectrum images of Sr—Fe LDH@Ti. (E) Split-peak fitting of the Fe 2p binding energy peaks of Sr—Fe LDH@Ti. (F) O 1s split peak fitting
images of Sr—Fe LDH@Ti. (G) Elemental analyses of Sr—Fe LDH@Ti by EDS. (H) Analyses of contact angle test of Ti and Sr—Fe LDH@Ti; n = 6. (I) The release
curves of Sr?* ions from Sr—Fe LDH@Ti. (J) pH-value monitoring during the titration of Sr—Fe LDHs and NaOH into acidic PBS (pH = 4.5). All values are

presented as mean + s.d. *p < 0.05, **p < 0.01, and ***p < 0.001.

can be seen that the peaks at 714.5 eV and 724.8 eV represent
the peaks of Fe 2p;/, and Fe 2p,,,, whereas the binding energy
peaks at 718.3 eV and 732.4 eV are satellite peaks of Fe 2p;,
and Fe 2p,),. This indicates the presence of both Fe*" and Fe**
in Sr-Fe LDH. It indicates that Sr-Fe LDH contains both Fe**
and Fe*". The results of the O 1s split peak fitting (Fig. 1F)
reveal that the two peaks appearing at 529.1 and 531.2 eV
correspond to metal oxides and metal hydroxides, respectively,
and the ratio of the half-peak widths of the two peaks is close to
1:6, indicating that the majority of the elemental oxygen exists
in the form of metal hydroxides. EDS (Fig. 1G) revealed that Sr,
Fe, O, and C are uniformly distributed on the surface of pure
titanium and Sr** of 6.72% weight percent (wt%) and 2.5%
atomic percent (at%). Combining SEM and EDS analyses, we
found that the thickness of the coating was 2.1 pm (Fig. S3,
ESIT). Hydrophilicity is an important factor affecting the sur-
face activity of implants, and the majority of studies*>>® have
concluded that hydrophilic surfaces are preferable to hydro-
phobic surfaces for promoting early cell proliferation and
osteogenic differentiation. Consequently, we employed the
seated drop method for contact angle analysis of Ti and Sr-Fe
LDH®@Ti (Fig. 1H), and the result demonstrates that Sr-Fe
LDH®@Ti is more hydrophilic than Ti. Sr** is believed to
promote osteoblast differentiation while inhibiting osteoclast
differentiation,*”*® so to verify the degradation ability of the
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Sr-Fe LDH coating, we used inductively coupled plasma emis-
sion spectrometry (ICP) to quantify the Sr** released from Sr-Fe
LDH@Ti in PBS buffer at a specific time. Quantitative analysis
of Sr** in the medium at specific times by inductively plasma
emission spectroscopy (ICP) (Fig. 1I) showed that Sr*" was
released at a high rate during 2 days, and then gradually
reached the ion release equilibrium, which allowed Sr** to be
released slowly. Among them, the Sr** release concentration of
Sr-Fe LDH@Ti in pH = 4.5 PBS within 2 days was 38.3 mg L™ ",
while that at pH = 7.4 PBS was 8.05 mg L™ ". Analyses by EDS
showed that the content of Sr on the surface of the material
after 7 days of immersion in pH = 4.5 solution was significantly
lower than that in pH = 7.4 solution (Fig. S4, ESIT). The higher
degradation rate in acidic PBS compared with that in neutral
PBS illustrated the sensitive and efficient response of Sr-Fe
LDH@Ti to the acidic environment. More importantly, Sr**
could be slowly released in PBS at pH = 7.4 for up to 21 days
(Fig. S5, ESIY), indicating that Sr-Fe LDH@Ti could slowly
release Sr** for a long period, which is important for the
long-term regulation of the local pathological microenviron-
ment in osteoporosis. In the pathological microenvironment of
osteoporosis, mature and functionally active osteoclasts secrete
large amounts of H' on the bone surface, leading to the
dissolution of hydroxyapatite, the main inorganic component
of bone tissue, and can promote the degradation of organic

