Guetal.
Journal of Orthopaedic Surgery and Research
https://doi.org/10.1186/513018-022-02960-6

Journal of Orthopaedic

(2022) 17:68 Surgery and Research

SYSTEMATIC REVIEW Open Access

. : ®
3D-printed porous Ti6Al4V scaffolds for long =
bone repair in animal models: a systematic
review

Yifei Gu'?, Yi Sun'?, Sohaib Shujaat'?, Annabel Braem?, Constantinus Politis" and Reinhilde Jacobs'**

Abstract

Background: Titanium and its alloys have been widely employed for bone tissue repair and implant manufacturing.
The rapid development of three-dimensional (3D) printing technology has allowed fabrication of porous titanium
scaffolds with controllable microstructures, which is considered to be an effective method for promoting rapid bone
formation and decreasing bone absorption. The purpose of this systematic review was to evaluate the osteogenic
potential of 3D-printed porous Ti6Al4V (Ti64) scaffold for repairing long bone defects in animal models and to investi-
gate the influential factors that might affect its osteogenic capacity.

Methods: Electronic literature search was conducted in the following databases: PubMed, Web of Science, and
Embase up to September 2021. The SYRCLE's tool and the modified CAMARADES list were used to assess the risk of
bias and methodological quality, respectively. Due to heterogeneity of the selected studies in relation to protocol and
outcomes evaluated, a meta-analysis could not be performed.

Results: The initial search revealed 5858 studies. Only 46 animal studies were found to be eligible based on the inclu-
sion criteria. Rabbit was the most commonly utilized animal model. A pore size of around 500-600 um and porosity of
60-70% were found to be the most ideal parameters for designing the Ti64 scaffold, where both dodecahedron and
diamond pores optimally promoted osteogenesis. Histological analysis of the scaffold in a rabbit model revealed that
the maximum bone area fraction reached 59.3 +8.1% at weeks 8-10. Based on micro-CT assessment, the maximum
bone volume fraction was found to be 34.0 £+ 6.0% at weeks 12.

Conclusions: Ti64 scaffold might act as a promising medium for providing sufficient mechanical support and a
stable environment for new bone formation in long bone defects.

Trail registration The study protocol was registered in the PROSPERO database under the number CRD42020194100.
Keywords: Titanium alloy, Ti6Al4V, 3D printing, Animal study, Bone tissue engineering

Background
Since the early 1970s, titanium and its alloys have been

materials, such as stainless steel, cobalt—chromium alloys
and tantalum. Nevertheless, an elastic modulus mis-

widely incorporated in the biomedical field for manu-
facturing implants and repairing bone defects. These
alloys offer a lower Young’s modulus compared to other
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match still exists between titanium and bone tissue which
could lead to bone atrophy, fracture, osteoporosis and
early implant failure due to the stress shielding effect. To
overcome this limitation, porous titanium scaffolds have
been designed for reducing the modulus and mimicking
the strength of natural bone, thereby allowing prevention
of the stress shielding [1, 2] and promotion of scaffold
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fixation into the surrounding tissues [3, 4]. The intercon-
nected pores of the scaffold also offer a shorter healing
time with an improved vascularization and exchange
of nutrients. At present, porous titanium scaffolds have
been employed in the manufacturing of three-dimen-
sional (3D)-printed implants such as artificial lumbar
fusion cages and acetabular joints [5-8]. These implants
offer high compressive strength, bone-like elastic modu-
lus, and promote long-term bone ingrowth. Further-
more, they have an optimal wear resistance for resisting
scratches, cracks, and peeling [9]. These characteristics
make porous titanium-based implants an excellent candi-
date for repairing bone defects.

Currently, porous titanium-6 aluminium-4 vanadium
(Ti6Al4V) scaffold is one of the most commonly used
materials for manufacturing load-bearing implants and
repairing bone defects owing to its superior mechanical
properties and osseointegration compared to commer-
cially pure titanium and other alloys [10]. Many conven-
tional material processing methods have been employed
for fabricating porous Ti6Al4V scaffolds, which include
sintering [11], solid-state foaming [12], and polymeric
sponge replication [13]. In comparison, recent introduc-
tion of additive manufacturing (AM) technology and
processes, such as selective laser melting (SLM) and
electron beam melting (EBM), has allowed the fabrica-
tion of customizable 3D-printed porous Ti6Al4V (Ti64)
scaffolds which offer predictable and predetermined unit
cells. Both the aforementioned technologies belong to
the powder bed fusion category, where the heat gener-
ated from an energy source (SLM: fiber laser, EBM: elec-
tronic beam) is used to selectively melt and fuse powder
layer by layer based on the computer-aided design (CAD)
model. When one layer of powder has been selectively
melted, the build platform is lowered to a predetermined
distance and the next layer is deposited. The process is
repeated with each successive layer until the desired part
is entirely constructed [14].

