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Prevention of residual ridge resorption is important for tooth socket healing in clinical treatment. As a well
known biomaterial, titanium dioxide (TiO,) has been reported to show desirable bone regeneration
capability. On the other hand, strontium plays a role in maintaining normal function in organisms and

balancing bone remodeling. Hence, we synthesized strontium-doped titanium dioxide mesoporous
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Accepted 20th May 2022 nanospheres functionalized with amino-group using diphenyl diisocyanate. After incorporation with
segmented polyurethane, the obtained injectable SPU/Sr-TiO,/MDI nanocomposite adhesive showed

DOI 10.1035/d2ra00341d satisfactory antibacterial activity and cell nontoxicity. This nanocomposite was used for tooth socket
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Residual ridge resorption (RRR), which is the resorption of
alveolar bone after tooth extraction, is an irreversible, progres-
sive, chronic, and cumulative process.”” RRR always contributes
to various aesthetic issues in edentulous patients, thus the
prevention or reduction of the RRR process after tooth extrac-
tion is of great significance in clinical treatment.>* In theory,
one possible strategy is the implantation of autologous bone
organization into the extracted tooth socket. Nevertheless, it is
challenging for this treatment to fit the irregular shape of an
extracted socket, which can further bring a secondary injury.>*
Recently, several synthetic biomaterials (e.g. tricalcium phos-
phate and hydroxyapatite) have been transplanted into extrac-
tion sockets to enhance bone formation.”™ These materials
preliminarily display satisfactory biocompatibility, osteoinduc-
tivity, and bioactivity. However, their degradation rate can't
perfectly meet the demand of the regeneration rate of new bone.
In this regard, it is necessary to present a deeper understanding
and design of an effective biomaterial system for facilitating
socket healing and reducing RRR.

As a widely investigated biomaterial, nanoscale titanium
dioxide (TiO,) with unique physical and chemical properties
has been used for diverse fields such as photocatalysis, energy
storage and conversion, wound healing, and bone genera-
tion.”** Recent research by Lin et al. verified that the TiO,
based material on magnesium implants is able to greatly
suppress bacterial infection and promote new bone forma-
tion." Some other studies have demonstrated that the
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healing, and greatly promoted the formation of new bone tissue in the tooth extraction socket.

combination of nano TiO, into polymer scaffolds can achieve
high mechanical property and desirable bioactivity.">*
Recently, Tkono et al. fabricated hybridized chitosan sponges
incorporated with anatase-type TiO, nanoparticles for bone
tissue engineering.”> Cytotoxicity analysis confirmed the
biocompatibility of chitosan/TiO, sponges, and qPCR analysis
revealed their bone regeneration capability. The group of Mohd
reported the preparation of TiO,/gellan gum composite biofilm
with excellent cell viability, antibacterial property, and cell
proliferation as wound dressing material.>® Despite extensive
studies of nanoscale TiO, have been reported, its discussion
and application in tooth socket repair are still limited.

In recent years, much attention are focused on applying trace
elements into implants in order to modify in osteogenesis and
improve bone bonding, and most of them have achieved
impressive results. Strontium is one of the essential trace
elements in the bone and plays an important role in main-
taining the balance of bone function. Many studies have proved
that strontium can induce bone marrow mesenchymal stem
cells to differentiate into osteoblast, promote the proliferation
of osteoblasts as well as secrete osteoblast matrix, and inhibit
the proliferation of osteoclasts and bone resorption.**>®
Therefore, strontium deserves to be intensively studied in the
process of bone mineralization.

In this study, Sr-doped TiO, mesoporous nanospheres were
fabricated using a facile hydrothermal process, which were then
functionalized with amino-group and displayed improved
antibacterial activity. Subsequently, we incorporated the NH,-
functionalized Sr/TiO, (Sr-TiO,/MDI) nanospheres into the
segmented polyurethane (SPU) scaffold. The obtained inject-
able SPU/Sr-TiO,/MDI nanocomposite shown desirable cell
nontoxicity and biocompatibility. Significantly, the SPU/Sr-
TiO,/MDI adhesives presented higher repair effect for tooth
socket compared to the controlled SPU group. It greatly
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promoted the formation of new bone tissue in tooth extraction
socket after 4 weeks of treatment. This study suggests that the
SPU/Sr-TiO,/MDI nanocomposite is a promising candidate for
bone repair and formation in tooth socket treatment.

