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Abstract: The aim of this study was to explore an innovative method to improve the osteogenic ability of porous tita-
nium. We used gelatin (Gel) and nano-hydroxyapatite (nHA) to construct micro-scaffolds within the pores of porous
titanium alloy. We compared three groups: control, Gel:nHA = 1:0, and Gel:nHA = 1:1. We assessed cell attachment,
cell proliferation, and osteogenic (alkaline phosphatase [ALP] and collagen type 1 [Col-1]) and cytoskeletal (Talin)
gene and protein expression in MC3T3-E1 cells. We also evaluated osteogenic abilities in a rabbit calvarial defect
model. Our results showed that micro-scaffolds can improve new bone formation both in vitro and in vivo. Between
the two micro-scaffold groups, the Gel:nHA = 1:1 group exhibited the most satisfactory results. It had a multi-hierar-
chical pore structure with a mean pore size of 156+86 ym. The Gel:nHA = 1:1 group exhibited significantly higher
gene and protein expression of ALP, Col-1, and Talin. This group also exhibited the most new bone volume during in
vivo experiments. The 3D micro-scaffold structure was an effective method of porous titanium modification that not
only provided appropriate cell growth conditions but may also be used as a carrier of bioactive factors in the future.
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Introduction

The treatment of bone defects has always been
a difficult problem. Bone defects with a length
1.6 times greater than their diameter require
bone grafts [1, 2]. Both autografts and al-
lografts have limitations, such as the risk of
infection, donor site pain, and immune rejec-
tion [3, 4]. Natural or synthetic biological mate-
rials, such as polylactic acid, polylactic-co-gly-
colic acid, and tricalcium phosphate, have good
biocompatibility and degradation performance;
however, overcoming their insufficient strength
and controlling their degradation time window
have remained a challenge [5-7].

Titanium alloy has been used in dentistry and
orthopedic surgery for many years because of
its safety and excellent mechanical properties.
The advent of 3-dimensional (3D) printing te-
chniques provided new potential applications
for titanium alloy, allowing the production of

high-precision, personalized, porous connect-
ed structures as good bone defect substitut-
es to meet clinical needs. However, titanium is
bio-inert, so it cannot promote bone regenera-
tion [8]. In previous reports, the pore size rec-
ommended for cell growth into a scaffold was
approximately 100-300 um [9]. With scaffolds
for bone tissue engineering, the aim is to mi-
nimize metal volume and maximize bone vol-
ume; a pore size that is too small increases
the proportion of metal. Recent studies of po-
rous titanium have generally used a pore size
of 500-1500 um. Research into porous titani-
um modifications has mainly focused on small
pore sizes, from a 2-dimensional (2D) perspec-
tive [10-13].

In the experiments described in this report, we
prepared porous titanium with a pore size of
1500 um, under the premise that it will pro-
vide sufficient mechanical strength, and pro-
posed the concept of 3D modification. We then
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Figure 1. Schematic repre-
sentation of 3D-printed po-
rous titanium modified by
gelatin/nano-hydroxyapati-
te micro-scaffolds positioned
within the pores. Blue dots
represent gelatin and stars

represent nano-hydroxyapa-
tite. Structural sketch

created degradable micro-scaffolds with a 3D
structure positioned without the titanium po-
res to accelerate osteogenesis. The micro-scaf-
folds were made of gelatin and nano-hydroxy-
apatite (nHA). As collagen and HA are the most
important kinds of bone matrix, they have
good bone induction and bone conduction
capacity [14, 15]. Gelatin is a denatured fo-
rm of collagen that contains many functional
amino acids and has almost identical compo-
sition to that of collagen, so it is suitable for
bone tissue applications. nHA can enhance
new bone formation by increasing osteoblast
adhesion, proliferation, osteointegration, and
calcium deposition [16]. Thus, in our hybrid
scaffold system, porous titanium provides me-
chanical strength, whereas Gel/nHA micro-
scaffolds provide a micro-environment similar
to that of normal bone to promote cell prolife-
ration and differentiation.

In this study, we evaluated the effects of our
hybrid scaffold system on cell attachment, cell
proliferation, and osteogenic and cytoskeletal
gene and protein expression in vitro. We also
examined its osteogenic abilities in a rabbit
calvarial defect model.