These 3D-printed porous scaffolds have the potential to
replace other bone graft substitutes (allograft, autograft)
for treating long bone defects, which are prone to cer-
tain risks such as restricted blood supply, disease trans-
mission, and high morbidity rate. The key to reducing
these risks is to utilize a porous Ti64 scaffold with inter-
connected pores having sufficient pore size (>100 pum),
which has the ability to promote cell proliferation and
migration, as well as allow generation of new bone and
capillaries [15]. Additionally, these scaffolds have a high
coefficient of friction against cancellous bone (¢ =1.09),
which ensures a stable environment for new bone for-
mation [16]. At an early stage following implantation,
porous scaffolds also provide mechanical support to the
damaged hard tissue [17].
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Although the advantages of Ti64 scaffold have been
well documented, it is biologically inert and lacks oste-
oinductivity. Consequently, it allows new bone formation
only from the edges where it is in contact with the pre-
existing bone, which leads to a delayed complete fill-up
of the defect. Ideally, the new bone should start forming
at the center of the scaffold. Many studies have attempted
to improve the osteogenic effect and fixation of Ti64 scaf-
fold to the surrounding bone for increasing its long-term
success rate, which include surface modification tech-
niques (etching, nano-structuring, coating) and addition
of growth factors [18]. However, clinical trials involving
the implantation of a functional Ti64 porous scaffold
are still rare, owing to the technique sensitivity and high
costs.

Animal models are the most effective method for con-
firming the osteogenic potential of these modified func-
tional Ti64 scaffolds by investigating the macroscopic and
microscopic changes of the bone environment during
osseointegration [19]. While testing the modified Ti64’s
osteogenic performance, it is common to use pristine
Ti64 scaffold as a control group [4, 20—22], which allows
exclusion of any inherent impact from other scaffold
modifying materials. However, no data exist confirm-
ing the osteogenic properties of a pristine Ti64 scaffold,
which in turn could impact the testing process with
biased outcomes. It is also crucial to design the experi-
ments more efficiently. For instance, if an experiment
time period is set for too long, then both the control
and experimental group might show equally distributed
bone formation due to overgrowth, making it difficult to
analyze the osteogenic differences between both groups
without any discernible contrast. Furthermore, there is
still room for improvement in AM technology for reduc-
ing excessive residual stress and surface roughness of the
scaffold. Therefore, it is necessary to review the state of
existing Ti64 scaffold’s manufacturing and preclinical
testing to better understand its osteogenic potential and
yield more effective strategies for improving its clinical
applicability.

The following systematic review aimed to report the
current evidence related to the application of Ti64 scaf-
fold for repairing long bone defects in animal models and
to investigate the potential influential factors that might
affect its osteogenic ability. The scope of this systematic
review is shown in Fig. 1.

Methods

The study protocol was registered in the PROSPERO
database under the number CRD42020194100. The sys-
tematic review followed the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines. Two researchers (GYF, SY) searched the
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Fig. 1 Scope of the systematic review

Review questions

1. Most relevant animal model?

2. Most optimal designing parameters?

3. Osteogenic result at different
experimental periods?

electronic databases of PubMed, Embase, and Web of
Science for relevant studies published till September,
2021. Search keywords were ("Bone/bone regeneration/
bone reconstruction”) AND ("Titanium alloy") AND ("3D
printing"). The detailed search strings are presented in
Additional file 1. Grey literature and references within
the selected studies were also screened. Identified studies
were imported into Endnote online software (Thomson
Reuters, Philadelphia, PA, USA) for removing duplicates.

Table 1 describes the inclusion and exclusion criteria.
All animal studies which reported on the application of
Ti64 scaffold for long bone defect repair were included.
“Long bone” was defined as a bone consisting of a tubu-
lar shaft (diaphysis) and two extremities (epiphyses), and
“Ti64 scaffold” referred to a 3D-printed structure with a
network of fully interconnected pores [23].

Table 1 Inclusion and exclusion criteria used in this study

Two researchers (GYF, SY) independently screened
the relevant articles based on the titles and abstracts and
then read the full text of the included studies. Any disa-
greement was resolved through consensus. If an agree-
ment could not be reached, a third researcher (R]) was
consulted. Risk of bias was assessed according to the
SYRCLE’s tool [24], and the CAMARADES list (www.
camarades.info) was used for determining the methodo-
logical quality of the included articles.

The extracted data included scaffold characteristics
(scaffold size and shape, fabrication method, pore size,
porosity), study characteristics (animal model, implanta-
tion time, bone defect), and the reported osteogenic out-
comes (bone area, bone volume).