The microscopic morphology of the as-synthesized Sr-doped
mesoporous TiO, products were characterized by SEM tech-
nique. As shown in Fig. 1(a and b), the Sr-TiO, presents
a uniform sphere-like nanostructure with the diameter of 200-
300 nm (Fig. 1(c)). The TEM images in Fig. 1(d) reveal the Sr-
TiO, nanospheres are composed of a large number of nano-
particle with the size of around 20-30 nm, forming massive
mesopores for Sr-TiO, nanospheres, as marked using red circle
in Fig. 1(e). As provided in Fig. 1(f), the BET surface area was
measured as 118.4 m” g~ ', and the diameter of the mesopores
were centered at 3-8 nm, which is consistent with the TEM
result. The Sr-TiO, nanospheres with interconnected meso-
porous structure and high surface area are of great importance
for improving their bioactivity in the following study. It is
observed distinctive lattice fringes from the HRTEM image in
Fig. 1(g), suggesting the prepared Sr-TiO, nanospheres are
crystalline. The interplanar spacing of 0.351 nm is assigned to
(101) plane of anatase phase TiO,.”” Fig. 1(h-j) provide the
energy dispersive X-ray spectroscopic (EDS) mapping images of
Sr-TiO, mesoporous nanospheres. The element of Ti, O, and Sr
are homogeneously distributed within the sample, indicating
the successful doping of Sr in the TiO, structure.>”**

We prepared various Sr-doped TiO, products by varying the
amount of Sr(NO3),. The Sr doping content was determined by
the inductively coupled plasma atomic emission spectrometry
(ICP-AES) method. Fig. S1(a)f shows the XRD profiles of TiO,,
0.1 Sr-TiO,, 0.2 Sr-TiO,, and 0.3 Sr-TiO, products. All samples
present similar characteristic peaks located at 26 = 26°,37°,47°,
54°, 55°, 63°, 70°, 72°, and 75°, they are indexed to the (101),
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Fig. 1 (a and b) SEM images of Sr-doped mesoporous TiO, nano-
spheres. (c) Diameter distribution of Sr-doped mesoporous TiO,
nanospheres. TEM (d and e), BET profile (f), and HRTEM (g) images of
Sr-doped mesoporous TiO, nanospheres. (h—j) Elemental mapping
images of Ti, O, and Sr K.
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(004), (200), (105), (211), (204), (116), (220), and (215) planes of
the anatase phase TiO, (JCPDS card no: 21-1272).2>*° The TiO,
crystal structure is not obviously changed after doping with Sr.
The Raman spectra of various products are given in Fig. S1(b).}
It is observed the main distinct band centered at 143 cm ™"
accompanied with several low bands at 202 cm ™, 394 cm ™,
517 cm ™}, and 638 cm ™. The characteristic band of 143 cm ™' is
attributed to the Eg; phonon mode of the anatase TiO,.** We can
find the slightly broadening and blue shift of Eg; band for Sr
doped samples compared to the undoped TiO,. The possible
reason is the Sr-doping can increase the non-stoichiometry and
phonon confinement of the mesoporous TiO, induced by strain
and defects.*

To present a better understanding of the Sr doped TiO,
sample, XPS technique was performed to obtain the chemical
states of different elements. The XPS survey spectrum in
Fig. S2(a)f reveals the presence of O, Ti, and Sr in Sr doped TiO,
mesoporous nanospheres. Fig. S2(b)t shows the high-
resolution XPS pattern of the Ti 2p, the two characteristic
bands at 464.5 eV and 458.8 eV stand for Ti 2p;/, and 2pz, of
Ti(wv) in TiO,, respectively. For Sr-doped TiO, samples, we can
observe a shift of around 0.4 eV for Ti 2p;,, band.** As shown in
Fig. S2(c),f the high-resolution spectrum of the O 1s for Sr-
doped TiO, sample was deconvoluted into two bands of
530.5 eV and 530.5 eV that presented the lattice oxygen and
oxygen vacancy, respectively. Further more, the Sr 3d spectrum
(Fig. S2(d)t) contains two bands of 135.2 eV and 133.6 eV, which
correspond to the Sr 3ds,, and Sr 3d;,, respectively, confirming
that the Sr has been successfully presented as dopants in the
mesoporous TiO, nanospheres.*

