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A B S T R A C T   

The tilted implant with immediate function is increasingly used in clinical dental therapy for edentulous and 
partially edentulous patients with excessive bone resorption and the anatomic limitations in the alveolar ridge. 
However, peri-implant cervical bone loss can be caused by the stress shielding effect. Herein, inspired by the 
concept of “materiobiology”, the mechanical characteristics of materials were considered along with bone 
biology for tilted implant design. In this study, a novel Ti–35Nb–2Ta–3Zr alloy (TNTZ) implant with low elastic 
modulus, high strength and favorable biocompatibility was developed. Then the human alveolar bone envi-
ronment was mimicked in goat and finite element (FE) models to investigate the mechanical property and the 
related peri-implant bone remodeling of TNTZ compared to commonly used Ti–6Al–4V (TC4) in tilted implan-
tation under loading condition. Next, a layer-by-layer quantitative correlation of the FE and X-ray Microscopy 
(XRM) analysis suggested that the TNTZ implant present better mechanobiological characteristics including 
improved load transduction and increased bone area in the tilted implantation model compared to TC4 implant, 
especially in the upper 1/3 region of peri-implant bone that is “lower stress”. Finally, combining the static and 
dynamic parameters of bone, it was further verified that TNTZ enhanced bone remodeling in “lower stress” upper 
1/3 region. This study demonstrates that TNTZ is a mechanobiological optimized tilted implant material that 
enhances load transduction and bone remodeling.   

1. Introduction 

Implant therapy is a well-established dental treatment modality that 
provides benefits for edentulous and partially edentulous patients [1]. 
But when faced with excessive bone resorption caused by some physi-
ologic or pathologic factors and the anatomic limitations (such as 
mandibular canal and maxillary sinus) of the residual bone, a large 
proportion of these patients usually are unable to use the straight 
insertion of the dental implants because of the insufficient height of the 

alveolar ridge [2]. Recently, through an alternative strategy introduced 
by Maló et al. [3], implants can be placed inclined for edentulous and 
partially edentulous patients. This method of tilted implant with im-
mediate function is increasingly used in clinical dental treatment [4]. 
However, the latest consensus statement and research suggested that 
tilting the implant may affect peri-implant bone response [5,6]. Also, the 
peri-implant bone loss around the cervical region could be caused by 
stress shielding effect [7,8]. Besides, there were limited studies about 
the combination with mechanical characteristics of implant material 
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and the in vivo biological features of bone for tilted implantation [9]. 
According to Wolff’s law, the mechanical stress around bone tissue 

plays a crucial role in bone quality and architecture since stress is an 
essential stimulus in the natural process of bone healing and remodeling. 
However, Ti–6Al–4V (TC4) as one of the commonly used implant ma-
terials in the clinic has much higher elastic modulus (110 GPa) than 
human bone (0.69–30 GPa) [10,11]. This significant large mismatch 
between the elastic modulus of a load-bearing implant and that of the 
bone impedes the stress transfer from the implant to the bone and within 
the bone [12]. Moreover, the biomechanically induced failures could be 
explained as the major reason leading to the implant losses, and as an 
important factor affecting peri-implant bone density [13]. 

Recent studies suggested that novel implant metals are needed for 
better mechanotransduction, came up with solutions in reduction of 
implant metal elastic modulus or introduction of pores to metals, but 
hard to achieve mechanical properties of elastic modulus and strength 
for the clinical need at the same time [14,15]. One of the promising 
approaches to solve these issues is the application of plastic deformation 
to simultaneously attain enhanced strength and ductility performance 
along with low elastic modulus [16]. The deformation processing con-
ditions, including deformation states and strain parameters, play a 
substantial role in the modification of mechanical properties in metallic 

materials [7,17]. Ti–35Nb–2Ta–3Zr (TNTZ) is a newly developed β-type 
titanium (Ti) alloy for biomedical applications, containing only 
non-toxic elements and exhibiting excellent biocompatibility and 
bio-corrosion resistance. In our previous study, plastic deformation 
methods were employed to refine the microstructure of TNTZ and had 
achieved a better balance between elastic modulus and strength. We also 
showed that the deformation products of TNTZ that are generated 
during plastic deformation may change its elastic modulus [18]. TNTZ 
alloy has reached good elastic properties (Young’s Modulus <60 GPa, 
elastic limit 340 MPa [19], Poisson’s ratio 0.3–0.4 [20,21]) in previous 
studies. Based on previous work, in this study, the deformation pro-
cessing conditions were further modulated in hot rolling to achieve 
controllable elastic modulus as well as strength in TNTZ. 

To systematically validate these materiobiological questions, a serial 
of hot rolling methods was employed for producing a novel TNTZ 
implant with elastic modulus similar to bone and high strength. Subse-
quently, the influence of preparation process was elucidated on TNTZ’s 
mechanical properties, and in vitro studies were designed to investigate 
the cell biocompatibility of TNTZ. It was hypothesized that a design of 
TNTZ with a similar elastic modulus to the bone would provide a 
beneficial mechanical environment for peri-implant bone remodeling in 
tilted implantation. To investigate the peri-implant bone stress 

Fig. 1. Experimental schematic diagram.  
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distribution and related bone response, TNTZ and TC4 tilted implants 
under immediate loading in alveolar bone condition were mimicked in 
finite element (FE) and in vivo models, meanwhile, a layer-by-layer 
quantitative correlation of FE and X-ray Microscopy (XRM) analysis 
were conducted. Finally, this study focused on the “lower stress” region 
of tilted implantation to analyze the detailed peri-implant bone 
remodeling response of TNTZ compared with TC4. This was done to 
explore the performance of mechanobiologically optimized tilted 
implant materials for clinical tilted implant therapy (Fig. 1). 