The PICO (Population, Intervention, Comparison, and
Outcome) criteria were as follows [25]:

Inclusion criteria

Exclusion criteria

All'in vivo studies which reported on the application of Ti64 scaffold for
long bone defect repair

1. Non-English papers
2. Descriptive studies, in vitro studies, and clinical trials
3. Studies that used materials other than Ti6Al4V

4. Partially porous Ti64 implant or Ti64 implant with only a textured surface

layer

5. Animal models with comorbidities (hypertension, diabetes, osteoporosis,
etc)

6. Not a long bone defect (defect in cranial bone, jaw bone, etc.)
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Population: animals with long bone defect.
Intervention/exposure: application of Ti64 scaffold
for repairing long bone defect.

Comparison: not applicable.

Outcome: quantitative assessment of the new bone
tissue formation.

Results

Figure 2 illustrates the screening flowchart based on
PRISMA guidelines, and the PRISMA checklist can be
found in Additional file 2. The search strategy retrieved
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5858 articles. Following removal of duplicates, title and
abstract screening, and full-text reading, 46 studies were
eligible to be included in the review ranging from year
2013 till 2021, with the majority articles being published
in 2020 (Fig. 3).

Quality of the included studies

Risk of bias

Figure 4 illustrates the findings of the SYRCLE’s risk of
bias analysis. The allocation sequence of animals was
adequately generated in 41 studies (89%), and the base-
line characteristics of the experimental animals were

[ Identification of studies via databases and registers ]
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v
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Reports assessed for eligibility Reports excluded:
(n=782) In vitro study (n = 705)
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21)
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3 Studies included in review
S (n =46)
S Reports of included studies
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Fig. 2 Screening flow diagram based on the PRISMA guidelines
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similar in all studies. No study mentioned whether the
allocation was adequately concealed. Only one study
stated that the animals were housed randomly. There was
no explicit description of blind intervention or outcome
evaluation. Most studies (45 articles, 98%) did not select
animals randomly for outcome assessment due to the
high cost of animals. Additionally, many other items in
the questionnaire were rated as "unclear,” implying that
reporting of these animal studies (mainly experimental
designs) should be improved.

Methodological quality

Figure 5 illustrates the CAMARADES checklist-assisted
methodological quality assessment. The outcomes of
animal allocation, allocation concealment, and blind
operation assessment were similar to those mentioned
in "risk of bias" assessment. Animals in all the stud-
ies were healthy, and a neuroprotective anesthetic was
administered in some studies (12 articles, 26%). Only one
article mentioned the sample size calculation method.
Most studies (34 articles, 74%) clarified the adherence
to relevant operating guidelines during animal experi-
ments. Furthermore, the rest of the items were rated as

"unclear” which matched the description as in "risk of
bias" assessment.

Characteristics of the included studies

Scaffold design and animal study setup

Table 2 summarizes the design of the included articles,
and Fig. 6 illustrates a schematic workflow of a typical
animal experiment. If an author’s last name was the same
in different articles, a number was used following the last
name to distinguish the authors.

A total of 29 studies (63%) mentioned the type of
Ti6Al4V powder for 3D printing, with particle sizes rang-
ing from 15 to 100 pm. In 16 studies, Grade 23 Ti6Al4V
powder was incorporated. The 3D printing technique was
mentioned in 44 studies (96%), which included; SLM, (26
studies, 59%), EBM (16 studies, 36%), and selective laser
sintering (SLS) (2 studies, 5%). Post-processing of the
Ti64 scaffold was mentioned in 30 studies (65%), which
involved removal of excess powder with either ultrasonic
cleaning, sandblasting or acid treatment.

The design of choice for the scaffold was cylindrical
in most studies (40 studies, 87%) with the size variation
depending on the animal model and reconstruction
method. The strut size varied between 60 and 3600 um,
mostly ranging between 200 and 400 pm (20 stud-
ies, 77%). The reported pore size was 100-1500 um,
with the size of 500-700 pm in the majority of studies
(23 studies, 56%), followed by 300-499 pm (16 stud-
ies, 39%). The porosity of Ti64 scaffold ranged from
25 to 90% in 40 studies; however, 60—70% was applied
in most of the studies (22 studies, 55%). Various pore
shapes could be observed depending on the unit cell
for designing the lattice structure, where some stud-
ies reported on more than one pore shape. Rhombic
dodecahedron (8 studies, 27%) and diamond (8 studies,
27%) were the most commonly applied unit cell shapes.
Other shapes included octahedron, tetrahedron, cube,
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spiral tetrahedron, hexagon, and triply periodic mini-  Bone tissue outcomes

mal surface (TPMS)-based cells. Most studies (42 stud-
ies, 91%) adopted a regularly arranged lattice structure,
while others used a randomly generated or arranged
irregular pore structure [19, 26-28].