The as-characterized 0.2 Sr-TiO, sample was used for
following study. The synthetic process of the NH,-functional-
ized Sr-TiO, mesoporous nanospheres were illustrated in
Fig. 2(a). Firstly, the -NCO group of MDI can react with -OH on
the surface of Sr-TiO, nanospheres. Next, the unreacted -NCO
was hydrolyzed to form the NH,-functionalized products. In this
research, MDI functions as not only the surface modifier, but
also the starting monomer for SPU polymer. As can be seen in
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Fig. 2 (a) Synthetic process of the NH,-functionalized Sr-TiO,-
mesoporous nhanospheres. (b) Reaction between SPU macromole-
cules and NH;-functionalized Sr-TiO, nanospheres. (c) lllustration of
the injectable polymeric SPU matrix incorporated with NH,-func-
tionalized TiO, nanoparticles Sr-TiO, nanospheres. SEM images of
SPU matrix (d) and (e) SPU/Sr-TiO,/MDI composite. (f) Elemental
mapping of Ti.
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Fig. 2(b), SPU macromolecules can be connected to the NH,-
functionalized Sr-TiO, mesoporous nanospheres through the
generation of urea linkages. Additionally, the NH,-functional-
ized Sr-TiO, nanospheres are able to act as more chain
extenders for SPU macromolecules because they have a large
number of amine terminal groups (Fig. 2(c)), leading to the
homogenous distribution of Sr-TiO, nanospheres within the
injectable polymeric SPU matrix. The as-prepared injectable
SPU/Sr-TiO, composite were investigated by the SEM technique.
Compared to the SPU polymer matrix (Fig. 2(d)), we can observe
uniform dispersion of Sr-TiO, mesoporous nanospheres inside
the SPU scaffold (Fig. 2(e)), which was also confirmed by the
EDS mapping image of Ti element in Fig. 2(f).

Fig. S3(a)t depicts the XRD profiles of TiO,, Sr-TiO,, SPU/Sr-
TiO,/MDI, SPU/Sr-TiO,, and SPU samples. As a polymeric
material, the pure SPU sample displays a broad peak at around
21°, indicative of its amorphous nature.** The characteristic
peaks of Sr-TiO, nanospheres can be observed in the compos-
ites of SPU/Sr-TiO,/MDI and SPU/Sr-TiO,, suggesting the pres-
ence of Sr-TiO, in the polymeric SPU scaffold. The SPU/Sr-TiO,/
MDI nanocomposite was further studied by recording its UV-vis
DR spectrum with the wavelengths ranging from 300 to 800 nm.
As depicted in Fig. S3(b),f Sr-TiO, presents a wider optical
absorption above 400 nm compared to undoped TiO,. As ex-
pected, the incorporation of Sr-TiO, mesoporous nanospheres
into the polymeric SPU can greatly improve the light absorption
in the UV range of 300-400 nm.

The growth activity of cells on the surface of each material
was detected by living/dead cell staining 72 h after inoculation,
cells on the surface of material were stained with Calcein-AM
and PIL. The staining images as well as quantitative analysis
are shown in Fig. S4 and S5,T respectively. A large number of
Calcein-AM green stained living cells were seen on the surface
of both materials, while only sporadic red stained dead cells
were seen. It shows that both materials have fine biocompati-
bility, and the number of cells in SPU/Sr-TiO,/MDI group is
higher than that in SPU group.