2. Materials and methods 

2.1. Implant preparation and characterization 

The Ti–35Nb–2Ta–3Zr (wt. %) biomedical alloy was prepared by arc- 
melting of high-purity elemental constituents (99.5 wt % Ti, 99.6 wt % 
Nb, 99.9 wt % Ta and 99.8 wt % Zr) under an argon atmosphere, the 
ingots of Ti–35Nb–2Ta–3Zr were cast to 7.7 mm thick rectangular 
samples using a vacuum furnace. To investigate the effects of defor-
mation extent and pressing temperature on the Ti–35Nb–2Ta–3Zr 
biomedical alloy’s microstructures and performances, samples were 
pressed at various temperatures (300 ◦C, 500 ◦C, 700 ◦C, 900 ◦C, and 
1000 ◦C) for 50 min, then they were deformed in a multiple-stage hot 
rolling process resulting in up to 35%, 55%, and 80% thickness reduc-
tion. Prior to all the measurements, each sample was polished using 
silicon carbide papers up to 1000 grits and then polished by colloidal 
SiO2 on a Struers MD-chem polishing pad according to standard 
metallographic procedures. Finally, samples were etched by a Kroll’s 
etchant (30 vol % nitric acid, 5 vol % hydrofluoric acid and 65 vol % 
water) for 20 s. 

Tensile tests were carried out on Zwick T1-Fr020TN materials testing 
machine at room temperature. In this regard, the ultimate tensile 
strength (UTS) of the series of Ti–35Nb–2Ta–3Zr alloys were examined, 
and the elastic modulus of the TNTZ was measured using a three-point 
bending test. Microstructure observations of samples were examined 
by JEOL JEM-2100EX transmission electron microscopy (TEM). A 
sample having the most optimized low elastic modulus 
Ti–35Nb–2Ta–3Zr alloy (elastic modulus: 47.63 GPa), abbreviated as 
TNTZ, was selected for further finite element analysis and in vitro and in 
vivo biological studies. The surface hydrophobicity of the TNTZ and TC4 
implant samples was measured by a contact angle goniometer (SL200B, 
USA). The surface roughness of TNTZ and TC4 samples were detected 
using 3D laser scanning confocal microscope (LCM, VK-X 110, Japan). 

2.2. Finite element model 

The commercial finite element (FE) package Abaqus/Explicit (soft-
ware version 6.8, USA) was used to model the mechanical behaviors of 
implants and their peri-implant bone in the present study. The peri- 
implant bone was modelled and intended to resemble the edentulous 
alveolar bone, the thickness of cortical bone was adjusted at 1 mm ac-
cording to the Lekholm and Zarb classification (for bone types III and 
IV), and the rest comprised trabecular bone [22]. The implant’s contour 
has 10.0 mm length and 3.3 mm diameter referring as a standard plus 
implant (RN, Straumann® SLA, Switzerland). The properties of the 
materials used in the FE model were obtained from the literature and 
this work (Table 1) [22–24], and all materials were assumed to be 

homogeneous, isotropic and linearly elastic [23]. Implants were loaded 
in the 3D state with forces of 10 N at an angle of 45-degree in a 
disto-mesial direction. The loading was designed based on previous 
studies [25–27], and its application point was placed on the center of the 
implant upper surface. The 3D geometrical model of the implant and 
peri-implant bone was imported into ABAQUS software for finite 
element analysis, as shown in Fig. 1. The element type of the model was 
three-dimensional four node element (C3D4). The total number of nodes 
was 20869, and the total number of elements was 120299. The 
boundary condition was set as fixed for all translations at the bottom of 
bone. Fully bonded contact was assumed between bone and implant 
[10]. To obtain a thorough understanding of stress distribution, Von 
Mises stress was analyzed [28,29]. Values of Von Mises stress were 
probed at evenly 60 layers (total 600 distributed sites) in regions of 
interest (ROI) of peri-implant bone. 

2.3. Cell biocompatibility in vitro experiments 

Osteoblast cell culture mouse pre-osteoblast cells (MC3T3-E1; Cell-
bank of the Chinese Science Academy, China) were cultured in 
α-modified Eagle’s minimum essential medium (α-MEM) (Hyclone, 
Logan, USA) supplemented with 10% FBS (Fetal Bovine Serum, Gibco) 
and 1% penicillin/treptomycin at 37 ◦C in an atmosphere containing 5% 
CO2 and 95% humidity. 

2.3.1. Cell adhesion 
MC3T3-E1 cells were seeded onto the samples in 48-well plates at a 

density of 4 × 104 cells per well. After 24 and 48 h, the cells on the 
samples were fixed with 4% paraformaldehyde and then incubated with 
DAPI (Sigma-Aldrich). Next, the cells adhesion was analyzed with a 
confocal laser scanning microscope (CLSM, Leica TCS SP5, Wetzlar, 
Germany). Finally, the cell numbers were counted in five random fields 
on each sample using ImageJ software (NIH, Bethesda, USA). 

2.3.2. Cell morphology 
The spreading behavior and cytoskeletal arrangement of osteoblasts 

seeded onto the samples were examined at 24 h–48 h MC3T3-E1 cells 
were seeded onto each sample in 48-well plates at a density of 1 × 104 

cells per well. At each time point, the cells were fixed with 4% para-
formaldehyde and permeabilized with 0.1% Triton X-100. Then the cells 
were incubated with rhodamine-phalloidin (Biotium, Hayward, USA) 
and DAPI. Finally, the morphology of the cells was examined using a 
CLSM. 

2.3.3. Cell viability 
The viability of cells was determined using a CCK8 assay according to 

the manufacturer’s instructions. MC3T3-E1 cells were seeded onto each 
sample in 48-well plates at a density of 4 × 104 cells per well for 24, 48 
and 72 h. Then ten microliters of CCK8 buffer (Dojindo, Japan) were 
added to each well, and cells were incubated at 37 ◦C for an additional 2 
h. The absorbance was then measured at a wavelength of 450 nm (650 
nm reference) on an ELX800 absorbance microplate reader (Bio-Tek, 
Winooski, USA). Cell viability was calculated relative to control using 
the following formula: (experimental group OD-zeroing OD)/control 
group OD-zeroing OD). 