In this review, the randomly distributed pore struc-
tures were divided into the following categories: 1. Pore
structure designed based on the Voronoi tessellation
method [26]; 2. Pore structure designed using TPMS
model [29]; 3. Randomly generated pore structure
with varying pore sizes and shapes [19]; 4. Regular-
shaped and regular-sized pore structure with randomly
arranged pores [27, 28].

The mechanical strength of the Ti64 scaffold was
reported in 15 studies, ranging from 14 to 606 MPa,
where 10 studies (66%) described its strength between
30 and 200 MPa. The elastic modulus varied from 0.32
to 7.56 GPa, with the majority falling between 0 and 3
GPa (12 studies, 63%).

Rabbit was the most commonly utilized animal model
(25 articles, 54%). Other animal models included rat,
sheep, dog, goat and pig. Femur was the preferred
implantation site in the majority of studies (36 stud-
ies, 78%, femoral diaphysis: n=15, femoral epiphyses:
n=21), while other sites included tibia and radius.
Non-segmental bone defects accounted for most cases
(35 studies, 76%). The experiment duration ranged
from 4 weeks to 12 months, and the follow-up time
period for most articles was less than 12 weeks (36
studies, 78%). Additionally, half of the studies assessed
outcomes at two or more time-points (26 papers, 57%).

Quantitative evaluation of the new bone tissue formation
was performed by either histomorphometric analysis, scan-
ning electron microscopy (SEM) or 3D micro-CT assess-
ment. The most commonly assessed two-dimensional (2D)
and 3D parameters involved bone area fraction (BA/TA, new
bone area over scaffold pore area) and bone volume frac-
tion (BV/TV, new bone volume over scaffold pore volume),
respectively. An overview of the outcomes is summarized
in Tables 3 and 4. The addition of coating material, surface
treatment, or other additives might alter the osteogenic per-
formance of a Ti64 scaffold, hence, these conditions were
not considered. Furthermore, segmental bone defects were
excluded from the BA/TA and BV/TV analyses, as in such
cases new bone only grows inward from both scaffold ends
which results in a relatively low bone ingrowth compared
to a single bone defect where most of the scaffold surface
is covered by bone. Due to the heterogeneity in relation to
study protocols and reported outcomes among the included
studies, no meta-analysis could be performed.

1. BA/TA analysis (Table 3)

The majority of BA/TA data were obtained from rab-
bit models (12/19 articles, 63%), where scaffold was
implanted either in the region of femoral diaphysis (5 arti-
cles) or femoral epiphysis (7 articles). The BA/TA in rabbit
models ranged from 1.5+0.1% to 46.3+13.7% at weeks
4-6, 82+2.3% to 59.3+8.1% at weeks 8-10, 2.4+0.4% to
51.61+6.4% at weeks 12—14, and 35.6 £ 5.3% at weeks 24—26
(only reported by Song et al. [55]). The maximum BA/TA at
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Table 3 Summary of reported BA/TA for pristine Ti64 scaffolds in the reviewed studies

Author, date Animal and bone  Group BA/TA (%)
defect
4-6 weeks 8-10 weeks 12-14 weeks 24-26 weeks
Arabnejad et al. Beagle dog, femur ~ Tetrahedroncell 2864116 41.3+43 / /
2016 [30] Octettrusscell 355419 56944,
Chenetal. 2019 [31] Beagle dog, tibia / 11.9+£22 / 159449 /
Guo et al. 2020 [36]  Rabbit, f-epi / 1164+19 122+20 24130 /
Guoetal.2018[22]  Rabbit, f-epi / 132427 356427 559420 /
Han et al. 2016 [37]  Rabbit, f-epi Pore size 600 um  2.3+04 / 35+05 /
Pore size 800 um  1.5%+0.1 / 24+04 /
Hara etal. 2016 [16]  Rabbit, femur Pore size 500 um 349468 / 50.148.3 /
Pore size 640 um ~ 37.0+5.0 / 509+£6.7 /
Pore size 800 um ~ 27.2+7.2 / 51.6+64 /
Pore size 1000 um  34.7+84 / 351£27 /
Lietal. 2015 [41] Rabbit, f-epi / 58422 / 122+£22 /
Lv et al. 2015 [45] Rabbit, f-epi / 78428 / / /
Palmquist et al. Sheep, femurand  Scaffold in femur ~ / / / Central: 26.5+9.2
2017 [50] tibia Peripheral:
5724109
Scaffold in tibia / / / Central: 4564+ 19.5
Peripheral: 8.0+ 104
Palmquist et al. Sheep, f-epi / / / / 447 £44
2017 [51]
Ragone etal. 2020 Sheep, femurand  / Cortical: 750+ 13.5 Cortical: 820+£50  Cortical: 820£9.0 /
[26] tibia Cancellous: Cancellous: Cancellous:
270+£15.0 36.0+£10.5 51.0+£14.0
Shah etal. 2016 [54]  Sheep, f-epi / / / / Central:329+4.8
Peripheral: 60.0+4.6
Song et al. 2019 [55] Rabbit, femur / / / 68429 356453
Tanzer et al. 2019 Beagle dog, femur  / 41.5+£82 / 644428 /
[19]
Tsaietal. 2019 [56]  Rabbit, femur / 25+08 / / /
Wang et al. 2018 Rabbit, femur Diamond cell ()~ 340+£59 363+£10 / /
[27]
Diamond cell (i)~ 33.7+5.0 368+23 / /
Diamond cell (g) 302433 323449 / /
Tetrahedron cell 205£3.0 243£19 / /
Xiu et al. 2017 [60] Rabbit, f-epi / / 82423 / /
Xiuetal. 2017 [61] Rabbit, f-epi / / 108+34 / /
Yu et al. 2020 [28] Rabbit, femur / 4634137 593+38.1 / /