Materials and methods
Porous titanium fabrication

We used selective laser melting (Concept La-
ser, Germany) to fabricate porous titanium
scaffold from spherical Ti6Al4V powder (Ame-
rican Society for Testing and Materials B348,
grade 23) (Figure 1). Based on computer-aided
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design data for porous structures, a dodeca-
hedron was designed as the unit cell with the
following characteristics: strut size = 300 ym,
pore size = 1500 um, and porosity = 84.8%.
The specimens were disk-shaped samples: @ =
5 mm and @ = 30 mm for in vitro assays (Figure
2A and 2D), and @ = 8 mm for animal experi-
ments. All samples underwent post-production
heat treatment and were cleaned in an ultra-
sonic bath to remove residual titanium parti-
cles and impurities.

Porous titanium modified by gelatin/nano-
hydroxyapatite (Gel/nHA) 3D micro-scaffolds

Gel/nHA micro-scaffolds were prepared by
chemical crosslinking gelatin with glutaralde-
hyde. Briefly, for the Gel:nHA = 1:1 group, 15
mL aqueous solution of 3 wt % gelatin (type
B from bovine skin; Sigma Co. Ltd, USA) and
the same volume of HA (particle size = 20 nm,
purity = 99%; Emperor Nano Material Co. Ltd,
Nangjing, China) were ultrasonically mixed at
room temperature for 3 min. After adding
0.625 wt % glutaraldehyde aqueous solution,
porous titanium was placed in the solution and
the solution was stirred quickly using an agi-
tator, using centrifugal force to spread the
foam into every pore of the titanium. After 12 h
at 4°C to allow gelatin crosslinking, the sam-
ples were immersed two times in 0.1 mol/L
aqueous glycine solution at room tempera-
ture for 1 h to block residual glutaraldehyde.
This was followed by thorough washing three
times with double-distilled water for 2 h using
a magnetic stirring apparatus. The samples
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Figure 2. (A, D) Disk-shaped porous titanium specimens used for in vitro tests (A: @ = 5 mm, D: @ = 30 mm). (B,
E) Energy dispersive x-ray spectrometry verification of the element composition of the gelatin/nano-hydroxyapatite
micro-scaffolds (B: Gel:nHA = 1:0, E: Gel:nHA = 1:1). (C, F) Morphology of the micro-scaffolds in the Gel:nHA = 1:1
group, observed by scanning electron microscopy (C: 600x%, F: 80000x).

were then placed at -80°C overnight and sub-
sequently freeze-dried for 48 h. They then
underwent ethylene oxide sterilization, follow-
ed by separate packaging. Morphological char-
acteristics were observed by scanning elec-
tron microscopy (SEM; FEI, Nova NanoSEM
450) after application of gold spray. Energy dis-
persive X-ray spectrometry (EDS; FEI, Nova
NanoSEM 450) was used to analyze the ele-
ment composition of the micro-scaffolds.

Cell culture

Pre-osteoblast cells (MC3T3-E1) were pur-
chased from the Institute of Basic Medical
Sciences, Peking Union Medical College (Chi-
nese Academy of Medical Science, Beijing,
China) and cultured in a-minimum essential
medium (MEM; Gibco, Grand Island, NY, USA)
supplemented with 10% fetal calf serum (FCS;
Invitrogen, Carlsbad, CA, USA).

Cell attachment and proliferation

Morphology of the adherent cells was exam-
ined by SEM. Briefly, a cell suspension (2.5x
10° cells/mL, 40 uL) was placed in the scaf-
fold in a 96-well plate and cultured for 4 h.
Medium was then added, and the cells were
incubated for 7 days, with the medium chang-
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ed every 2-3 days. The samples were rinsed
with phosphate buffered saline to remove non-
adherent cells and then fixed with 2.5 wt %
glutaraldehyde for 1 h. A series of gradient eth-
anol solutions (50%, 70%, 90%, 95%, and
100%) was used for sample dehydration, whi-
ch was followed by the addition of pure iso-
pentyl acetate. Cell morphology was observ-
ed by SEM (FEl, Nova NanoSEM 450, 10.00
kV), and samples were sputter-coated with a
10-nm thick gold film before measurements.

After the cells were cultured for 7 days, the
culture medium was discarded and cell viabi-
lity was assessed using the LIVE/DEAD® cell
viability kit (Invitrogen). Fluorescence images
were obtained by positive fluorescence micros-
copy (Nikon Eclipse 80i, Inc., Japan). Cell den-
sity was analyzed using the Image) software
package. Six different region-of-interest fields
were measured per sample (n = 3). The Cell
Counting Kit-8 assay (CCK-8; Dojindo Molecu-
lar Technologies Inc., Minato-ku, Tokyo, Japan)
was used to quantify cell proliferation after
culturing the cells for 1, 3, and 7 days.