2.3.4. Osteogenic differentiation 
For osteogenic differentiation, MC3T3-E1 cells were seeded onto 

each sample in 48-well plates at a density of 4 × 104 cells per well and 
cultured in osteogenic media (Cyagen, Santa Clara, USA) for 7 and 21 
days. Alkaline phosphatase (ALP) staining and ALP activity were 
determined using an Alkaline Phosphatase Color Development Kit 
(Hongqiao, Shanghai, China) and an Alkaline Phosphatase Detection Kit 
(Jiancheng Bioengineering, Nanjing, China) according to the manufac-
turer’s suggested protocol. Calcium accumulation was detected via 2% 
alizarin red staining (ARS, Sigma-Aldrich), and calcium levels were then 

Table 1 
The material properties of different parts of the model.  

Type of material Young’s modulus (MPa) Poisson’s ratio Reference 

TC4 implant 110,000 0.35 [22] 
TNTZ implant 47,630 0.35 This work, [23] 
Trabecular bone 500 0.3 [23,24] 
Cortical bone 15,000 0.3 [23,24]  
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measured using 100 mM cetylpyridinium chloride for 10 min to solu-
bilize and release the calcium-bound alizarin red into solution. The data 
was expressed as the absorbance at 570 nm of the released alizarin red 
(detected using a ELX800 absorbance microplate reader). The staining 
pictures were taken using a digital microscope (keyenceVHX-6000, 
Japan). 

2.4. Animal in vivo experiments 

2.4.1. Implant fabrication, animal surgery, and sample processing 
For in vivo study, the implants were made from TNTZ and TC4 

samples by subtractive manufacturing and were simulated the shape of a 
standard plus implant (RN, Straumann® SLA, Switzerland) with 10.0 
mm length and 3.3 mm diameter. The surface of implants was polished 
as the same method mentioned in 2.1. The experimental outline of this 
study was shown in Fig. 1. Tilted implantations with load were placed in 
the iliac crests of goats. Four healthy mature female goats (26-30 months 
of average age, weighting 40-60 kg) were selected. All processes were 
conducted following ARRIVE guidelines and National Research Coun-
cil’s Guide for the Care and Use of Laboratory Animals and approved by 
the Institutional Animal Care and Use Committee of the Ninth People’s 
Hospital, Shanghai Jiao Tong University School of Medicine (SH9H- 
2021-A92-1, acceptance date: 2021-05-24). The goats were housed in 
individual pens and an adequately ventilated 12h light/dark cycle 
environment (temperature 20-30 ◦C, humidity 50%) 1 week before 
surgery. The goats were stopped feeding 12 h before surgery, and then 
were anesthetized by intravenous injection of 2.5% Pentobarbital (1–2 
mg/kg). Surgery was performed under 3% isoflurance inhalation anes-
thesia and sterile conditions. To reduce the risk of peri-operative 
infection, the goats were injected penicillin sodium intramuscularly 
twice a day, 80000 U/time before, during and 3 days after surgery. In 
addition, the goats were received Pethidine (2 mg/kg) to relieve pain 
three times a day. 

The surgical procedure was performed as described in detail by 
Schouten 2010 [30]. In brief, a transverse skin incision was made in a 
lateral direction, starting from the posterior superior iliac spine toward 
the anterior superior part of the iliac crest on both sides of the vertebral 
column. After separating the soft tissues, the periosteum was separated 
aside, and the iliac crest was fully exposed. Implant holes drilling were 
performed using implant drills (Straumann®, Switzerland)) and motor 
system (NOUVAG MD11, Germany) with low rotational speed 
(800-1200 rpm) and continuous external cooling with sterile saline so-
lution. Subsequently, four pilot holes were made in the left and right 
iliac crest using the pilot drill (diameter 2.0 mm), and drilled through 
the surgical guide in a tilted direction with 45◦ to the bone plane, then 
gradually widened the holes (depth 10 mm) with a diameter of 2.8 mm 
standard drills. The distance between the holes was 5–6 mm. Every 
animal received four implants in each iliac crest, and TNTZ and TC4 
implants were placed according to a randomization schedule by 
Schouten 2010 [30]. A total of 32 implants were placed using a motor 
system with low rotational speed (800 rpm) at an angle of 45-degree to 
the bone plane, and insertion torque values over 15 Ncm. After implant 
placement, implants were connected to load applications by orthodontic 
Ni–Ti spring (VectorTas, Ormco, Italy), miniscrews (Cibei, China) and 
wires (Shinva, China). A static load of 10 N was controlled by a dyna-
mometer (G&G, China) and applied in each tilted implant with vertical 
orientation to the bone plane. According to the literature, the load 
delivered by Ni–Ti springs remains constant for the period of this study 
[31]. And to avoid the bending moment of the load applications, the 
Ni–Ti springs were kept straight. Finally, the soft tissue layers and skin 
were closed with 4-0 vicryl sutures (Jinhuan, China). After 3 weeks of 
implantation, all four goats were euthanized and the specimens from the 
iliac crest were fixed in 4% formaldehyde solution (48 h) and placed in 
70% ethanal for further analysis. 

2.4.2. Sequential fluorescent labeling 
For recording the healing and remodeling process of the peri-implant 

bone, the polychrome sequential fluorescent labeling assay was set at 
day 7 and day 17 post implantation. Two different fluorochromes were 
intraperitoneally administered into the goats at a sequence of 15 mg/kg 
Calcein and 20 mg/kg Alizarin Red S, respectively (Fig. 1). 

2.4.3. Routine blood test 
Routine blood tests were performed before surgery and before 

euthanasia. For this procedure, 5 mL of whole blood was collected from 
the jugular vein of each goat in an EDTA tube and the hematological 
parameters were determined by Auto Hematology Analyzer (BC- 
2800Vet®, Hamburg, Germany). The following parameters were eval-
uated: white blood cell (WBC), red blood cell (RBC), hemoglobin (HGB), 
hematocrit (HCT), mean corpuscular volume (MCV) and mean corpus-
cular hemoglobin concentration (MCHC). 