*F-epi: femoral epiphysis; r: regularly distributed pores; ir: irregularly distributed pores; g: gradient distributed pores

*The data are all represented as means =+ standard deviations, and reserved for one decimal point

weeks 4 and 8 was only reported by Yu et al. [28]. Addition-
ally, Hara et al. [16] observed that the depth of new bone
ingrowth at week 12 exceeded 1.5 mm in a rabbit model.
Four studies provided BA/TA data in sheep models,
and only Palmquist et al. [51] found that BA/TA reached
44.7 £4.4% in femoral epiphysis at week 26. The remain-
ing three studies calculated the BA/TA at different scaf-
fold regions (central part vs. peripheral part; cortical
bone vs. cancellous bone). The new bone formation was

significantly higher in the cortical bone and at the periph-
eral region of the Ti64 scaffold compared to cancellous
bone and central area [26, 50, 54].

Three studies assessed BA/TA at the region of femo-
ral or tibial diaphysis in beagle dogs. It was found to be
within the range of 11.9+£2.2% to 41.54+8.2% at weeks
4-6, 41.3+4.3% to 56.9+4.0% at weeks 8-10 (only
reported by Arabnejad et al. [30]), and 64.44+2.8% at
weeks 12—14 (only reported by Tanzer et al. 2019 [19]).
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Table 4 Summary of reported BV/TV for pristine Ti64 scaffolds in the reviewed studies
Author, date Animal and bone defect Group BV/TV (%)
4-6 weeks 8-10 weeks 12 weeks 16 weeks
Chen et al. 2020 [32] Rat, f-epi Porosity 60%, pore size 500 um / / 234+£16 /
Porosity 60%, pore size 600 um / / 21.0£2.1 /
Porosity 60%, pore size 700 um / / 128421 /
Porosity 70%, pore size 500 um / / 232+£138 /
Porosity 70%, pore size 600 um / / 223+10 /
Porosity 70%, pore size 700 um / / 183+£14 /
Guo et al. 2020 [36] Rabbit, f-epi / 116+£18 171£16 255+26 /
Han et al. 2016 [37] Rabbit, f-epi Pore size 600 pm 84+£13 / 162£3.6 /
Pore size 800 um 43+10 / 8.6£2.7 /
Huang et al. 2017 [20] Goat, f-epi / / 51+18 / 6.3+22
Lietal 2019 [40] Rabbit, f-epi / 13.7 / / /
Lietal. 2019 [29] Pig, tibia Pore size 300-500 um 12.7+36 / / /
Pore size 200-600 um 120£3.6 / / /
Pore size 100-700 um 12.8+39 / / /
Lietal 2015 [41] Rabbit, f-epi / 59+£22 / 11.0£26 /
Liu et al. 2016 [42] Rabbit, tibia / 267£10 289+14 / /
Luan et al. 2019 [44] Rabbit, femur Porosity 55%, pore size 334 um / / 214422 /
Porosity 65%, pore size 383 um / / 246£20 /
Porosity 78%, pore size 400 um / / 26.7£09 /
Lyu et al. 2020 [46] Rabbit, f-epi / / / 340£6.0 /
Wang et al. 2018 [59] Rabbit, f-epi / 6.0+0.2 / / /
Yu et al. 2020 [28] Rabbit, femur / 273+84 298+22 / /
Zhang et al. 2021 [63] Rabbit, f-epi / 134410 16.6+2.18 / /
Zhong et al. 2020 [64] Rabbit, f-epi / 139+15 / 160£13 /

*F-epi: femoral epiphysis

*The data are all represented as means =+ standard deviations, and reserved for one decimal point