Cell differentiation

Osteogenic differentiation of attached cells
was assessed by reverse transcription poly-
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Figure 3. Cell attachment and proliferation on hybrid scaffolds. (A-C) Morphology of cells attached on the different
scaffolds, as assessed by scanning electron micrography (A: control, B: Gel:nHA = 1:0, C: Gel:nHA = 1:1). (D-F) Cell
seeding efficiency based on the LIVE/DEAD® staining viability kit (D: control, E: Gel:nHA = 1:0, F: Gel:nHA = 1:1).
Scale bar: 500 ym. (G) Cell proliferation based on optical density value of the Cell Counting Kit-8 assay. (H) Cell
seeding efficiency based on LIVE/DEAD® staining, calculated using ImageJ software. *P < 0.05, **P < 0.01, ***P
< 0.001, ****P < 0.0001. Gel, gelatin; nHA, nano-hydroxyapatite; OD, optical density.

merase chain reaction (RT-PCR) and enzyme-
linked immunosorbent assay (ELISA) at the ge-
ne and protein levels, respectively. After cells
were cultured for 14 days, they were harvest-
ed (n = 3). Total RNA was extracted using
TRIZOL reagent (Invitrogen) and reversed tran-
scribed to cDNA using a cDNA synthesis kit
(Thermo Scientific, Waltham, MA, USA). Expr-
ession levels of osteoblastic markers (alka-
line phosphatase [ALP], collagen type 1 [Col-
1]), and the cytoskeleton protein Talin were
quantified using SYBR green master mix (KA-
PA Biosystems, Wilmington, MA, USA) and the
StepOne Plus RT-PCR instrument (ABI, Car-
Isbad, CA, USA). Expression levels were cal-
culated using the 222t method by normalizing
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values to the housekeeping gene, B-actin. The
following primers were used for the select-
ed genes: ALP (forward, 5-GGCAACTCCATCT-
TTGGTCTG-3’; reverse, 5-GCCTGGTAGTTGTTG-
TGAGCGT-3’); Col-1 (forward, 5-ATGACCGATG-
GATTCCCGTTC-3’; reverse, 5-ACGCTGTTCTTG-
CAGTGATAGGT-3’); and Talin (forward, 5-TAC-
TACATGCTCCGAAATGGGG-3’; reverse, 5-CACC-
GTTCCGTCTAACATCCG-3').

Commercial ELISA kits (ALP, Abcam, Cambri-
dge, UK; Col-1, Cloud-Clone Corp, Houston, TX,
USA; Talin, Cloud-Clone Corp, Houston, TX)
were used to further evaluate differences in
osteogenic properties among the three gr-
oups. After 14 days of culture, medium super-
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Figure 4. Osteogenic differentiation of cells seeded on scaffolds assessed by reverse transcription polymerase
chain reaction (A-C) and enzyme-linked immunosorbent assay (D-F) using osteogenic (alkaline phosphatase [A, D]
and collagen type 1 [B, E]) and cytoskeletal (Talin [C, F]) markers. *P < 0.05, **P < 0.01, ***P < 0.001. ALP, alka-
line phosphatase; Col-1, collagen type 1; Gel, gelatin; nHA, nano-hydroxyapatite.
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Figure 5. Surgical procedure and histological analysis of osteointegration abilities of different scaffolds. (A, B) Surgi-
cal procedure showing the scaffold implantation site (A) and an implanted scaffold (B). (C) Osteointegration at 12
weeks after surgery of the three groups represented by the bone volume/total volume (BV/TV) ratio, which was
determined by ImageJ software. (D-F) Histological analysis using Giemsa-eosin staining at 12 weeks after surgery
(D: control, E: Gel:nHA = 1:0, F: Gel:nHA = 1:1). Red represents new bone formation, pink represents fibrous tissue,
and black represents the titanium alloy. Scale bar: 500 um.

natants (n = 3) were processed according to female New Zealand White rabbits (age, 20

the kit instructions, and results were calculat-
ed from a standard absorbance curve at 450
nm.

Implantation procedure

The animal care committee of Peking Union
Medical College approved all animal experi-
ments. A total of 18 healthy, skeletally-mature,
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weeks; weight, 3.4+0.2 kg) were randomly di-
vided into 3 groups (6 per group). They received
porous titanium filled with nothing (control),
micro-scaffolds with Gel:nHA = 1:0, or mic-
ro-scaffolds with Gel:nHA = 1:1. The rabbits
were anesthetized with 10% chloral hydrate
(1.2 mL/kg intravenously). An 8-mm calvarial
bone defect was created using a surgical elec-
tric drill supplemented by copious 0.9% steril-
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ized saline irrigation, and scaffolds were im-
planted press-fit into the defect without addi-
tional fixation devices (Figure 5A and 5B). The
incision was closed in layers and dressed with
a bandage.