2.4.4. Analysis of XRM images and bone morphometry indices 
The bone blocks of iliac crest containing one implant each and at 

least 3 mm peri-implant bone were cut off by a cutting/grinding system 
(Exakt Apparatebau, Hamburg, Germany) and wrapped in parafilm, 
then the specimens were scanned on X-ray Microscopy (Xradia Versa 
520, Carl Zeiss XRM, USA) at a pixel size of 10 μm (voltage: 80 kV, 
power: 7 W, exposure time: 2 s). According to the manufacturer’s in-
structions, a filtered secondary reference was applied to modify the 
beam for both the reference and the tomography during the original scan 
to reduce the diffuse artifacts in metal implant specimen images. Next, 
XMReconstructor (Carl Zeiss, USA) was used to reconstruct the 2D im-
ages of the implants and the peri-implant bone. Finally, bone area/total 
tissue area (B.Ar/T.Ar), trabecular number (Tb.N) and trabecular 
spacing (Tb.Sp) were determined using CTAn (Skyscan, Kontich, 
Belgium) analysis software in the related ROIs. In particular, the values 
of B.Ar/T.Ar were calculated from evenly 60 layers at ROIs of peri- 
implant bone, which were corresponded to the same layers of Von 
Mises stress probe values in FE analysis. The curve and related slope for 
variation of B.Ar/T.Ar was calculated using the GraphPad Prism 9.0 
statistical software package (GraphPad Software, USA), results were 
showed with a layer-by-layer quantitative correlation of the FE and X- 
ray Microscopy (XRM) analysis of peri-implant bone. 

2.4.5. Histological and histomorphometrical evaluation 
After the XRM scan, the specimens (non-decalcified) for histological 

processing were gradually dehydrated in ethanol solutions from 70% to 
100% and subsequently embedded in methyl methacrylate (MMA, 
Sigma-Aldrich). After enough polymerization of the MMA specimens, 
100 μm thick longitudinal sections of the implants were prepared using 
microtome technique (SP1600, Leica, Wetzlar, Germany), and then the 
sections were ground and polished to 20 μm thickness for histological 
evaluation. Sequential fluorescence labeling observation was performed 
under CLSM with × 200 magnification. The used excitation/emission 
wavelengths to observe the chelating fluorochromes respectively were 
488/520 nm and 543/620 nm for calcein (green) and alizarin red S 
(red). Three section slides from each specimen were selected for histo-
morphometric analysis. Using calcein and alizarin red as labels, the 
mean interlabel width (Ir. L. Wi) was measured by averaging the dis-
tances between points, randomly selected from 5 intervals using ImageJ 
software, and the trabecular bone dynamic parameters MAR (The mean 
Ir. L. Wi/interval period, μm/day) were calculated at ROIs. Afterwards, 
the sections stained with Van Gieson’s picro-fuchsin (Sigma-Aldrich) 
and visualized the bone-implant interfaces and bone response using an 
inverted microscope (Nikon eclipse TS2. Japan), the area of new bone 
formation was quantified using ImageJ software [32]. 

2.5. Statistical analysis 

All the experiments were performed at least in triplicate and the 
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values were presented as mean ± standard deviation. The data were 
analyzed by GraphPad Prism 9.0 statistical software package (GraphPad 
Software, USA). Mann-Whitney test was used to compare the differences 
between two independent groups. Two-way ANOVA with Bonferroni 
post-test was used for comparisons among multiple groups. Significant 
differences between groups were expressed as: *p < 0.05, **p < 0.01, 
and ***p < 0.001. 

3. Results 

3.1. Mechanical properties optimization and characterization of 
Ti–35Nb–2Ta–3Zr tilted implant materials 

3.1.1. Mechanical properties of Ti–35Nb–2Ta–3Zr alloys 
The mechanical properties of Ti–35Nb–2Ta–3Zr alloys subjected to 

hot rolling with the deformation extent of 35%–80% and rolling tem-
perature of 300 to 1000 ◦C were summarized in Fig. 2A. In general, the 
ultimate tensile strength (UTS) continuously decreased with the incre-
ment of temperature. In contrast, the elastic modulus has a low level in a 
specific temperature range (700-900 ◦C). Relatively ideal mechanical 
properties were obtained when Ti–35Nb–2Ta–3Zr subjected to hot 
rolling with (35%–55%) deformation at a temperature of 700 ◦C and 
900 ◦C. In this regard, the lowest elastic modulus of Ti–35Nb–2Ta–3Zr 
was 47.63 GPa under 35% of deformation and 900 ◦C rolling 
temperature. 

Fig. 2B showed the comparison of elastic modulus and UTS of various 
TiNbTaZr biomedical alloys fabricated by plastic deformation methods 

[33–40] in typical recent studies. The Ti–35Nb–2Ta–3Zr (900 ◦C, 35%) 
in this work exhibited an excellent combination of elasticity modulus 
and strength properties among these alloy systems (Fig. 2B, Table S1). 
Such comparison also suggested that hot rolling with (35%–55%) 
deformation at a temperature of 700 ◦C and 900 ◦C are promising ap-
proaches to synchronously enhance mechanical properties of 
Ti–35Nb–2Ta–3Zr for tilted implantation used. 

3.1.2. Microstructure of Ti–35Nb–2Ta–3Zr (900 ◦C, 35%) alloy 
To clarify the contribution of underlying microstructures on me-

chanical properties of Ti–35Nb–2Ta–3Zr, specimens of 
Ti–35Nb–2Ta–3Zr (900 ◦C, 35%) were further examined using TEM 
tests. Fig. 3A and B presented bright and dark field TEM images under 
different zone axes. Fig. 3A was achieved under [01-1]β, while Fig. 3B 
was achieved under [01-2]β. Dislocation and needle-shaped precipitates 
were observed. Needle-shaped precipitates had about tens of nanome-
ters length. Meanwhile, precipitates achieved very limited width, 
showing a high aspect ratio. Dislocation was obviously observed at po-
sition of needle-shaped precipitates, indicating that the dislocation de-
fects are conducive to the nucleation of precipitates. Both ω and α’’ 
martensite diffraction spots were confirmed in the corresponding 
selected area electron diffraction (SAED) pattern. No obvious charac-
teristic difference between precipitates was detected, indicating coex-
istence of ω and α’’ martensite. 