2. BV/TV analysis (Table 4)

As BA/TA is limited to 2D sections, BV/TV based on
micro-CT analysis provides a more comprehensive quanti-
fication of bone ingrowth. Rabbit model was applied in the
majority of studies (11/14 articles, 79%) and the implanta-
tion site included femoral epiphysis (8 articles) and femo-
ral diaphysis (3 articles. The BV/TV in rabbits ranged from
43+£1.0% to 27.3+£8.4% at weeks 4-6, 16.6+2.18% to
29.8+2.2% at weeks 8—10, and 8.6 £2.7% to 34.0£6.0% at
week 12. The maximum BV/TV at weeks 4—6 and weeks
8-10 was only reported by Yu et al. [28]. Furthermore, the
maximum BV/TV reached 12.8 £ 3.9 at weeks 4—6 in pigs,
23.441.6% at week 12 in rats, and 6.3 +2.2% at week 16 in
goats.

Variables affecting the osteogenic capacity of Ti64 scaffold
From the selected studies and the data presented in Tables 3
and 4, some variables have been summarized below, which
might impact the osteogenic ability of a Ti64 scaffold:

Implantation site: Ragone et al. [26] found that the new
bone formation in the cortical bone region was signifi-
cantly greater compared to cancellous bone and the osse-
ointegration almost completed after 2 months.

Implantation time: The maximum BA/TA values in rab-
bit models peaked at weeks 8—10. The maximum BV/TV
values in rabbit models and the maximum BA/TA values
in beagle dog models increased from week 4 till week 12.

Pore size and porosity: Hara et al. [16] proposed that
a pore size of 500-800 um was optimal for new bone
growth. Similarly, Ran et al. [52] observed that a pore size
of 600—800 pum had greater osteogenic ability compared
to a size of 400 um. Furthermore, Chen et al. and Han
et al. found that a scaffold with pore size of 500-600 um
has more osteogenic capability compared to 700—-800 pm
[32, 37]. In terms of porosity, Luan et al. suggested that
78% porosity had a higher osteogenic capacity than 65%
and 55% porosity.
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Pore shape: Within a Ti64 scaffold with high porosity
(>50%), Arabnejad et al. [30] observed that new bone for-
mation in an octagonal shaped pore was more prominent
compared to tetrahedral structure. Furthermore, Wang
et al. [27] observed a lower bone formation with a tetra-
hedral pore structure compared to diamond shape.

Discussion

Over the past few years, animal experimentations for
confirming the osteogenic potential of Ti64 scaffolds
have gradually gained attention in the biomedical field.
Therefore, the following review was conducted to accu-
mulate evidence and report on the osteogenic ability of
Ti64 scaffold for repairing long bone defects and to inves-
tigate influential factors which might impact its effective-
ness. Meta-analysis could not be performed due to the
presence of significant heterogeneity among the selected
studies related to the scaffold design and size, defect type,
and observation time. However, the qualitative evidence
synthesis suggested certain critical commonalities and
limitations associated within the the methodologies of
the included studies for fabricating Ti64 scaffold with
optimal osteogenic potential, which could act as a refer-
ence guide for future comparative studies.

When considering the animal model for the validation
of scaffold, it is essential to understand the bone healing
capacity of different animal species. Bone remodeling
in small rodents is much faster than larger species [65].
Additionally, rabbits and dogs have a higher bone remod-
eling rate compared to humans. Therefore, it might be
difficult to extrapolate the osteogenic response in these
animals for a possible similar response in humans [66].
However, sheep, goat, and pig offer a similar bone remod-
eling rate to that of humans, making them a better choice
for generating osteogenic responses and translating those
findings to humans [67, 68].

In terms of the bone healing process, rats are con-
sidered less suitable based on the lack of haversian sys-
tem. However, their bone remodeling is similar to the
haversian remodeling in large animals [69]. Thereby, the
absence of the haversian system should not be the sole
reason for excluding rodents from studies where bone
healing assessment is required. Furthermore, the bone
healing process of dog, rabbit, sheep, and pig models is
remarkably similar to that of humans [70, 71].

The studies using a rat model in this review created seg-
mental bone defects and the scaffold size was very small.
We believe that rats should not be considered for assess-
ing the performance of Ti64 scaffolds due to their size
limitation and inability to insert multiple implants. Based
on the International Organization for Standardization
(ISO10993-6:2016(E)), the recommended implant size
for biological evaluation in rabbits should be 2 x 6 mm

Page 13 of 17

and 4 x 12 mm in larger animals,such as sheep, goat, and
dog. The guidelines also recommend an observation time
of 1 to 4 weeks’ for assessing short-term outcomes and
12 weeks or more for long-term assessment. Additionally,
the long-time follow-up time points for the animal mod-
els except rats should be 13, 26, 52, 78, and 104 weeks.
However, the findings of the current review revealed that
the experimental design in the majority of studies did not
follow the international standards and had a follow-up
period of less than 12 weeks, hence confirming a lack of
evidence related to the standardized long-term outcome
evaluation of Ti64 scaffold.