This journal is © The Royal Society of Chemistry 2024
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components by histaminase K (CTSK) and anti-tartaric acid
phosphatase (TRAP).* At the same time, large amounts of H"
negatively affect calcium salt deposition and mineralization of
the bone-like material. From the point of view of the cell itself,
excess H' can have a great impact on osteoclast function,
mainly in the form of increased expression of genes that
promote bone resorption function, including carbonic anhy-
drase 11" calcitonin receptor, tissue protease K (CTSK), and
tartrate-resistant acid phosphatase (TRAP). Notably, since H' is
supplied by carbonic anhydrase II from osteoblasts, the low pH
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microenvironment prompts osteoblasts to secrete more H',
thus creating a vicious cycle that promotes bone resorption.*'
For osteoblasts, excess H' down-regulates the expression of
osteogenesis-related genes, so it is important for materials to
have good acid-neutralizing properties to inhibit bone
resorption.””?* Since Sr-Fe LDH is an alkaline material, we
speculate that it can be degraded while neutralizing H'.
To verify our conjecture, we formulated 50 mg ml™" pulverized
Sr-Fe LDH with purified water and compared it to gradients of
NaOH concentration (Fig. 1]). It can be observed that its acid
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Fig. 2 (A) SEM images of MC3T3-E1 cultured with Ti and Sr—Fe LDH@Ti for 24 h. (B) Confocal laser microscopy images of MC3T3-E1 costained with
rhodamine—phalloidin (red) and DAPI (blue) on the surface of Ti and Sr—Fe LDH@Ti. (C) SEM images of RAW264.7 cultured with Ti and Sr—Fe LDH@Ti for
24 h. (D) Confocal laser microscopy images of RAW265.7 are combined with rhodamine-phalloidin (red) and DAPI (blue) on the surface of Ti and Sr-Fe
LDH@TI. (E) and (F) Fluorescence staining images of MC3T3-E1 and RAW264.7 with Calcein-AM/PI after coculture on the surface of different materials for
24 h. CCK8 test of MC3T3-E1 (G) and RAW264.7 (H) Cultured with Ti and Sr—Fe LDH@Ti; n = 3. Analysis of (I) ALP staining and (J) alizarin red staining
of the MC3T3-E1 treated with Ti and Sr—Fe LDH@Ti scaffolds at days 21 and 7, respectively; n = 3. All values are presented as mean =+ s.d. *p < 0.05,
**p < 0.01, and ***p < 0.001.
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neutralization ability is between 0.1 M and 1 M NaOH, which is
a strong indication of its excellent acid neutralization ability.

3.2 Invitro study

3.2.1 Sr-Fe LDH@Ti promotes the adhesion and spread of
MC3T3-E1 and RAW264.7. Observing the proliferation of cells
on the material’s surface is essential for determining its
biocompatibility.*> To determine the effect of Sr-Fe LDH coat-
ing on the adhesion and morphology of MC3T3-E1 and
RAW264.7 cells, the two cell types were seeded for 24 hours
on the surfaces of Ti and Sr-Fe LDH@Ti, respectively. The cells
were then observed using scanning electron microscopy. As
shown, MC3T3-E1 (Fig. 2A and B) and RAW264.7 (Fig. 2C and
2D) extended more pseudopods and expanded out over a larger
area on the Sr-Fe LDH-coated surface of the material. This is
probably because, during cell adhesion, the host cell does not
interact directly with the surface of the material, but with the
protein. Proteins in the extracellular matrix mediate cell adhe-
sion by coupling to the cell contractile actin cytoskeleton via
integrin receptors. It has been shown that increasing the hydro-
philicity of the material can significantly increase the adsorption
of proteins on the surface of the material and thus promote cell
adhesion, thus Sr-Fe LDH@Ti with better hydrophilicity plays a
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better role than Ti in promoting cell adhesion and spread,*?
establishing a solid foundation for the cells to carry out other
biological functions.**