Fig. 2. Mechanical characterization of Ti–35Nb–2Ta–3Zr alloys. A. Elastic modulus and UTS of Ti–35Nb–2Ta–3Zr alloys subjected to hot rolling with gradient 
processing parameters. B. The comparison of elastic modulus and UTS of Ti–35Nb–2Ta–3Zr alloys with typical recent studies. 
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3.1.3. Hydrophilicity and surface roughness of Ti–35Nb–2Ta–3Zr (900 ◦C, 
35%) and TC4 alloy 

The hydrophilicity of implant materials was measured by contact 
angel, the results indicated that the hydrophilicity of Ti–35Nb–2Ta–3Zr 
(900 ◦C, 35%) implant materials were not apparently different 
compared to TC4 (Fig. S1). And the average surface roughness (Ra) of 
Ti–35Nb–2Ta–3Zr and TC4 were 0.345 and 0.375 μm, respectively 
(Table, S2). 

In total, Ti–35Nb–2Ta–3Zr (900 ◦C, 35%) presented the optimized 
mechanical properties and hydrophilicity in this work. To further 
investigate the mechanobiological characteristic of Ti–35Nb–2Ta–3Zr 
(900 ◦C, 35%. Later abbreviated as TNTZ) for clinical tilted implanta-
tion, the implant material TC4 was selected as a comparison in subse-
quent mechanical and biological studies. 

3.2. The cell biocompatibility of TNTZ and TC4 implant materials in vitro 
studies 

3.2.1. Cell attachment, spreading and proliferation 
The CLSM images of cells nuclei and its quantitative analysis pre-

sented cell attachment on the samples in Fig. 4A, the number of MC3T3- 
E1 cells on TNTZ was more than on TC4 at 24 h. After 48 h of culture, 
cells had a similar attachment on the TNTZ and TC4 samples. Fig. 4B 
showed the cell morphology and spreading on the samples. Cells actin 
filaments linking adjacent cells on all the samples displayed an 
increasing tendency from 24 h to 48 h. In addition, cells grown on the 
TNTZ and TC4 samples were polygonal and clustered at 24 h, and the 
spreading pattern of cells became more dispersive at 48 h. The prolif-
eration of MC3T3-E1 cells cultured on the samples were analyzed using 
a CCK-8 assay as shown in Fig. 4C. Cells grown on the TNTZ and TC4 
both displayed a persistent increasing proliferation tendency from 24 h 
to 72 h. Besides, cells grown on the TNTZ group exhibited no significant 
difference from the TC4 group in the proliferative trend. 

3.2.2. ALP, alizarin red staining and quantitative analysis 
Fig. 4D presented the results of osteogenic differentiation analysis of 

MC3T3-E1 cells on the samples. The ALP staining and its activity on 
TNTZ were higher than TC4 at 7 d. While the alizarin red staining as well 
as its quantitative analysis of the TNTZ and TC4 showed the generation 
of calcium nodules with no significant difference at 21 d. 

Collectively, the results of in vitro studies indicated that TNTZ has 
similarly excellent biocompatibility as TC4 implant material. 

3.3. Combination of finite element (FE) and in vivo analysis for TNTZ 
and TC4 tilted implantation 

3.3.1. Finite element model and animal in vivo model 
Based on the conception of reverse engineering, the finite element 

(FE) analysis techniques were used to mimic tilted implantation under 
specific loading conditions of 10 N and investigate its effects on stress 
distribution in tilted implants and peri-implant bone. To determine 
corresponding peri-implant bone remodeling in vivo, a tilted implanta-
tion model was performed with the same static load of 10 N in the iliac 
crests of goats (Fig. 5A–B). Surgical procedures were performed without 
complications. All animals remained in good general health during the 
experimental period without any clinical signs of discomfort or wound 
complications. The routine blood tests of all animals were within the 
normal range before surgery and before euthanasia. After 3 weeks of 
implantation, no macroscopic adverse tissue reactions were apparent 
around the implant sites and all implants were retrieved. 

3.3.2. Stress distribution and related bone characterization for TNTZ and 
TC4 at ROIs 

Based on the trajectorial theory, the organization of trabecular bone 
regard as the cornerstone of Wolff’s Law, and the pattern and orientation 
of trabeculae are transformable with alterations in loading pattern, 
while its patterning represented the average regime experienced by the 
bone [41], so we focused on the trabecular peri-implant bone in order to 
explore its biological features under the stress distribution of tilted im-
plantation. According to the action mode of load transduction, we 
divided the region of peri-implant bone related to the components of 
stress to the compressive side and tensile side [42], Fig. 5A displayed the 
selected regions of interest (ROIs) illustration within the peri-implant 
bone for tilted implantation model. 

With a layer-by-layer quantitative correlation of the FE and X-ray 
Microscopy (XRM) analysis of peri-implant bone, both the results of 
TNTZ and TC4 suggested that the values of stress intensity gradually 
declined by degrees from the lower 1/3 to middle 1/3 region of peri- 
implant bone, and the corresponding bone area tend to be relatively 
stable at lower 1/3 region and decreased slowly at middle 1/3 region in 

Fig. 3. Microstructure characterization of Ti–35Nb–2Ta–3Zr alloy (900 ◦C, 35%). A. TEM images of bright field, dark field image at low magnification and its 
corresponding SAED pattern. B. TEM images of bright field, dark field image at high magnification and its corresponding SAED pattern. 
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both the compressive side and tensile side of TNTZ and TC4 peri-implant 
bone (Fig. 5C–D, Figs. S2A–B). The slope for variation of the bone area 
was similar between TNTZ and TC4 at lower 1/3 and middle 1/3 region 
(Fig. 5F). While at upper 1/3 region, the values stress intensity of TNTZ 
and TC4 peri-implant bone were both under the “disuse-mode remod-
eling threshold” of bone according to Frost’s mechanostat theory [43], 
suggested that there was not enough stress for bone remodeling in the 
upper 1/3 region in both TNTZ and TC4 peri-implant bone, that’s to say 
the upper 1/3 region was “lower stress” (Fig. 5C–D, Fig. S3). At this 
region, the corresponding bone area showed a sharp decrease in TC4 but 
a slowly decreasing trend in TNTZ (Fig. 5C–E), and the slopes for vari-
ation of the bone area in TC4 were significantly larger than in TNTZ at 
upper 1/3 (Fig. 5F). Additionally, the result of the FE calculation showed 
that the mechanical stress mainly concentrated on the external middle 
region of implants near the interface with the bone, and TC4 implant 
born much more stress than TNTZ implant (Fig. S4). Therefore, the re-
sults suggested that the TNTZ implant improved load transduction and 
increased bone area comparing to the TC4 implant in the tilted 

implantation model, especially in the upper 1/3 region of peri-implant 
bone which was “lower stress”. 