Rabbit was the most commonly applied animal model,
and only a few studies assessed the osteogenic capacity
of the scaffold with a large animal model such as sheep,
goat, dog, and pig. In contrast with large models, small
animals are easier to handle, less expensive, and appro-
priate for screening implant materials before testing in
larger models. Unlike small animals, the large animal
models have similar bone healing capabilities to that of
humans. At the same instance, it should be kept in mind
that every large animal model also has its pros and cons.
For instance, dogs offer an optimal model for assessing
Ti64 scaffold’s effectiveness; however, due to ethical con-
cerns and increased public scrutiny their application in
animal research has been declining [72]. An adult sheep
has similarities in weight, metabolism, and bone remod-
eling rates to that of humans and could be considered
ideal for testing the scaffold and transferring the findings
to a clinical setting [73]. However, researchers tend to use
young animals due to financial constraints, which might
underestimate the effectiveness of the scaffold as their
bones have not fully matured.

In this review, most included studies adopted the
femoral condyle defect model or the transcortical defect
model. The femoral condyle defect model is most rel-
evant to plastic surgery applications [74]. When there are
many groups of scaffolds to be tested on the same ani-
mal model at the same time (for example, in the paper
of Arabnejad et al. [30], there are four groups of scaf-
folds to be tested on the same animal model at the same
time), the use of transcortical defects is a viable option
for achieving greater consistency within the animal. Seg-
mental bone defects were excluded from the review as
they are more prone to failure due to bending or breaking
of the fixation plate, screw failure, infection, and muscu-
lar and neurovascular damage. Additionally, inclusion of
segmental defects would have led to bias within the find-
ings of the review, as their mechanical integrity differs
from that of a single defect which could negatively impact
the osteogenic efficiency and functional recovery of the
bone defect.
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Based on the findings of the review, Ti64 scaffold induced
remarkable osteogenesis in the cortical region compared to
cancellous bone. A possible explanation could be the pen-
etration of a lower mechanical stimulus into the cancellous
bone surrounding the scaffold [49]. Additionally, the can-
cellous bone has a randomly distributed pore structure,
which cannot be replicated by the regularly distributed
simple pattern. In contrast, the randomly distributed pore
structures demonstrated higher permeability allowing opti-
mal bone ingrowth [19, 28]. The newly formed bone con-
tinues to grow over time with the maximum BA/TA and
BV/TV peaking at both weeks 4—6 and weeks 8-10 due
to the osteogenic effect of the randomly distributed pores
which outperform a simple topological distribution [19].

The osseointegration of Ti64 scaffold is primarily deter-
mined by the pore size, structure, porosity, and interconnec-
tivity [19]. The pore size in the included studies ranged from
100 to 900 um [75]. A large pore size promotes the growth
of blood vessels but reduces the mechanical properties and
cell adhesion. On the contrary, a small pore size improves
cell adhesion and tissue growth; however, the likelihood of
pore blockage increases [76]. The findings of the review sug-
gested that the pore sizes ranging from 500 to 600 pm were
found to be most optimal for an in vivo fabrication of Ti64
scaffold. Furthermore, an ideal porosity for porous scaffolds
should be around 80-90% [76]. The majority of Ti64 scaf-
folds included in the review had a porosity of 60-70% for
ensuring optimal mechanical strength. Furthermore, their
compressive strength (33-193 MPa) and elastic modulus
(0.02-3 GPa) were equal to that of human cortical bone for
avoiding the stress shielding effect [75]. A higher porosity
than the aforementioned limit should be avoided to inhibit
weakening of the scaffold’s mechanical properties.

The pore shape of the Ti64 scaffold varied among stud-
ies without any consensus on which shape offered the
most optimal outcomes. The most commonly applied
shapes were diamond and rhombic dodecahedron. The
diamond lattice is isotropic in nature with evenly distrib-
uted deformation, which helps to reduce stress concentra-
tion. Its structure is closely similar to that of cancellous
bone and has a large curvature radius which induces
higher tissue amplification [27]. Based on these benefits,
a diamond lattice is widely incorporated in porous scaf-
folds [77]. On the other hand, rhombic dodecahedron
lattice has a higher yield stress and is stable under multi-
directional compression forces, thereby making it an ideal
choice for manufacturing load-bearing implants [28, 78].
However, care should be taken that the dodecahedron
shape is designed with only obtuse angles, as acutely
angled pores are easily damaged during the melting stage
of printing. Other designed pore shapes in the review
involved tetrahedral, octahedral, gyroid, and TPMS lat-
tices which are beneficial for improving the scaffold’s

Page 14 of 17

strength and rigidity, isotropy, load resistance and surface
area, and permeability, respectively [30, 32, 33, 38].