3.2.2 Sr-Fe LDH@Ti has good biosafety for MC3T3-E1 and
RAW264.7. The effects of the substances on osteoblasts, osteo-
clast precursor cells, and immune cells were examined. As study
subjects, we selected the most extensively used mouse embryonic
osteoblast precursor cells (MC3T3-E1) and mouse monocyte
macrophage leukemia cells (RAW264.7).*%*>%® Biosafety is one
of the most important factors in determining whether an implant
can be clinically implemented, so we analyzed the biosafety of the
Sr-Fe LDH coating first. MC3T3-E1 and RAW264.7 cells were
seeded onto the Ti and Sr-Fe LDH@Ti surfaces, and after 24 h
of resting, the calcein/PI cell activity and cytotoxicity detection
kits were used to stain the living and dead cells on the surfaces
of the materials. As shown in the figure (Fig. 2E and F), green
fluorescence was observed in large numbers on both Ti and Sr-Fe
LDH, indicating that the substantial majority of MC3T3-E1 and
RAW264.7 cells were viable. Few cells were stained with red
fluorescence, indicating that they were already deceased, while
almost no cells were stained with yellow fluorescence, indicat-
ing that they were undergoing apoptosis. For additional quan-
titative analysis, we seeded MC3T3-E1 and RAW264.7 cells on
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Fig. 3 (A) TRAP staining images of RAW264.7 cultured with Ti and Sr—Fe LDH@Ti extract in the presence of RANKL (50 ng ml™?) for 6 days. (B) Confocal
laser microscopy images of osteoclasts costained with anti-vinculin (green), rhodamine phalloidin (red), and DAPI (blue). (C)-(F) The gRT-PCR results of
the expression of osteoclast marker genes including TRAP, CTSK, c-Fos, and NFATcL. All values are presented as mean + s.d. *p < 0.05, **p < 0.01, and

***p < 0.001; n = 3.
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the Ti and Sr-Fe LDH surfaces, respectively, and measured
their proliferation using a CCK8 assay reagent. As shown, there
was no significant difference in the proliferation status of
MC3T3-E1 cells after 1 and 3 days of growth on Ti and Sr-Fe
LDH@®@Ti, respectively, but MC3T3-E1 cells proliferated better
after 5 days of growth on Sr-Fe LDH®@Ti than on Ti (Fig. 2G),
a phenomenon that is most likely to be the result of the
sustained release of Sr2+ that has the effect of promoting cell
proliferation.”” RAW264.7 cells were grown on Ti and Sr-Fe
LDH@®@Ti for 1, 3 and 5 days, respectively, and there was no
significant difference in proliferation status (Fig. 2H). These
findings suggest that the Sr-Fe LDH coating is biologically safe.
These findings suggest that the Sr-Fe LDH coating is bio-
logically safe. Green fluorescence was observed on both Ti
and Sr-Fe LDH, indicating that the substantial majority of
MC3T3-E1 and RAW264.7 cells were viable. Few cells were
stained with red fluorescence, indicating that they were already
dead, while almost no cells were stained with yellow fluores-
cence, indicating that they were undergoing apoptosis.

3.2.3 Sr-Fe LDH@Ti promotes differentiation and minerali-
zation of MC3T3-E1. It is well established that ALP is an early
marker of osteogenic differentiation and that the quantity of

View Article Online
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calcium nodule deposition in the ECM is a late marker.*®*°
To verify the effect of Sr-Fe LDH coating on the osteogenic
differentiation of osteoblasts, we employed them as a criter-
ion for assessing osteogenic differentiation in this study.
The semi-quantitative results of the BCIP/NBT method by
ALP staining (Fig. 2I) indicated that Ti and LDH@Ti did
not affect the early osteogenic differentiation of MC3T3-E1.
However, the semi-quantitative results of the analysis by ali-
zarin red staining (ARS) (Fig. 2]) indicated that Sr-Fe LDH
significantly promoted the late osteogenic differentiation of
MC3T3-E1 (p < 0.05). Therefore, it can be shown that our
material enhances the cellular production of mineralized
matrix. Since osteoblasts in osteoporosis patients suffer from
a reduced ability to form and mineralize bone matrix,*® the
function exhibited by our material has the potential to reverse
this pathological state.