3.4. The peri-implant bone remodeling in the “lower stress” region 

To further investigate mechanobiologically optimized implant ma-
terials for tilted implantation, it was focused on the detailed bone 
remodeling characterizations at upper 1/3 region which was “lower 
stress” in the peri-implant bone. The overview transaxial images of XRM 
and VG staining showed the bone area of peri-implant bone in TNTZ was 
more than that in TC4 (Fig. 6A–B). Coinciding with the tendency of bone 
area, the bone static parameter Tb.N and the new bone formation of 
TNTZ were higher than TC4, and the bone static parameter Tb.Sp of 
TNTZ was much lower than TC4 (Fig. 6A–B). Similarly, the dynamic 
parameter MAR of TNTZ were higher values than TC4 (Fig. 6C). In 
addition, the bone response in the tensile and compressive sides for 
TNTZ and TC4 were further compared, except the Tb.N and MAR pa-
rameters of TNTZ, the bone healing and remodeling were not obviously 

Fig. 4. In vitro studies of the cell biocompatibility. A. CLSM images and quantitative evaluation for MC3T3-E1 cells adhesion and proliferation on TC4 and TNTZ at 
24 and 48 h (Scale bar: 100 μm n = 5, Mann-Whitney test). B. CLSM images for the cytoskeleton of MC3T3-E1 cells spreading on TC4 and TNTZ at 24 and 48 h (Scale 
bar: 50 μm). C. CCK-8 analysis for the proliferation activity of MC3T3-E1 cells on TC4 and TNTZ at 24, 48 and 72 h (n = 5, Two-way ANOVA with Bonferroni post- 
test). D. The alkaline phosphatase (ALP) and alizarin red staining (ARS) and quantitative evaluation for MC3T3-E1 cells of TC4 and TNTZ at 7 d and 21 d respectively. 
(Scale bar: 1 mm n = 5, Mann-Whitney test). All data are represented as mean ± SD. *p < 0.05. NS, no significance. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.) 
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different between two sides in the upper 1/3 region (Fig. S5). In total, 
the bone healing and remodeling of TNTZ were better than TC4 at upper 
1/3 region, which was coincided with the tendency of overalls stress 
values for TC4 and TNTZ by FE analysis. Compared to TC4 implant, 
TNTZ with its elastic modulus best match to that of peri-implant bone 
showed better mechanobiological characteristics in tilted implantation 
models with respect to improved implant-bone load transduction and 
enhanced bone remodeling around the “lower stress” region as deter-
mined by static and dynamic parameters of bone. 

4. Discussion 

The aim of this study was to optimize mechanical properties of tilted 
implant material and determine the stress distribution as well as related 
peri-implant bone remodeling in the tilted implantation model. The 
TNTZ implant was compared with clinical commonly used TC4 implant 
to explore the optimized and customized mechanobiological design in 

clinical tilted implant therapy. And the results showed that TNTZ 
implant with an improved mechanobiological effect presented an 
improved load transduction and bone remodeling response. 

4.1. Mechanobiologically optimized implant material design for the need 
in tilted implantation therapy 

Among all titanium alloys, α + β type alloy Ti–6Al–4V, has be widely 
used in biomedical applications. However, despite its biomechanical 
incompatibility that impedes load transduction, it contains elements V 
and Al that are toxic to the human body [44]. In order to satisfy the 
above conditions, β-Titanium alloys are reported to be an excellent 
candidate for biomedical dental applications, with the addition of 
non-cytotoxic and β phase-stabilized elements such as Nb, Ta, Zr, Mo, 
and Sn in titanium alloys [45], while the element content can also affect 
the elasticity of these alloys [46]. Nobuhito et al. [47] revealed that Ta 
and Nb content could influence the mechanical properties of TiNbTaZr, 

Fig. 5. Combination of finite element (FE) and in vivo analysis. A. The regions of interest (ROIs) illustration within the peri-implant bone in the compressive and 
tensile side. B. Representation of tilted implantation with load in iliac crest of goat. C. Layer-by-layer quantitative correlation of Von Mises stresses from FE analysis 
and bone area/total tissue area (B.Ar/T.Ar) from XRM analysis for TC4 at ROIs (Scale bar of XRM sagittal image is 1000 μm). D. Layer-by-layer quantitative cor-
relation of Von Mises stresses from FE analysis and B.Ar/T.Ar from XRM analysis for TNTZ at ROIs (Scale bar of XRM sagittal image is 1000 μm). E. The variation of 
percent trabecular area for TC4 and TNTZ at upper 1/3 region. F. The variation slope of percent trabecular area for TC4 and TNTZ (n = 5, Two-way ANOVA with 
Bonferroni post-test). All data are represented as mean ± SD. ***p < 0.001. NS, no significance. 
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and observed low elastic modulus of Ti alloys with 10 mass % of Ta and 
high modulus of elasticity for these alloys with 0 and 20 mass % of Ta 
addition. 