In this review, all Ti64 scaffolds were implanted imme-
diately following the creation of bone defect, which is
clinically applicable for procedures where sufficient pre-
operative time is available for treatment planning such as
lumbar intervertebral fusion and acetabular joint recon-
struction. An immediate insertion allows for a reduction in
potential complications and cost of the procedure. However,
autologous bone graft and bone lengthening with external
fixation still remain the standard for treating trauma-related
bone defects, where immediate 3D printing is not possible
due to a long scaffold designing and printing time.

The review only reported the osteogenic outcomes of
unmodified Ti64 scaffold, which could act as a guide for
comparison with other porous biomaterials in future stud-
ies. However, the impact of scaffold’s surface modification
for improving its biological activity and osteogenic capac-
ity cannot be ignored. Surface modification techniques
such as anodic oxidation and micro-arc oxidation increase
the surface area of the bone in contact with the oxidized
scaffold, leading to a quicker and firmer integration of the
implant [60, 61]. Hydroxyapatite (HA) coating has also
been widely used as a coating agent which demonstrated
improved osseointegration and bone ingrowth compared
to an uncoated Ti64 scaffold [20, 41]. Furthermore, ion-
substituted HA coatings (strontium and silicon substi-
tuted HA coatings) also offer an increased bone growth
compared to pure HA [49]. Other coatings that have also
shown to improve bone ingrowth, wear resistance, and
osteogenic capacity of the scaffold include polydopamine
coating [40], magnesium—calcium silicate composite coat-
ing [56], osteostatin coating [58], Sr-incorporated zeolite
coating [59], and titanium-copper/titanium-copper nitride
multilayer [36]. Apart from surface modifying techniques
and coatings, the Ti64 scaffold has also been tailored with
growth factors such as bone morphogenetic protein-2
(BMP-2) and vascular endothelial growth factor (VEGF)
for inducing osteogenesis and angiogenesis, respectively
[41, 45, 57]. In summary, all the aforementioned factors
should be considered when designing a Ti64 scaffold to
allow for optimal performance.

Based on the findings of the review, future in vivo stud-
ies are warranted using large animal models. Although
small animals are acceptable for proving general princi-
ples, repeated experiments with larger animal models
are necessary for translating the results to humans. Fur-
thermore, as the mechanism of bone regeneration is also
dependent on the size of the bone defect, it constitutes a
need for creating large sized defects that can only be set
in large animal models. Future research should also be
conducted with a long-term follow-up period for assess-
ing the precise osteogenic capacity of a Ti64 scaffold. It
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is also recommended to follow the ISO guidelines for
designing experiments and standardized parameters such
as BA/TA, BV/TYV, and bone-implant-contact should be
assessed for quantifying bone ingrowth. These proposed
recommendations can greatly reduce data heterogeneity
and improve study comparability.

At present, Ti64 scaffold is still a black box for
researchers and further exploration is required to unravel
its full potential. For instance, a more advanced func-
tional Ti64 scaffold hierarchical design could be fabri-
cated by combining different techniques such as topology
optimization, CAD, and minimal surface formulation
[9]; Furthermore, surface nano-topography modification
could endow Ti64 scaffolds with additional biological
functions such as antibacterial properties and enhanced
osteogenic differentiation [79]. Another avenue of inves-
tigation could be the improvement in the AM processes
to address the issues of unmelted powder particles and
pores in the scaffold trabecula, which would negatively
impact the scaffold’s mechanical properties.

The review had certain limitations. Firstly, no standardiza-
tion existed related to the pore size, porosity, strut size and
pore shape among different studies. As all the parameters are
correlated, thereby it was difficult to determine the best com-
bination for designing the Ti64 scaffold. Secondly, most stud-
ies used rabbit’s femoral epiphysis as the implantation site
and a 5 mm diameter scaffold, which is too large for a rab-
bit model and also it does not represent the functional Ti64
scaffold used in humans. However, it should be noted that a
scaffold with a smaller diameter is difficult to manufacture
by the available 3D printing techniques. Finally, the longest
follow-up time-point reported by majority of the studies was
12 weeks; hence, it was difficult to predict whether and when
the new bone would outgrow the Ti64 scaffold.

Conclusion

Ti64 scaffold could act as a promising medium for pro-
viding mechanical support and a stable environment for
new bone formation in long bone defects. Furthermore,
rhombic dodecahedron- or diamond-shaped pores with
a pore size of 500-700 um and 60-70% porosity could
be considered as the most optimal parameters for manu-
facturing the scaffold. Further studies are required using
large animal models and standardized protocols for
extrapolating the results of animal studies to humans for
potential clinical applications.
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