Because of the improved antibacterial activity and cell
viability of SPU/Sr-TiO,/MDI nanocomposite adhesive, its
socket repair effect has been studied and compared with the

Fig. 3 Histological images and soft X-ray photographs (insets) of
tooth socket treated with control SPU after 1 week (a), 2 weeks (b), 4
weeks (c), and 7 weeks (d). Histological images and soft X-ray
photographs (insets) of tooth socket treated with SPU/Sr-TiO,/MDI
adhesive after 1 week (e), 2 weeks (f), 4 weeks (g), and 7 weeks (h). Scale
bar: 100 um.
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controlled SPU group. Fig. 3 shows histological images of rat
extraction socket from 1 week to 7 weeks after treatment. In the
SPU/Sr-TiO,/MDI group, the histological result demonstrates
that width of newly formed bone tissue gradually increase with
time in the extraction socket. A large number of spindle stromal
cells together with few inflammatory cells were found infiltrated
in extraction socket after 1 week. Additionally, there are sparse
woven bones and a small amount of osteoblasts infiltrated in
the extraction socket at 2 weeks. At week 4, it is observed denser
newly formed alveolar bone surrounded by inflammatory cells,
while only little new formed bone tissue was detected for SPU
group. After 7 weeks of treatment, we can observe significant
bone formation in SPU/Sr-TiO,/MDI group, most of extraction
sockets are occupied by the newly formed bone tissue. However,
little bone formation is observed in the extraction socket treated
with controlled SPU group, and there are apparent gaps exist
among the newly formed bone tissues. It is worth noting that
the injectable SPU/Sr-TiO,/MDI adhesive presents a fast degra-
dation rate in the extraction socket, enabling the promoted
process of bone tissue formation.*

To provide a further understanding of socket repair effect of
SPU/Sr-TiO,/MDI adhesive, the bone density of all mandible
samples was determined and analyzed. The soft X-ray photo-
graphs of tooth socket treated with control SPU and SPU/Sr-
TiO,/MDI adhesive are shown in insets of Fig. 3. The newly
formed trabecular bone for SPU/Sr-TiO,/MDI group is wider
than controlled SPU group after 7 weeks of operation. Fig. 4
provides optical density of newly formed bone tissue in the
tooth socket. It is found that bone mineral density of the
extraction socket treated with SPU/Sr-TiO,/MDI is higher than
that of the controlled SPU group after a week. Significantly, the
bone density bas been greatly increased until 7 weeks for SPU/
Sr-TiO,/MDI, while the bone density is quite stable for SPU
group and only a slight increase is observed from 4 weeks to 7
weeks. The above findings and analyses reveal the existence of
both bone formation and resorption in the process of tooth
socket repair, indicating the satisfactory repair effect of the
prepared SPU/Sr-TiO,/MDI nanocomposite adhesive. Further-
more, we have compared SPU/Sr-TiO,/MDI with some main-
stream materials in this field, summarized in Table S1.T Despite
the long-term durability requires to be observed, SPU/Sr-TiO,/
MDI have many merits like anti-infection, suitable for peri-
odontitis extraction of affected teeth, injectability, strong
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Fig. 4 Quantitative analysis of newly formed bone tissue in the socket
treated with control SPU and SPU/Sr-TiO,/MDI adhesive.
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plasticity, and convenient operation. It is very suitable for post
extraction site preservation of irregular extraction socket and
hard to cause secondary injury of bone repair site.

Conclusions

In summary, Sr-doped TiO, mesoporous nanospheres with
uniform size were fabricated using a facile hydrothermal
process, which were functionalized with amino-group and
incorporated into SPU matrix through the urea linkages to
obtain injectable SPU/Sr-TiO,/MDI adhesive. The resulted
nanocomposite shown desirable antibacterial activity and cell
nontoxicity. As the repair adhesive for tooth socket, the SPU/Sr-
TiO,/MDI is able to greatly promote the formation of new bone
tissue in tooth extraction socket after 4 weeks of treatment. By
contrast, little bone generation was observed in the extraction
socket treated with controlled SPU group. Therefore, the as-
studied SPU/Sr-TiO,/MDI nanocomposite is a promising
candidate for bone repair and formation in tooth socket
treatment.
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