Furthermore, the plastic deformation process affected the micro-
structure of β-type Ti alloys. It is known that deformation products that 
are formed during plastic deformation processes could induce substan-
tial changes in mechanical properties [46]. Thus, the simulations were 
performed on five different hot rolling temperatures with three defor-
mation rates to find which of the mentioned conditions is the most likely 
to produce the desired mechanical properties of TNTZ alloy. When the 
rolling temperature was at 900 ◦C and deformation ratio at 35%, the 
TNTZ alloy achieved the optimized elastic modulus of 47.63 GPa with 
enough strength (Fig. 2A–B), comprised ω and α′ ′ phases (Fig. 3A–B). 
With significant deformation during the rolling process, the reaction 
between dislocations occurred which is confirmed in bright field images. 
A high level of stress was restored and provided the driving force for β to 
ω transformation. On this basis, ω phase could further transmit into α′ ′

martensite, which indicated that two phases were in the same position 

[48]. Since ω to α′ ′ transformation is reversible with the change of stress 
level [49], transition to α′ ′ was difficult to carry out thoroughly. The α′ ′

martensite tended to be observed together with ω phase instead of α′ ′

itself. A similar study was showed by Li et al. [50], in which improving 
the mechanical properties of the Ti–Nb–Zr alloys is related to the pres-
ence of the ω phase, since ω is a hard and brittle phase which could 
improve the strength of the β phase. Besides, due to the coherent 
interface between the ω phase and β matrix, the reaction of nanobands 
with dislocations also contributed to the strengthening effect of the ω 
phase. Liu et al. [51] also revealed that the lattice expansion by Nb and 
Zr addition as well as the presence of a few of α′ ′ martensite, might be 
responsible for the low modulus of Ti–Nb–Zr alloys achieved. TNTZ 
alloy in this work has typical β matrix diffraction patterns. Therefore, 
elements with large atomic numbers (Nb, Ta, Zr) were supposed to have 
a lattice expansion effect, instead of a lattice-altering effect. Meanwhile, 
stress induced martensite contributed to modulus reduction during 
reorientation. Therefore, an appropriate plastic deformation process and 
proper selection of alloying elements with the appropriate compositions 

Fig. 6. The peri-implant bone remodeling in the “lower stress” region. A. XRM transaxial image for TC4 and TNTZ (scale bar: 1000 μm). Trabecular number (Tb.N), 
trabecular spacing (Tb.Sp) at ROIs (n = 6, Two-way ANOVA with Bonferroni post-test). B. Van Gieson’s picro-fuchsin (VG) staining for TC4 and TNTZ (scale bar: 100 
μm n = 6, Two-way ANOVA with Bonferroni post-test). New bone formation at ROIs (n = 6, Two-way ANOVA with Bonferroni post-test). C. Sequential fluorescent 
labeled images for TC4 and TNTZ, showing calcein (green) and alizarin red (red) (scale bar: 100 μm n = 6, Two-way ANOVA with Bonferroni post-test). Bone mineral 
apposition rate (MAR) analysis at ROIs. All data are represented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.) 
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are highly essential to achieve a customized design of TNTZ alloys with 
enough strength, low elastic modulus and excellent biocompatibility for 
clinical tilted implantation. 

4.2. The clinical transformation study of mechanobiological optimized 
implant material in tilted implantation 

In the clinical transformation study, it is crucial to mimic the human 
edentulous alveolar bone under loading environment. Since the me-
chanical loading and related load transduction cannot be observed and 
be difficult to be evaluated within the bone in vivo, these evaluations of 
tilted implantation were conducted with FE analysis, in order to mimic 
loaded tilted implants in the human edentulous alveolar bone and 
investigate detailed stress distribution in the different regions of peri- 
implant bone. Meanwhile, the FE analysis can provide "virtual" results 
of stress distribution, which is necessary to verify its validity based on 
the "real" in vivo results. Based on the similar physiology, pathology 
quality and structure conditions to human edentulous alveolar bone [30, 
52,53], and take advantages of easy surgical exposure, less stress and 
quicker recovery for the animals [30,54], the iliac crest of goats was 
chosen to mimic human alveolar ridge conditions in vivo (Fig. 5A–B). 

Regarding to this study time point, the early peri-implant bone 
healing and remodeling stage of the immediate loading on implant was 
focused [55]. A sequence of peri-implant bone healing and remodeling 
events started with the period from the primary stability stage to the 
secondary stability stage of the implant [56], and the primary me-
chanical stability of implant is gradually transformed to secondary 
biological stability provided by newly formed bone as osseointegration 
occurs [57]. Both primary and secondary stability of the implant are 
associated with the peri-implant bone osteointegration and can be dis-
played as bone-implant interface strength, while the latter is further 
influenced by the condition of mechanical loading [53,56]. In addition, 
the in vivo effect of loading on bone may differ according to its biological 
state, and the interfacial bone may be more sensitive to loading when it 
is healing or damaged [58]. Therefore, the time point was focused on 3 
weeks after implant placement in the present study. 

For the evaluation of the in vivo bone architecture, the reconstruction 
of 3D-dimensional information of peri-implant bone can provide for 
evaluating bone remodeling. However, the common strategies, such as 
Micro-computed tomography (micro CT) with X-ray tubes and clinical 
computed tomography (CT), are vulnerable to metal material implants, 
and streak artifacts in the reconstructed images can severely impair the 
quantitative analysis of peri-implant bone, especially in the region up to 
about 200 μm from the implant surface [59,60]. As the ROI regions were 
selected as the main remodeling zone of peri-implant bone [61], which 
were very near the implant (Fig. 5B). Therefore, a by nature and 
non-destructive X-ray Microscopy (Xradia Versa XRM520) with the 
physical filters was used for the reconstruction of the tilted implantation 
specimens’ images and reduction of the ring artifact in this study. From 
the XRM images of the goat iliac crest, a well-defined and clear 
peri-implant trabecular bone structure was in close contact with the 
implant, and the most orientation of trabeculae was perpendicular 
channel relative to the long axial of the implant (Fig. 5C–D). 