3.2.4 Sr-Fe LDH®@Ti inhibited RANKL-mediated osteoclas-
tic differentiation. RAW264.7 is an osteoclast precursor cell;
therefore, we used it as an osteoclast precursor cell in this
investigation. As shown in Fig. 1, we first investigated the effect
of the auto-degradation products of Sr-Fe LDH coating on
osteoclast differentiation. The Sr-Fe LDH extract significantly
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(A) Quantitative results of the biomechanical test of implant fixation 8w after implant insertion, presented as the maximal push-out force; n = 9.

(B) X-ray illustration of implant implantation and VOI. (C) Three-dimensional micro-CT images of the bone tissue around Tiand Sr—Fe LDH@Ti implants in
the volume of interest (VOI). (D)-(G) Quantitative results of the micro-CT evaluation of implant osseointegration and trabecular microstructure around
implants within the volume of interest; n = 11. All values are presented as mean + s.d. *p < 0.05, **p < 0.01, and ***p < 0.001.
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inhibited the formation of osteoclasts compared to Ti, and we
can see the cell area and quantity of TRAP-positive osteoclasts
were considerably reduced (Fig. 3A). This is likely due to the
degradation of the Sr-Fe LDH coating, which increased the
Sr** concentration. To determine whether acid neutralization of
Sr-Fe LDH coating has a synergistic effect on inhibiting osteo-
clast differentiation in the presence of direct cell contact, we
inoculated the cells on the surface of the two materials, bearing
in mind that the surface pH value and ion concentration of the
material are significantly higher than in other parts of the
solvent.> Using confocal laser microscopy, the cell nucleus
and cell membrane were fluorescently stained and observed
(Fig. 3B). On the surface of Ti, a substantial number of cells
with the characteristic multinucleated giant cell morphology of
osteoclasts are visible, whereas these cells are rare on Sr-Fe
LDH. qRT-PCR was used to detect the expression of genes
involved in osteoclastic differentiation. CTSK gene expression
decreased by 45.8% (p < 0.01) and TRAP expression decreased
by 76.3% (p < 0.01) (Fig. 3C). Osteoclast activity is increased in
patients with osteoporosis, and these mature osteoclasts with
increased activity overexpress CTSK and TRAP. The degradation
of inorganic minerals in an acidic microenvironment in the
presence of excess H' allows these enzymes to rapidly degrade
the organic components of bone tissue.”®> Our experiments
suggest that Sr-Fe LDH likely can inhibit fusion and matura-
tion of osteoclasts by down-regulating the gene expression of
CTSK and TRAP, and also suggests that the material may be
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able to reverse the phenomenon of bone resorption induced by
increased osteoclast activity.

3.3 In vivo study

3.3.1 Establishment of the osteoporosis model. Osteoporo-
sis in postmenopausal women is primarily caused by a decrease
in ovarian function, which results in a significant decrease in
estrogen secretion.”* > Numerous studies have demonstrated
that bilateral ovariectomy can induce osteoporosis in rodents.*®
To demonstrate the effect of Sr-Fe LDH coating on osseo-
integration in an osteoporotic state in vivo, we first created an
osteoporotic rat model by performing bilateral oophorectomy.
Three-month-old female SD rats underwent bilateral ovariect-
omy, a model for 12 W was developed, and the control group
consisted of female rats that underwent a sham operation.
X-ray (Fig. S6A, ESIt) and micro-CT (Fig. S6B, ESIT) reconstruc-
tions revealed significant bone loss in ovariectomy-treated
rodents. According to the quantitative analysis of the three-
point bending test (Fig. S6C, ESIt). the elastic modulus of the
tibia of rats undergoing ovariectomy was 49.2% lower than that
of the sham operation group; micro-CT analysis (Fig. S6D-G,
ESIt) revealed that the BV/TV of the tibial metaphyseal
decreased by 39.0%, and the Tb. Sp increased by 33.4%.
As osteoporosis leads to bone tissue loss, the macroscopic
manifestation is the destruction of the bone microstructure.
In micro-CT analysis of the tibia of rats with osteoporosis, a
decrease in the number of trabeculae (Tb. N), bone volume