Histology and histomorphometric analysis

At 12 weeks after implantation, the rabbits
were euthanized, and the scaffolds were re-
moved. These specimens were dehydrated in
a graded ethanol series (70% to 100%) after
fixation in 10% formalin solution for 2 weeks.
They were then embedded in a methylmethac-
rylate solution, which polymerized at 37°C
within 1 week without decalcification. Samples
were subsequently cut into 50-um transverse-
section slices using a modified interlocked
diamond saw (Leica Microtome, Wetzlar, Ger-
many) and stained with Giemsa and eosin. The
bone volume/total volume (BV/TV) was deter-
mined using ImageJ software package (n = 3).

Statistical analysis

SPSS Statistics 21.0 (SPSS, Inc., Al Monk, NY,
USA) was used for the statistical analyses. Da-
ta are presented as mean * standard devia-
tion. One-way analysis of variance and subse-
quent post hoc Tukey’s test were used to in-
vestigate differences among three groups. Sta-
tistically significant was defined as a P value <
0.05.

Results
Scaffold characterization

We successfully produced 3D-printed porous
titanium (Figures 1, 2) with these characteris-
tics: strut size = 352+46 um, porosity = 80.7
+4.6%, compressive strength = 77.4+3.6 MPa,
and modulus of elasticity = 3.4+0.8 GPa. The-
se are similar to the characteristics of normal
human trabecular bone, which can provide
adequate mechanical support without obvious
stress shielding effect. We also successfully
constructed the 3D micro-scaffolds within the
titanium pores. SEM revealed surface features
of the Gel:nHA = 1:1 group, which exhibited a
multi-hierarchical structure with a mean pore
size of 156+86 um. At greater magnification,
we observed the distribution of the nHA ma-
ss; the diameter was approximately 5.3+3.1
um, which was suitable for cell attachment
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and growth (Figure 2C and 2F). EDS confirm-
ed the presence of nHA in the micro-scaffolds
of the Gel:nHA = 1:1 group, indicating that the
hybrid scaffold had been successfully con-
structed (Figure 2B and 2E).

Cell attachment and proliferation

Cellular morphology on the scaffolds was
observed by SEM after incubation for 7 days
(Figure 3A-C). MC3T3-E1 cells in the micro-
scaffold modified groups, especially the
Gel:nHA = 1:1 group, exhibited elongated and
plump morphology with abundant filaments
and noticeable filopodia. By contrast, cells in
the control group appeared atrophic or had
fewer pseudopodia and were distributed spa-
rsely, at a low density. These results indicate
that the micro-environment was beneficial for
cell adhesion and proliferation in the Gel:nHA
= 1:1 group. In CCK-8 assessment of cell pro-
liferation, the Gel:nHA = 1:1 group exhibited
significantly higher optical density (OD) than
the other two groups at 3 and 7 days of incu-
bation (Figure 3G). The cell proliferation re-
sults measured by the LIVE/DEAD® viability
assay kit were consistent with the CCK-8 re-
sults (Figure 3D-F). Cell density calculated by
Image]) software showed that cell seeding ef-
ficiency was approximately 16% to 27% higher
in the Gel:nHA = 1:1 group than in the other two
groups (Figure 3H).

Osteogenic differentiation

Osteogenic differentiation capability was de-
tected by RT-PCR at 14 days of incubation
(Figure 4). Based on Sybr green PCR data, re-
lative mRNA expression of ALP, Col-1, and Talin
was significantly up-regulated in cells seeded
on modified micro-scaffolds, especially the
Gel:nHA = 1:1 group (Figure 4A-C). At 14 and
21 days of incubation, ELISA results showed
thatexpression of ALPand Col-1 atthe protein le-
vel was significantly up-regulated in cells in
the Gel:nHA = 1:1 group (Figure 4D and 4E).
Interestingly, the cytoskeletal protein Talin was
also significantly increased at 14 and 21 days,
which indicates that the topological structure
of nano-HA may have a positive influence on
cell differentiation and migration.