4.3. The interdependent relationships between mechanical characteristics 
of materials and the features of bone biology 

Frost’s mechanostat theory relates different levels of mechanical 
stress to influence bone remodeling response [43]. When mechanical 
load transfers to the bone, the osteocyte network contributes to the 
mechanosensory response and regulates the osteoblast-osteoclast axis 
[62]. In the mechanotransduction processes, occlusal forces are sensed 
by bone and transformed into biological and biochemical reactions [63]. 
As a result of this mechanosensing communication stream, the me-
chanical information within peri-implant bone is presented in the form 
of bone remodeling. Delgado-Ruiz et al. [64] investigated implant 

insertion with immediate loading and observed that the bone density 
and bone-to-implant contact of the different materials and surfaces im-
plants increased when they were subjected to mechanical loading at 3 
months. In our study, a quantitative correlation of the stress intensity 
value and morphometry indices of peri-implant bone was conducted in a 
layer-by-layer way in which bone remodeling characterization changes 
are closely related to the load transduction of implant materials (Figs. 5 
and 6). 

Previous studies have suggested that stress ranges between 20 and 
60 MPa are beneficial for bone remodeling and strengthen the bone, 
whereas, during below 1-2 MPa, bone disuse-mode takes place and 
trabecular bone loss increases [65]. In this study, FE analysis suggested 
the “lower stress” region in the upper 1/3 of implant bone (Fig. 5C–D), in 
which the bone area decreased sharply (Fig. 5F). Similar to this study, 
the modulus of elasticity varies between metal and bone leading to load 
transduction change and stress shielding occur, which caused the 
proximal peri-implant bone resorption [66]. Regarding, the combina-
tion between the changing trend of bone area and stress intensity value 
in the tilted implant model, our results found that although the stress 
degree is still under bone disuse-mode threshold by Frost, the 
peri-implant bone area is incremented when elastic modulus optimized 
TNTZ implant was used (Fig. 5C–D, Fig. S3). Also, the static and dynamic 
parameters of bone were comprehensively studied to further verify the 
better peri-implant bone remodeling response of TNTZ compared to TC4 
in the “lower stress” region (Fig. 6A–C). As the limitations of the study, 
the implants were applied in static 10 N loading and the time point was 
set at 3 weeks. Future tilted implant studies with multiple parameters, 
such as forces and time points design, are suggested to reveal the 
mechanobiological characteristics of TNTZ in more detail. Within the 
limitations, the results of this study supported the hypothesis that a 
design of TNTZ implant with a similar elastic modulus to the bone would 
provide a beneficial mechanical environment for peri-implant bone 
remodeling in tilted implantation by improving the load transduction 
effect and enhancing bone remodeling. 

5. Conclusion 

This study based on the concept of “materiobiology”, provided a 
research basis for the future clinical transformation of mechanobiolog-
ically optimized TNTZ material design in tilted implant therapy as well 
as experience and reference for the application of tilted implants in 
large-animal experiment. The main conclusions are as follows:  

a. The TNTZ alloy samples after plastic deformation processes at 700 
and 900 ◦C temperature and 35-55% deformation ratio exhibited the 
low elastic modulus (47.63–53.26 GPa) with strength 
(460.59–576.91 MPa). At a 900 ◦C temperature and 35% deforma-
tion ratio, TNTZ reached the optimized mechanical properties 
(elastic modulus 47.63 GPa and strength 576.91 MPa) with favorable 
biocompatibility for tilted implantation.  

b. Through mimicking human alveolar bone environment and clinical 
tilted implant with immediate loading in the mechanical and bio-
logical model, it was showed that elastic modulus of implant metals 
could influence the biological response of peri-implant bone 
remodeling, while TNTZ implant presented better mechanobio-
logical characteristic both concerning improved load transduction 
and increased bone area comparing to TC4 implant by layer-by-layer 
quantitative correlation of the FE and XRM analysis.  

c. It was also focused on the peri-implant bone region, which is “lower 
stress” and combined the static and dynamic parameters of bone, 
revealing that TNTZ implant enhanced bone remodeling in both new 
bone formation and mineral apposition speed. 
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[4] P. Maló, M. de Araujo Nobre, A. Lopes, C. Francischone, M. Rigolizzo, All-on-4" 
immediate-function concept for completely edentulous maxillae: a clinical report 
on the medium (3 years) and long-term (5 years) outcomes, Clin. Implant Dent. 
Relat. Res. 14 (Suppl 1) (2012) e139–150, https://doi.org/10.1111/j.1708- 
8208.2011.00395.x. 

[5] C.H.F. Hammerle, L. Cordaro, K.A.A. Alccayhuaman, D. Botticelli, M. Esposito, L. 
E. Colomina, A. Gil, F.L. Gulje, A. Ioannidis, H. Meijer, S. Papageorgiou, 
G. Raghoebar, E. Romeo, F. Renouard, S. Storelli, F. Torsello, H. Wachtel, 
Biomechanical aspects: summary and consensus statements of group 4. The 5(th) 
EAO Consensus Conference 2018, Clin. Oral Implants Res. 29 (Suppl 18) (2018) 
326–331, https://doi.org/10.1111/clr.13284. 

[6] E. Bruschi, P.F. Manicone, P. De Angelis, L. Papetti, R. Pastorino, A. D’Addona, 
Comparison of marginal bone loss around axial and tilted implants: a retrospective 
CBCT analysis of up to 24 months, Int. J. Periodontics Restor. Dent. 39 (2019) 
675–684, https://doi.org/10.11607/prd.4110. 

[7] S. Ozan, J. Lin, W. Weng, Y. Zhang, Y. Li, C. Wen, Effect of thermomechanical 
treatment on the mechanical and microstructural evolution of a β-type Ti-40.7Zr- 
24.8Nb alloy, Bioact. Mater. 4 (2019) 303–311, https://doi.org/10.1016/j. 
bioactmat.2019.10.007. 

[8] J.B. Brunski, Biomechanical factors affecting the bone-dental implant interface, 
Clin. Mater. 10 (1992) 153–201, https://doi.org/10.1016/0267-6605(92)90049-y. 

[9] D. Ozdemir Dogan, N.T. Polat, S. Polat, E. Seker, E.B. Gul, Evaluation of "all-on- 
four" concept and alternative designs with 3D finite element analysis method, Clin. 
Implant Dent. Relat. Res. 16 (2014) 501–510, https://doi.org/10.1111/cid.12024. 

[10] F. Azcarate-Velázquez, R. Castillo-Oyagüe, L.-G. Oliveros-López, D. Torres-Lagares, 
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