Kidney

Ti Sr-Fe LDH@Ti

(A) Hematoxylin eosin staining of the heart, liver, spleen, lungs, and kidneys in rats. (B) Histological images of the proximal tibiae with implants

below the epiphyseal plate 8w after implantation; n = 11 and (C) result of the Bone area ratio analysis; n = 11. All values are presented as mean + s.d. *p <

0.05, **p < 0.01, and ***p < 0.001.
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fraction (BV/TV), and trabecular thickness (Tb. Th) and an
increase in trabecular segregation (Tb. Sp) can be found.”’
A decrease in the elastic modulus of rat tibia can be found by
biomechanical testing.*® Therefore, our experimental results
can prove that our rat osteoporosis model is established
successfully.

3.3.2 Analysis of the biomechanical test and micro-CT.
Analyzing the maximal push-out force on the implant during
biomechanical tests® is an indirect method for determining
the strength of the bond between the implant and the bone
tissue. The push-out experiments revealed (Fig. 4A) that the
maximum push-out force of Sr-Fe LDH in the tibia was sub-
stantially increased by 72.2% (p 0.01) compared to Ti. As the
volume of interest (VOI) for the micro-CT experiments, we
selected the tibia below the growth plate and within 500 m
of the implant (Fig. 4B). By reconstructing the bone tissue
around the implant, we were able to observe that the bone
tissue grown on the surface of Sr-Fe LDH was denser than that
on Ti (Fig. 4C). By quantitative analysis, we found a 12.4% (p <
0.05) increase in the number of trabeculae (Tb.N) (Fig. 4D),
a 58.6% (p < 0.05) increase in the bone volume fraction
(BV/TV) (Fig. 4E), and a 31.6% (p < 0.01) increase in the
thickness of the trabeculae (Tb.Th) (Fig. 4F) in the bone tissue
surrounding the Sr-Fe LDH®@Ti as compared to the bone tissue
surrounding the Ti.

3.3.3 Histological analysis. To determine the biosafety of
the material in vivo, H&E staining was conducted on the major
organs (heart, liver, spleen, lung, and kidney) of rats during the
histological section experiment. No obvious organic damage
was detected in the major organs of rats implanted with either
Ti or Sr-Fe LDH 8 weeks after implantation. Biosafety in vivo
can be demonstrated (Fig. 5A). Toluidine blue staining (Fig. 5B)
and semi-quantitative analysis of the adjacent tissues (Fig. 5C)
revealed that the percentage of the bone area surrounding
Sr-Fe LDH was 30.9% greater than Ti (p < 0.05). The growth
trend is consistent with micro-CT analysis results. These find-
ings indicate that Sr-Fe LDH can substantially stimulate the
regeneration of local bone tissue in vivo and can form a solid
osseous integration.

4. Conclusions

To regulate the abnormal acidic microenvironment caused by
osteoporosis, as well as to improve the dysfunctional state of
osteoblasts and osteoclasts, the ultimate goal is to improve
osseointegration. In this work, we combined the excellent
performance of Sr** in improving bone metabolism and the
ability of alkaline LDH to neutralize acids and prepared Sr-Fe
LDH coatings on the surface of pure titanium implants by the
hydrothermal method using Fe®*, which has good biosafety.
The alkaline Sr-Fe LDH coating has good acid neutralization
capacity as well as the ability to release Sr** for a long and
stable period, is biocompatible with osteoblasts and mono-
cyte macrophages, and can inhibit osteoclast differentiation
and maturation while promoting osteoblast proliferation and

This journal is © The Royal Society of Chemistry 2024
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differentiation. Mechanical stability, peripheral bone formation,
and osseointegration of pure titanium implants in OVX rats were
promoted by the modulation of the acidic microenvironment, as
well as osteoblast and osteoclast functions. Our results demon-
strate that the Sr-Fe LDH coating is a promising implant coating
for patients with osteoporosis and has the potential to reduce
instability, loosening, and dislodgement of implants in osteo-
porosis patients and to improve the success rate of implant
placement surgery. In the next study, we will focus on the
angiogenic and immunomodulatory ability of Sr-Fe LDH coating
on osteoporotic rats.
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