In vivo experiments

Two of the original rabbits died of infection after
the operation; we thus replaced them with two
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more rabbits in the same group. The rabbits
had a mean body weight of 3.8+0.3 kg at the
time of sacrifice, and no animal lost a subs-
tantial amount of weight during the study. No
scaffold dislodgment was detected by x-ray in
any animal. Histological analysis revealed sub-
stantially more new bone formation at 12
weeks in the Gel:nHA = 1:1 group than in
the other groups (Figure 5D-F). Furthermore,
the BV/TV calculated by Imagel) software was
36.1+3.6% in the Gel:nHA = 1:1 group, which
was significantly higher than that of the other
groups (Figure 5C).

Discussion

In this study, we used degradable gelatin/na-
no-HA 3D micro-scaffolds as a modification to
improve the bone regeneration ability of po-
rous titanium. 3D printing techniques have
allowed titanium alloy, which has been used
as implant material for years, to now be indi-
vidually designed with high porosity and an
elastic modulus appropriate for clinical needs.
Porosity can reach > 80% in scaffolds with
large pores, which not only provides sufficient
space for bone to grow into and facilitates an
adequate supply of nutrients [18] but also al-
leviates the stress shielding effect in the pro-
cess of bone growth [19, 20]. Thus, > 80%
space can meet clinical requirements. Fur-
thermore, the non-absorption property of tita-
nium provides a durable mechanical advan-
tage, avoiding the risk of mismatch between
material degradation and new bone growth,
which can lead to serious consequences.

However, titanium alloy is a bio-inert material
that cannot provide a cell proliferation and dif-
ferentiation micro-environment, especially wi-
th high-porosity and large pore size titanium.
Recent modifications of porous titanium have
focused on 2D modifications, such as surface
acid-base chemical treatment, biological mate-
rial coating, and growth factors loading, but
achieving satisfactory new bone tissue volume
growth into titanium scaffolds remains a ch-
allenge. Furthermore, previous studies have
mainly focused on modifying of titanium with
pore sizes of 200-500 um, whereas little
research has focused on modifications of lar-
ge-aperture porous titanium, which is more
relevant from a practical perspective [21-23].
As the diameter of a cell is only 10-20 pym, it
is difficult for a cell to fill a 3D space that is 10°-
107 times larger than itself by proliferation.
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In the current study, the unit cell parameters
of the porous titanium were a strut width of
300 um, average pore size of 1500 ym, and
porosity of 84.8%. We used two materials, ge-
latin and nHA, which are generally accepted
as the most important matrix components of
normal human bone tissue, to construct mic-
ro-scaffolds as a strategy for porous titanium
modification [24, 25]. We found that the 3D
micro-scaffolds clearly accelerated osteogene-
sis, as exemplified by cell adhesion, prolifera-
tion, and differentiation. In particular, the
Gel:nHA = 1:1 group showed the best results
both in vitro and in vivo. In this group, we
observed a multi-hierarchical pore structure,
with a mean pore size of 15686 um, which
was closest to the structure of normal human
bone. By contrast, micro-scaffolds of the
Gel:nHA = 1:0 group, which were constructed
of gelatin alone, had a mean pore size of 67+
32 pm. In these micro-scaffolds, the gelatin
expanded when contacting liquid, which re-
duced the size of the pores, making them
unsuitable for cell growth. Our novel 3D-printed
hybrid scaffold system, with its multi-hierar-
chical pore structure and optimal pore size,
appeared to create a suitable micro-environ-
ment for osteoblasts.

The extracellular matrix (ECM) plays an impor-
tant role in cell survival, differentiation, and
migration [26]. Talin is the key cytoplasmic pro-
tein mediating integrin adhesion to ECM; it
can regulate the strength of integrin adhesion,
both through affinity changes and clustering,
and specifies the architecture of the adhesion
site [27, 28]. We found that Talin was highly
expressed in the Gel:nHA = 1:1 group. We spec-
ulate that the nHA mass can be recogniz-
ed by cells, and its topological structure may
have a positive influence on cell differentiation
and migration, and the mechanical effects of
cytoskeletal proteins. This issue warrants fur-
ther exploration in the future.

This study described the successful cons-
truction of a Gel/nHA 3D micro-scaffold modifi-
cation of porous titanium. The results showed
that micro-scaffolds significantly enhanced cell
adhesion, proliferation, and differentiation in
vitro and in vivo. The Gel:nHA = 1:1 group, wi-
th its multi-hierarchical pore structure and ap-
propriately sized nHA mass, showed the best
performance. Our Gel/nHA 3D micro-scaffold
titanium modification is a promising approach
for the treatment of bone defects, which may
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be applicable in clinical practice. Further modi-
fications may include the addition of bioactive
factors to the micro-scaffolds.
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